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Abstract
Among the complications of current treatments for hemophilia A, the
development of anti-FVIII antibodies including “FVIII inhibitors” remains the major
clinical problem in treating hemophiliacs. Factor VIII inhibitors work through
neutralizing the coagulation cofactor activity of the infused FVIII and preventing
the restoration of normal hemostasis. This thesis explains the influence of
genetic background on the generation of FVIII inhibitors, introduces a new preclinical approach that reduces the immunological response towards FVIII and
predicts the in vivo behavior of recombinant and plasma-derived FVIII products in
hemophilic patients.

First, we studied the influence of the genetic background on the formation of
FVIII antibodies by treating hemophilia A Balb/c and C57BL/6 mice with repetitive
FVIII infusions. We observed that the C57BL/6 mice developed higher FVIII
antibody titers than the Balb/c mice. Our results suggest that differences in the
cytokine immune responses due to FVIII in Balb/c and C57BL/6 mice are
responsible for the different FVIII antibody titers in each of these strains.

Second, we investigated the use of FVIII-pulsed immature dendritic cells in
inducing immune tolerance against FVIII prior to the FVIII treatment. We showed
that in vivo, FVIII does not induce the activation and proliferation of hemophilic T
cells. Furthermore, infusing FVIII-pulsed immature dendritic cells into hemophilic
mice resulted in a long-term reduction in immune reactivity towards FVIII. Also,
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we have proposed methods on how to improve the tolerogenic abilities of
dendritic cells. Our results indicate that the immature dendritic cells induced the
formation of T regulatory cells and that these T regulatory cells were responsible
for the observed reduction in immune reactivity.

Finally, we were able to identify the mechanisms behind the immune system
activation in mice treated with either recombinant or plasma-derived FVIII
products. We showed that plasma-derived FVIII results in reduced FVIII antibody
titer formation in hemophilic mice. Our results demonstrate that the differences in
antibody formation in hemophilic mice treated with either recombinant or plasmaderived FVIII products are due to the distinct cytokine micro-environment induced
by each product.

This thesis contributes to the current knowledge on FVIII immunology and the in
vivo behavior of FVIII in hemophilic mice. The results generated from this thesis
can be used to modify the available FVIII treatments in order to minimize the
immunological complications of FVIII and improve the quality of life of hemophilic
patients.
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Chapter 1
Hemophilia A Treatment Options and Complications

1

Hemophilia Introduction
Hemophilia is an inherited bleeding disorder in which patients suffer from
recurrent spontaneous bleeding episodes. In 1952, two distinct types of
hemophilia, A and B were recognized 1. Both hemophilia A and B are X-linked
recessive genetic diseases that result from deficiencies or dysfunction of
coagulation factor VIII (FVIII) and factor IX (FIX) respectively 2. The FVIII protein
is a cofactor in the activation of factor X by FIXa. Hemophilia A affects 1 in 500010000 males and is characterized by recurrent spontaneous bleeding

3

.

Hemophilic patients are grouped according to the severity of their clinical
phenotypes into severe, moderate or mild. Severe hemophilia A patients have
less than 1% FVIII, moderate hemophilia A patients have 1-5% FVIII, and mild
hemophilia A patients have 5-45% FVIII 4. Hemophilic patients and physicians
face many challenges, such as the availability of safe medical products,
excessive joint bleeding, life-threatening hemorrhages, and immunological
responses

including

antibody

production

(FVIII

inhibitors).

Furthermore,

treatment options become more complicated in developing countries due to the
limited availability of safe, effective and affordable products.

The Hemostatic Response
The hemostatic response is divided into four stages. First, is the vascular
response, second the formation of a platelet plug, third the activation of the
coagulation protein cascade and formation of a clot, and the final step involves
the activation of the fibrinolytic cascade and remodeling of the fibrin clot 5.

2

Upon blood vessel injury, blood vessels vasoconstrict in order to decrease blood
flow to the injured site 6. At the site of vascular injury, platelets rolling and binding
to the sub-endothelium initiate the formation of a platelet plug allowing the
platelets to adhere to the exposed collagen in the sub-endothelial matrix via von
Willebrand factor (VWF) 6. This initiates the activation of platelets and allows the
binding between glycoprotein GPIb receptors on the platelet surface and VWF
molecules. Additional binding between VWF and platelets will enhance platelet
cross-linking, resulting in the exposure of the GPIIb/IIIa integrin receptor. The
GPIIb/IIIa receptor enhances platelet aggregation allowing the platelets to form a
platelet plug 6. The binding of VWF to the platelets will cause the release of
platelet cytoplasmic contents such as ADP, 5-hydroxytryptamine, serotonin and
calcium. The formed platelet plug will act as a bed for the coagulation factors to
form a fibrin clot.
The coagulation cascade, shown in Figure 1.1, is divided into two pathways: the
extrinsic and intrinsic 7. In the extrinsic pathway, the coagulation process is
initiated after tissue injury. Injured sub-endothelial cells will release tissue factor
(TF), which functions as a cofactor and activator for FVII 8. The TF-FVII complex
will further activate FVII molecules, as well as FIX 9. These activated proteins,
including FVIII, will activate FX, resulting in the formation of sufficient thrombin
levels (FIIa) that will trigger the activation of the intrinsic pathway 8. In the intrinsic
pathway, the available thrombin will activate FXI, FIX and FVIII. On the platelet
surface, thrombin will activate FXI, which will then activate FIX. At each step
there is an amplification in the amount of product formed. Finally, thrombin will

3

Figure 1.1 Representation of the blood coagulation system. The cascade is
divided into an extrinsic and intrinsic system. The interactions between the
coagulation factors result in the activation of thrombin and the formation of a
hemostatic plug. This cascade is regulated by anticoagulant proteins that prevent
excessive hemostatic plug formation.
.
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transform soluble fibrinogen into the insoluble fibrin clot 8. Activated FXIII is
responsible for covalently cross-linking the fibrin monomers to form a more stable
fibrin clot.
FVIII Gene and Protein
The FVIII gene is situated on the long arm of the X chromosome, band Xq28.
The gene is 186,000 base-pairs (bp) long and it consists of 26 exons (Figure 1.2
A). The exon sizes range from 69 to 3,106 bp. The mutations in hemophilia A
patients are due to insertions, deletions, duplications and point mutations in the
FVIII gene

10

. The most frequent mutation causing severe FVIII deficiency is an

inversion mutation affecting intron 22. This arises from a recombination event
between homologous sequences in intron 22 and the terminal region of the long
arm of the X chromosome

11

. This inversion mutation is responsible for 45% of

the cases of severe hemophilia A 11. Patients with the intron 22 inversion have no
intact FVIII protein in their circulation.
The cellular site of FVIII synthesis is controversial. Liver transplants for
hemophiliac patients have been shown to increase FVIII blood levels and cure
the disorder

12

. The FVIII protein consists of 2332 amino acids (AA) organized

into 6 domains, A1-a1-A2-a2B-a3A3-C1-C2 (Figure 1.2 B). The A domains of
FVIII contain binding sites for FIXa, FX and VWF. The function of the B domain
of FVIII is not fully understood, but it seems likely to be involved in the
intracellular trafficking of the protein. The C domains of FVIII contain binding sites
for phospholipids and von Willebrand Factor (VWF). The protein also has three
acidic regions which are cleaved by thrombin, a1, a2 and a3.

Figure 1.2 FVIII gene and protein (A) Representation of the FVIII gene exons.
(B) FVIII protein domains and major protein binding sites. The von Willebrand
factor (VWF), factor X (FX), factor IX (IX), activated factor Xa (FXa) and
phospholipids (PL) bind to the C2, A1, A2 and C2 domains respectively.
Thrombin will cleave FVIII at the three sites indicated with arrows, resulting in the
active cofactor FVIIIa

A)

6

B)

NH2
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740

FXa

FXa
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The acidic regions are positioned between the A1 and A2 (a1), the A2 and B
domain (a2), and the B and A3 domain (a3). The FVIII protein is proteolytically
processed before secretion. This results in a heterodimer of an N-terminal heavy
chain (200KDa) and a C-terminal light chain (80KDa). The inactive FVIII binds
VWF in the circulation; however, upon the activation of FVIII, VWF will release
FVIII and the B domain is removed.

Development of FVIII Antibodies in Hemophilic Patients
The current standard of care for hemophilia A patients is either on-demand, or
prophylactic treatment with either recombinant or plasma-derived FVIII
concentrates. One would expect that if FVIII is infused into hemophilic patients,
the effects of the disease would be reversed. This however is not always true,
since 30% of hemophilia A patients develop functional neutralizing antibodies
(inhibitors) against the infused FVIII, thus rendering the treatment ineffective 13.
During the 1980s, hemophilia A patients were treated with FVIII products that
contained active Human Immunodeficiency Virus (HIV) and Hepatitis C Virus
(HCV) particles. However, through the use of donor screening protocols, virus
inactivation procedures during the purification of FVIII, and through the
increasing use of recombinant FVIII, the most serious challenge in the treatment
of hemophilia A patients is now the formation of anti-FVIII antibodies. These
antibodies develop in the patient because the infused factor VIII is viewed as a
foreign antigen. This elicits an immune response against FVIII and renders the
treatment ineffective

14

. The levels of inhibitors can be monitored by performing a

7

Bethesda assay. The inhibitor levels are presented in terms of Bethesda units

13

,

where one Bethesda Unit is defined as the inhibitory titer needed to inactivate 50
percent of the FVIII present in normal plasma within a 2-hour incubation period at
37°C.

The immunoglobulin responses toward FVIII epitopes are polyclonal in nature
and most of the FVIII epitopes have been identified and mapped

15

(Figure 1.2

B). The alloantibodies, which develop in hemophiliacs following exposure to FVIII
infusions, are usually directed towards the A2 and C2 domains

4,14

.

The

antibodies against FVIII are grouped into non-functional and functional
antibodies. The non-functional antibodies, detected by ELISA, bind to FVIII
causing opsonization and immune complex formation resulting in the enhanced
clearance of FVIII from the circulation. In contrast, functional antibodies (FVIII
inhibitors) bind to FVIII and directly inhibit the functional cofactor activity of FVIII.
In this way, functional FVIII inhibitors sterically hinder the specific interactions
between FVIII and other proteins, affecting the coagulation cascade. The most
frequently affected interactions are those between FVIII-VWF and FVIII-FIXa

16

.

The FVIII inhibitors that develop in hemophilia A patients predominantly belong to
IgG4 and sometimes IgG1 immunoglobulin isotypes 17.

8

Inhibitors Against The Protein Binding Sites on The C2 Domain of FVIII
The VWF protein functions as a carrier of FVIII in the plasma via a non-covalent
interaction. The majority of VWF binding sites are found on the C2 domain of
FVIII. It has been shown during FVIII epitope mapping studies that the same
VWF binding sites are also epitopes for anti-FVIII antibodies. Therefore, these
sites behave as functional epitopes. Many reports suggest that VWF protects and
covers the C2 domain epitopes from being exposed to the immune system 14,18. It
has been reported that almost 50% of FVIII inhibitors are directed toward the C2
domain of FVIII 4. The C2 domain not only contains the binding site for VWF, but
also the binding site for phospholipids. These binding sites are essential for FVIII
trafficking and activating the coagulation cascade. Therefore, VWF has an
important role in protecting the exposure of the functional epitopes of FVIII to the
immune system.

Current

Known

Risk

Factors

That

are

Associated

With

Inhibitor

Development in Hemophiliacs
There are several genetic and non-genetic risk factors that are associated with
inhibitor development. Goudemand et al showed that the ethnic origin and family
history of inhibitors are risk factors that are associated with the development of
FVIII antibodies
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. Furthermore, White and Hay reported that some HLA genes

are associated with inhibitor development in hemophilic patients

20,21

. Moreover,

Astermark et. al. showed that certain polymorphic genotypes at the IL10 and
TNF-α loci are linked to FVIII inhibitor development in hemophiliacs

9

22,23

. Also,

there are a few reports which show a correlation between FVIII inhibitor
development and age of exposure to FVIII.

Santagostino et al showed that

children treated at a young age (< 11 years) have higher risk of FVIII inhibitor
formation

24

. Furthermore, Lee at al reported that the type of FVIII concentrate

and route of FVIII administration are also associated with inhibitor development
25

. Finally and most importantly, the type of FVIII mutation has an influence of

FVIII inhibitor development. It is been reported that large deletions, nonsense
mutations, intron-22 inversion and no endogenous FVIII synthesis have a greater
risk of inhibitor development than patients with milder molecular gene defects
such as missense mutations, small deletions and splice site mutations 26.

Treatment of Hemophilic Patients with Inhibitors
The available treatments for hemophilia A patients who develop antibodies after
FVIII infusion include: bypassing the need for FVIII using recombinant FVIIa,
immunoadsorption of factor VIII antibodies
immunogenic products such as porcine FVIII

17
17

,

the use of alternate less

and immune tolerance induction

to FVIII (ITI) 27.
Bypassing the need of FVIII is usually successful in treating patients with
inhibitors; however, this approach does not resolve the inhibitor problem and is
often prohibitively expensive. In contrast, after successful ITI treatment, the FVIII
inhibitors will be abolished. Therefore, ITI is usually the first treatment considered
to overcome the FVIII inhibitor complication. The first protocol for ITI was
described in 1977, and ever since new treatment regimens have been introduced

10

28

. The most used protocols are the Bonn and Van Creveld protocols

29,30

. The

Bonn protocol (high dose FVIII ITI) is divided into two phases. Phase one
involves the infusion of 100 IU/kg FVIII twice daily, and 100 IU/kg of the
bypassing product Factor VIII Inhibitor Bypassing Activity (FEIBA) twice daily.
Phase two involves a gradual reduction in FVIII treatment over 3 months after
achieving a normal FVIII half-life. The Van Creveld regimen (low dose FVIII ITI)
includes a neutralizing phase during which patients are treated with 25–50 IU/kg
FVIII twice daily for 1–2 weeks, followed by a tolerising phase in which patients
are treated with 25 IU/kg FVIII every second day. The success rate of these ITI
protocols is 87% 29, however these approaches can be very costly and practically
challenging, especially in young children in whom repeated intravenous access
often requires the insertion of a central venous catheter. Therefore, other less
expensive and more convenient means of ITI are currently being investigated.

There are currently few research centers investigating the influence of FVIII
products containing VWF on the outcomes of ITI. Kreuz at al showed a
significant reduction in the success rate of ITI when rFVIII products are used
instead of plasma derived FVIII products

13

. Furthermore, the authors showed

that when rFVIII products are substituted with FVIII-VWF, the successful rate of
ITI went up to 90%

13

. Also, an Italian group demonstrated that FVIII-VWF

products are effective in ITI and even in patients who have a risk high of ITI
failure

31

. Finally, the retrospective German and French studies showed that the

11

use of FVIII-VWF products result in higher ITI success rate than the ITI
treatments which use rFVIII products 32.
These studies show a direct relationship between the outcomes of ITI treatment
and the type FVIII product used. We currently do not understand the reasons
behind this finding and more studies are being conducted in order to identify the
mechanisms responsible for this observation.

FVIII Infusions and Activation of The Immune System in Hemophilic
Patients
Severe hemophilia A patients with inhibitors have either no functional FVIII or a
truncated protein, thus, the infused FVIII is viewed as a foreign protein. After
FVIII infusions, a series of interactions occur resulting in the activation of the
immune system and the formation of inhibitors. In patients with inhibitors, the
following mechanism is expected to occur (Figure 1.3). First, the infused FVIII will
be sampled by a specialized subset of cells, called antigen-presenting cells
(APCs). These cells have the ability to internalize, process and present FVIII to T
cells 33. The antigenic presentation of FVIII is in the context of specialized protein
molecules called Major Histocompatibility Class II (MHC-II) proteins

34

. Second,

the antigenic presentation of FVIII will activate FVIII-specific CD4+ T helper cells.
This causes the T cells to clonally expand and release cytokines that will recruit
B cells. Finally, additional interactions will occur between CD4+ T helper cells
and FVIII-specific B cells in order to permit B cell activation, cellular

12

Figure 1.3 Activation of B cells and antibody production. The activation of B
cells requires a series of interactions between APCs, T cells and B cells. APCs
will internalize FVIII, mature and activate T cells causing cytokine release. The
activated T-cells will then bind to B cells; thus, resulting in a strong enhancement
of cytokine release resulting in B cell activation.
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differentiation and antibody release by FVIII-specific plasma cells. The released
antibodies will bind to and target FVIII molecules for accelerated clearance,
and/or inactivation and degradation.

FVIII Presentation by Antigen-Presenting Cells (APCs)
Professional APCs (dendritic cells, macrophages and B cells) are the only cells
capable of presenting exogenous proteins.

However, all nucleated cells are

capable of presenting endogenous proteins in the context of MHC-I. Professional
APCs are unique due to their expression of MHC-II and a group of co-stimulatory
molecules (maturation markers) such as CD80, CD86 and CD40

34

. The co-

stimulatory molecules are cell surface-associated protein ligands that interact
with special receptors on T cells including CD28 and CD40L. This interaction
causes the formation of an immunological synapse and results in T cell
activation, proliferation and cytokine release. The expression of MHC-II and costimulatory molecules on APC is essential for the initiation of the adaptive
immune response. Dendritic cells (DCs) behave as the best professional APCs
because they are the only cells that constitutively express MHC-II and costimulatory molecules

35

. In contrast, macrophages and B cells must first be

activated in order to express these molecules. Dendritic cells originate in the
bone marrow and are released into the blood stream as immature cells
expressing low levels of co-stimulatory molecules. Immature dendritic cells
(iDCs) are characterized by their high phagocytotic potential and their weak
ability to activate T cells.

14

After FVIII treatment, the FVIII will get phagocytosed and processed by the iDCs
in order to prepare FVIII peptides for T cell recognition

33

. After the internalization

of FVIII, the FVIII molecules will be processed in the cellular lysosome into ~12 14 AA long peptides. These peptide fragments will then be loaded into the
peptide-binding cleft of the MHC-II molecule. The peptide cleft will position the
FVIII fragments in a specific orientation allowing the antigenic FVIII epitopes to
be accessible to the T cell receptor (TCR). Following these initial events, DCs will
over-express their maturation markers and traffic toward a secondary lymphatic
system where antigen presentation occurs

35,36

. The presentation of FVIII will

take place predominantly in the spleen, since most of the antigens that enter the
blood will be taken up by APCs in this organ

37

. In the spleen, the DCs will enter

the white pulp. Within the white pulp, the T cells and B cells are found in the
periarteriolar lymphatic sheath (PALS) and germinal centers, respectively. In the
PALS region, mature DCs will present FVIII to T cells resulting in the
development of FVIII effector T cells. These FVIII effector T cells will interact with
FVIII-specific B cells and promote B cell differentiation and the development of
FVIII inhibitors.

Details of The Cellular Interactions Between Dendritic Cells and T cells in
Hemophilia Patients
There are 3 different signals that are required to activate FVIII-specific T cells.
First, the TCR-MHC-II/FVIII peptide interaction will deliver signal 1 to the T cell 15.
Signal 1 is controlled by the phosphatidyl inositol pathway and causes the T cell
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to initiate cytokine secretion. At this stage, the T cells are considered to be
poised to become effector cells but are not yet fully activated. Second, to fully
activate T cells, a second signal must be sent from the APC, called signal 2.
Signal 2 is derived from the interaction between the co-stimulatory molecules
found on the APC and their corresponding receptors on the T cell

15

. The

principal co-stimulatory molecules are B7.1 (CD80)/ B7.2 (CD86) and CD40.
CD80/CD86 and CD40 are all positive co-stimulatory molecules that bind CD28
and CD40L, respectively and enhance T cell activation and cytokine secretion.
Finally, to enhance the process of T cell activation, a third signal, signal 3, has
been recognized to play a key role in the APC-T cell interactive process. Signal 3
refers to the cytokine environment provided by the innate immune cells in the
vicinity of the APC-T cell synapse (Figure 1.4 A). If an antigen was presented to
T cells in the presence of IL12 cytokine, then the T cell will differentiate in to Th1
T cell. However, if the antigen was presented to T cells in the presence of IL4
cytokine, then the T cell will differentiate in to Th2 T cell.

It has been reported that when signal 2 is blocked, T cell anergy and apoptosis
will occur

15

(Figure 1.4 B). In addition, an inhibitory co-stimulatory signal can

develop in which CD80/CD86 can bind CD152 (CTLA-4) instead of CD28 and
result in the generation of an inhibitory signal within T-cells that in turn causes
the down regulation of cytokine secretion.
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Figure 1.4 Importance of the co-stimulatory molecules. A) In a normal
immune response, signal 1 and 2 will be delivered to the T-cell causing T cell
activation. B) Blocking these signals via antibodies will prevent the activation of T
cells resulting in T cell apoptosis. C) Immature dendritic cells which lack the costimulatory molecules will induce the development of T-regulatory cells.
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Influences of Dendritic Cells on T cell Differentiation
In normal CD4+ T cell activation, the mature DCs (mDCs) must first bind to the T
cell via adhesion molecules, such as ICAM-1 and LFA-1. These molecules will
allow the interaction between MHC-II and TCR, resulting in the transmission of
signal 1. This is followed by interactions between the co-stimulatory molecules
and their appropriate receptors on T cell, to provide signal 2. This will result in the
differentiation of naïve T cells into effector T cells that will secrete cytokines and
induce antibody secretion. In contrast, immature DCs (iDCs) can also interact
with T cells via MHC-II and TCR, with very low levels of co-stimulatory
molecules, to induce the differentiation of T regulatory cells (Treg) as shown in
(Figure 1.4 C)

38

. T-regulatory cells are a specialized subset of T cells that

suppress the immune response and down regulate the activation of effector T
cells, resulting in a state of immunologic tolerance 39.

Role of Dendritic Cells in Inducing Tolerance
There are two main types of immunologic tolerance

39

. The first form involves

central tolerance, which occurs early in life during the ontogeny of T cells. The
second form of tolerance is peripheral tolerance, which occurs throughout the life
span of an individual. Central tolerance is known to occur in the thymus and
results in the deletion of self-reactive T cells. However, some T cells can escape
this selection process. In this case, the Hassall’s corpuscles in the thymus recruit
immature dendritic cells to induce the differentiation of Treg cells that can in turn
suppress the activity of self-reactive T cells
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40

. Peripheral tolerance is also

maintained by Treg cells, which suppress the activation and clonal expansion of
antigen-specific self-reactive CD4+ T cells

41

. Continuous Treg activation by the

host system is not always beneficial, however, the absence of Tregs can lead to
serious autoimmune diseases.

T-Regulatory Cell Involvement inThe Induction of Immune Tolerance
There are several different Treg cell populations described in the literature. Tregs
are divided into different classes depending on their mechanism of tolerance
induction. These classes include the IL-10 producing CD4+ Tr1 cells (Figure 1.5
A), the TGF-β producing CD4+ Th3 cells (Figure 1.5 B), and the naturally
occurring CD25+Foxp3+ cells (Figure 1.5 C). The Tr1 and Th3 Tregs mediate
their suppressive activities via the production of immunomodulatory cytokines. In
contrast, the naturally occurring CD25+Foxp3+ T regulatory cell (nTreg) cells
constitutively express CD25 and the forkhead transcription factor (Foxp3). These
nTregs mediate their suppressive effect through direct cell-to-cell contact and do
not necessarily require IL-10 or TGF-β production. Furthermore, nTreg cells
develop in the thymus and make up 5-10% of the peripheral naïve CD4+ T
lymphocyte pool in normal mice and humans. Interestingly, iDCs are known to
expand the nTreg population

42

. These nTreg cells have been shown to be

involved in inducing tolerance to the immunogenic A2 and C2 domains of
FVIII43,44.
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Figure 1.5 The different subsets of T regulatory cells (Treg). (A) T regulatory
1 (Tr1) cells which releases interleukin 10 (IL10). IL10 is an immuno-modulatory
cytokine which suppress the immune system. (B) T helper 3 (Th3) cells which
releases Transforming Growth Factor Beta (TGF-β). TGF-β is an immunomodulatory cytokine will suppress the immune system. (C) Naturally occurring
CD25Foxp3 T regulatory cells (nTreg). CD25Foxp3 T regulatory cells suppress
the specific CD4 effector T cells through direct cellular contact.
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Modulation of The Immune System Through Manipulations of The Cytokine
Microenvironment
There is growing evidence that the cytokine microenvironment is a key
contributor to the regulation of the immune system. Cells of the innate immune
system will release cytokines that will promote the differentiation of CD4+ T cells
into either T helper 1 cells (Th1), T helper 2 cells (Th2) or T regulatory cells

45,46

(Figure 1.6 A).
The presence of a “danger” signal induces the release of inflammatory cytokines
directing the immune system towards an immunogenic response. The scavenger
cells of the immune system will identify foreign molecules and initiate an
inflammatory immune response. Pro-inflammatory cytokines such interferon
gamma (IFN-γ), will activate the innate immune system and promote the
activation of Th1 T cells. Th1 T cells release the essential cytokines needed for
cytotoxic T cell immunity. The cytokine profile of Th1 T cells includes IL1, IL2,
IL12 and IFN-γ (Figure 1.6 B). Th1 cytokines result in the activation of
macrophages and the activation/proliferation of T cells. Furthermore, the Th1
cytokines will inhibit the activity of Th2 T cells. Th2 T cells are important in the
generation of a humoral immune response. The cytokine profile of Th2 T cells
includes IL4, IL5 and IL10 (Figure 1.6 B). These cytokines are important for B cell
proliferation, differentiation and immunoglobulin isotype switching.
As mentioned earlier, the cytokine microenvironment controls the differentiation
of CD4+ T cells into either Th1 or Th2 cells (signal 3). Signal 3 is initiated by the
DCs and innate immunity. If IL12 is present during the antigenic
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Figure 1.6 T helper 1 and T helper 2 CD4 T cells. (A) The influence of innate
immunity on the differentiation of T cell. Dendritic cells (DCs) release IL 4 which
promotes the development of Th2 and inhibits Th1. Natural Killer cells (NK) and
Macrophage release IFN-γ and IL 12 which promotes the development of Th1
and inhibits Th2. (B) The cytokine profile of Th1 and Th2 T cells. Th1 are
involved in inflammation and assisting cytotoxic T cells. Th2 are involved in the
anti-inflammatory immune response. Th2 T cells are essential for the humoral
immune system.
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presentation, then the CD4+ T cells will differentiate into Th1 T cells, resulting in
a pro-inflammatory response. However, if IL4 is present during the antigenic
presentation, the CD4+ T cells will differentiate into Th2 T cells resulting in an
anti-inflammatory immune response. Therefore, proteins presented in the
absence of an inflammatory “danger” signal will not cause the activation of the
immune system, but will result in a state of tolerance.

The Objectives of This Thesis are:
1.

To investigate the in vivo behavior of FVIII in different strains of
hemophilia A mice. This will be achieved by identifying the
differences in the activation of the immune response due to
FVIII in each strain.

2.

To study the reduction of the immunological response towards
FVIII by the tolerogenic presentation of FVIII to the immune
system. This will be achieved through studying the tolerogenic
abilities of immature dendritic cells in inducing immune
tolerance towards FVIII in naïve hemophilia A mice.

3.

To investigate the incidence of FVIII inhibitor development in
mice treated with either recombinant or plasma-derived FVIII
products. This will include characterization of the splenic
microenvironment in mice after the various FVIII treatments.
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The results and knowledge derived from this thesis will further contribute
to our understanding of the mechanisms involved in the immune response
to FVIII and may help us develop improved treatments for hemophilic
patients with FVIII inhibitors.
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Chapter 2

Immunoglobulin Isotypes and Functional Fnti-FVIII Antibodies in Response
to FVIII Treatment in Two Strains ofHemophilia A Mice

I performed all experiments. All animal techniques were performed by Erin
Burnett and Andera Labelle
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Abstract
Previous studies have demonstrated that genetic factors play an important role in
determining the likelihood of formation of anti-FVIII antibodies in hemophilia A
patients. We were interested in characterizing the spectrum of FVIII antibody
responses after FVIII treatment in two different exon 16-disrupted hemophilia A
mouse strains, Balb/c and C57BL/6. We were also interested in studying the
primary and secondary cytokine responses towards FVIII in these mice. FVIII
antibodies but not functional inhibitors were detectable one week after the first
FVIII treatment in both strains. These antibodies mainly belonged to the IgM and
IgA isotypes. After the fourth FVIII treatment, neutralizing anti-FVIII antibodies
were detected in both mouse strains: Balb/c (mean inhibitory titer 68 BU) and
C57BL/6 (mean inhibitory titer 82 BU). IgG1 levels were similar in both strains but
the IgG2A and IgG2B subclasses were higher in C57BL/6 mice. The results of
intracellular cytokine staining of T cells indicated that the FVIII-treated C57BL/6
mice produced more IL10 and Th1 cytokines than the FVIII-treated Balb/c mice.
In summary, we expect the FVIII neutralizing antibodies in hemophilia A mice
belong to IgG1 (Th2 dependent) and IgG2A (Th1 dependent) subclasses. These
studies confirm the role of immunogenotypic determinants in the regulation of
FVIII immunogenicity, and emphasize that strain-dependent differences in the
immune response toward FVIII should be considered when evaluating
immunological outcomes in mouse models of hemophilia A.
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Introduction
Among the complications of current treatments for hemophilia A, the
development of anti-FVIII antibodies including “FVIII inhibitors” remains the major
clinical problem in treating these patients. FVIII inhibitors produce their effect
through neutralizing the coagulation cofactor activity of the infused FVIII and
preventing the restoration of normal hemostasis. An accepted estimate of the
incidence of inhibitors is 25-30% of hemophilia A patients. Furthermore, anti-FVIII
non-neutralizing antibodies can develop in patients treated with FVIII47. These
antibodies will not inhibit the activity of FVIII, but they will shorten its half-life in
the circulation48. Reding et al demonstrated the presence of different anti-FVIII
isotypes in hemophilic patients. The authors observed mainly IgG1, IgG2 and
IgG4 anti-FVIII in hemophilic patients49. However, It has been reported that
humans and mice do not have one-to-one correspondence in terms of IgG
subclasses50. Therefore, we aimed to learn more about the anti-FVIII isotypes in
the E16-hemophilic mouse models.
The range of FVIII antibody titer in hemophilic patients varies between different
studies. It has been reported that the formation of FVIII antibodies depends on an
assortment of variables including genetic and non-genetic factors. One approach
to studying the genetic influence on FVIII antibody formation, takes advantage of
the genetic homogeneity of inbred mouse models of hemophilia A.
Currently, there are two available hemophilia A mouse strains: Balb/c and
C57BL/6. Each mouse strain develops a different pattern of immunological
responses to antigens. Unlike C57BL/6 mice that are known to develop Th1
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responses, Balb/c mice are known to develop Th2 responses. Furthermore,
Balb/c and C57BL/6 mice have different MHC-II haplotypes; H2D and H2B
respectively. This difference in MHC-II has been shown to have an influence on
the cytokine production by T cells. Whereas, C57BL/6 are resistant to
Leishmania infection due to their ability to produce IL12 and IFN-γ, Balb/c mice
are known to be susceptible to this pathogen51. In contrast, Balb/c mice are
resistant to Toxoplasma gondii infection due to their ability to produce IL-4, while
C57BL/6 mice are more susceptible to infection due to the reduced production of
IL452,53,54. Moreover, it has been previously shown that the involvement of cells of
the innate immune system, that regulate the differentiation of Th1 or Th2 T cells,
are different in the two mouse strains and that this results in a distinct T cell
immune response in each strain55.
The activation of the immune system towards FVIII depends on the successful
presentation of FVIII by antigen presenting cells (APC) such as dendritic cells.
The presentation of FVIII on the MHC-II molecules of DCs and the interaction of
the DC maturation molecules (such as CD40 and CD80) with their cognate
receptors on T cells results in the activation of FVIII-specific CD4+ T cells. These
activated FVIII-specific T cells will then interact with FVIII-specific B cells,
inducing B cell differentiation and anti-FVIII antibody production by plasma cells
as shown in Figure 2.1. Therefore, this sequential pathway represents several
steps that are required for the development of FVIII antibodies. Also, it is very
likely that the regulation of these steps is different in each mouse strain, resulting
in a different immunological response.
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Figure 2.1 The cellular interactions between dendritic cells, T cells and B
cells which are essential for the formation of FVIII antibodies in hemophilic
mice. First, DCs will present FVIII to FVIII-specific CD4+ T cells resulting in T cell
activation. Second, CD4+ effector T cells will activate FVIII-specific B cells
resulting in B cell differentiation and anti-FVIII antibody production by plasma
cells

29

In this study, we investigated the immunological responses toward FVIII in E-16
hemophilia A Balb/c and C57BL/6 mice via treatment of these mice with a
clinically relevant dose of FVIII. We believe that through characterizing genetic
factors important in the formation of FVIII antibodies, we may have a better
understanding of the pathophysiological mechanisms that govern this response.
Two specific areas, the T cell cytokines and co-stimulatory markers on B cells,
will be investigated in each mouse strain in order to determine their influence on
the formation of FVIII antibodies. These results will add to the current knowledge
concerning genetic factors influencing FVIII antibody formation in hemophilic
mice and may provide insights into this problem in hemophilic patients.
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Materials and Methods
Mouse Models
Male and female C57BL/6 E16-FVIIIKO (H-2B) and Balb/c E16-FVIIIKO (H-2D)
mice were used throughout the study. These hemophilic mice were generated as
previously described by Bi et al56. All mice were repeatedly assessed for the FVIII
exon 16 deletion by polymerase chain reaction (PCR) on genomic DNA as
previously described by Connelly et al57. All mouse experiments were performed
in accordance with the Canadian Council for Animal Care and the Queen’s
University Animal Care Committee approved all animal protocols.

FVIII Treatment Regimen in Hemophilic Mice
Mice used in this experiment were 6-10 week-old male and female C57BL/6 and
BALB/c E16-hemophilia A mice. All C57BL/6 and BALB/c hemophilic mice were
treated intravenously via tail vein with 2 IU (~80 IU/kg: 200 ng) of human
recombinant FVIII (rFVIII) (Kogonate-FS®) diluted in HBSS, in weeks (0, 2, 4,
and 6). The mice were sampled in weeks (1, 3, 5, and 7). The negative control
mice for this experiment received only 4 intravenous injections of 200 μL of
HBSS in weeks (0, 2, 4, and 6).
Blood Sampling
Mice were anesthetized with 0.2cc hypnorm/water/midazolam (1:2:1) and blood
samples were obtained using uncoated microhematocrit capillary tubes (Fisher
Scientific Pittsburgh, PA, USA) via the retro-orbital plexus. Blood was mixed with
1/10 volume of 3.2% sodium citrate. Plasma was prepared by centrifugation of
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blood samples at 10,000 RPM for five minutes at 4°C, frozen on dry ice and
stored at -70°C until tested.
Measurement of FVIII Antibodies and FVIII Inhibitors in Mouse Plasma
Total anti-FVIII antibody titers were measured by ELISA. In brief, ELISA plates
were coated over night at 4 °C with 10 IU/mL human recombinant FVIII
(Kogenate-FS®). Microtiter plate wells were blocked using 10% PBS-BSA.
Plasma samples were diluted in HBS-BSA buffer. The anti-FVIII antibody
isotypes (IgA, IgM, IgG1, IgG2A and IgG2B) were studied using the clonotype kit
(Southern Biotech, Birmingham, Alabama USA). Furthermore, plasma samples
were analyzed for FVIII inhibitors using a one-stage FVIII clotting assay. In brief,
plasma samples were diluted in HBS-BSA and mixed with human pooled plasma
in a 1:1 ratio and incubated at 37°C for 2 hours. Samples were then assayed for
residual FVIII activity using APTT reagent (Organon Teknika; Durham, NC, USA)
in an automated coagulometer (General Diagnostics Coag-A-Mate, Toronto,
Canada) following the manufacturer’s protocol. Inhibitor titers (Bethesda Units)
were calculated as detailed in the standard Bethesda protocol58.
In-vitro Assessment of The Primary Immune Response
In order to assess the primary immune response to FVIII in the two strains of
hemophilic mice, cytokines released from splenocytes co-cultured with FVIII were
studied as follows. Spleens were isolated from naïve hemophilic C57BL/6 and
Balb/c mice between 6 and 10 weeks of age and splenocytces were cultured in
RPMI 1640 (Invitogen Burlington, Ontario, Canada) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, Burlington, Ontario, Canada), 100 U/mL
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penicillin/streptomycin (Invitrogen, Burlington, Ontario, Canada) and 50 μM 2
mercaptoethanol (Sigma-Aldrich St. Louis, MO USA) and 10 IU/mL of rFVIII. The
cytokines were measured in the supernatant after 120 hours of culture. Culture
media was studied for the presence of IL2, IL4, IL5, IL10 and IFN-γ
(eBiosciences, San Diego, CA, USA) via ELISA according to the manufacturer’s
protocol.
In-vivo Assessment of The Secondary Immune Response
In order to assess the secondary immune response to FVIII in hemophilic mice,
splenic T cells isolated from FVIII immunized C57BL/6 and Balb/c mice were
studied as follows. Hemophilic mice that were previously immunized with rFVIII
were challenged intravenously with 2 IU rFVIII 4 months following their last FVIII
treatment. Twenty four hours after the FVIII challenge, T cells were isolated from
the spleens using the CD4 negative selection isolation kit (Miltenyi Biotec
Bergisch Gladbach, Germany) following the manufacturer’s protocol. All isolated
T cell populations were >90% FITC-CD4+ as shown by flow cytometry
assessment. The CD4+ cells were stained with specific antibodies against the
intracellular cytokines IL2, IL4, IL10 and IFN-γ as described by the manufacturer
(BD Biosciences, San Diego CA, USA). The cells were fixed using the
Cytofix/Cytoperm fixation kit (BD Biosciences, San Diego CA, USA) and
analyzed by flow cytometry within 12 hours.
Phenotypic Characterization of The in-vivo FVIII-Activated B Cells
In order to study the phenotype of B-cells in FVIII-treated hemophilic mice, mice
that were previously immunized with rFVIII were challenged with 2 IU rFVIII 4
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months after their last FVIII treatment. Twenty four hours following the FVIII
challenge, the CD19+ B cells were isolated from the spleens using magnetic
beads coated with anti-CD19 antibodies (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s guidelines. All isolated B cell
populations were >90% FITC-CD19+ as shown by flow cytometry assessment.
The co-stimulatory molecules CD40 and CD80 (BD Biosciences, San Diego CA,
USA) were fluorescently labeled with PE in order to identify the activation stage
of B cells. The cells were fixed using the Cytofix/Cytoperm fixation kit (BD
Biosciences, San Diego CA, USA) and were analyzed by flow cytometry within
12 hours.
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Results
FVIII Antibodies and Inhibitors in FVIII-Treated Balb/c and C57BL/6
Hemophilic Mice
The levels of FVIII antibodies and inhibitors were measured after treating
hemophilic mice with four biweekly intravenous infusions of 2 IU FVIII.
Interestingly, after the first and second FVIII treatments, both mouse strains
developed IgM and IgA FVIII antibodies as summarized in table 1. However, the
mice at that time had no evidence of FVIII inhibitory antibodies. These data
suggest that the anti-FVIII IgM and IgA antibodies represent non-inhibitory
antibodies. However, after the 3rd and 4th FVIII treatments, our results
demonstrate that C57BL/6 mice produce higher FVIII inhibitory and total antibody
titers than the Balb/c mice Table 2.1 and Figure 2.2 A. This finding indicates that
there is an association between the genetic background of E16 hemophilic mice
and FVIII antibody formation. Interestingly, after the four FVIII treatments in each
of the C57BL/6 and Balb/c mice, there was a direct relationship between FVIII
inhibitor formation and the IgG1 subclass (Th2 predominant) and as well as the
IgG2A and IgG2B subclasses (Th1 predominant). Moreover, in the C57BL/6 mice
we observed an increase in inhibitor formation as the IgG2A/IgG1 and
IgG2B/IgG1 ratios increase. This finding indicates that there is an association
between the Th1-dependent IgG subclasses and FVIII inhibitors. In contrast, the
FVIII inhibitory antibodies in humans belong to IgG1 and IgG4 subclasses17. Our
studies confirm the results obtained by Rossi et al. and are consistent with the
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association of FVIII inhibitory activity in IgG1, IgG2A and IgG2B subclasses in
hemophilic mice59.

Table 1. The development of FVIII antibodies (ng/mL) and inhibitors (BU) in
Balb/c (A) and C57BL/6 (B) hemophilic mice after biweekly FVIII treatments.
Mice were sampled 1 week after each FVIII treatment and the anti-FVIII isotypes
were measured via ELISA. The amount of IgA, IgM, IgG2A and IgG2B were
quantified by the ELISA standard curve
A) FVIII antibody and inhibitor titer (ng/mL) in Balb/c mice after 1st, 2nd and
3rd FVIII treatments:
1st
treatment
2nd dose
3rd dose

IgA

IgM

IgG1

IgG2A

IgG2B

BU

231 ±10
717 ±12
2800 ±
198

2788 ± 50
5200 ± 53

0
0
14800 ±
9000

0
0

0
0

0
0

700 ± 300

1435 ± 500

22

8060 ± 278

B) FVIII antibody and inhibitor titer (ng/mL) in C57BL/6 mice after 1st, 2nd
and 3rd FVIII treatments:
C57BL/6
1st
treatment
2nd
treatment
3rd
treatment

IgA

IgM

IgG1

IgG2A

IgG2B

BU

130 ± 70

1089 ± 172

0

0

0

0

400 ± 21
2390 ±
345

2440 ± 97
10760 ±
3546

0
18211 ±
5046

0
1527.8 ±
550

0
2494.1 ±
130

0
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Figure 2.2 Comparison of FVIII inhibitors (A) and anti-FVIII IgG subclasses
(B) in C57BL/6 and Balb/c hemophilia A mice after four FVIII intravenous
treatments. Naïve hemophilia A Balb/c and C57BL/6 mice were treated with four
biweekly FVIII infusions. Mice were sampled 1 week after the fourth FVIII
treatment. The horizontal bars represent the mean antibody titers for 13 mice.
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Cytokine Profile in Splenocytes Isolated From Naïve Hemophilic Balb/c and
C57BL/6 Mice
The primary immune response to FVIII was studied in the two different mouse
strains. Splenocytes isolated from both strains of mice released cytokines
following infusion of FVIII. However, based on the cytokine profiles, our results
show that the Balb/c mice had a stronger Th2 and Th1 response than the
C57BL/6 mice (Figure 2.3). Interestingly, we were not able to detect IL10 in either
set of splenocyte cultures. These studies indicate that the Balb/c mice have a
stronger primary immune response to FVIII than the C57BL/6 mice and that this
response is not dependent on IL10. However, since total splenocytes were used,
we were not able to identify which cell(s) released these cytokines.

Cytokine Profile in CD4 T cells Isolated From FVIII-Treated Hemophilic
Balb/c and C57BL/6 Mice
The secondary immune response due to FVIII was studied in each mouse strain.
In order to investigate the cytokine release by T cells due to FVIII, we stained
CD4 T cells for the presence of intracellular cytokines. The Th1 and Th2
cytokines were examined in vivo after challenging the FVIII immunized mice with
FVIII. We observed that both mouse strains produced Th1 and Th2 cytokines as
shown in (Figure 2.4). In the secondary immune response, we observed more of
the Th1 and Th2 cytokines in the C57BL/6 than Balb/c mice. These studies
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Figure 2.3 Detection of Th1 and Th2 cytokines released by splenocytes
isolated from C57BL/6 and Balb/c hemophilia A mice after 120 hrs of
culture in the presence of 1ug/mL of FVIII. The Th1 cytokines IL2 and IFNγ,
and the Th2 cytokines IL4 and IL5 were quantified by ELISA. An IL10 ELISA was
also performed but IL10 was not detected in either set of cultures. The error bars
represent the standard error of the mean for four mice.
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Figure 2.4 Detection of intracellular Th1 and Th2 cytokines produced by
CD4+ T cells isolated from C57BL/6 and Balb/c mice that had previously
been immunized with intravenous FVIII. Mice were immunized with four
intravenous FVIII infusions; Four months later, mice were re-challenged with 2 IU
FVIII and the CD4+ T cells were purified from the spleens. The Th1 cytokines IL2
and IFNγ, and the Th2 cytokines IL4 and IL10 were quantified by flow cytometry.
The error bars represent the standard error of the mean for four mice.
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demonstrate that the C57BL/6 mice have a stronger Th1 and Th2 secondary
immune response to FVIII than the Balb/c mice

B cell Maturation in FVIII-Immunized C57BL/6 and Balb/c Mice
The maturation state of B cells due to FVIII exposure was studied in each mouse
strain. The B cells were isolated from FVIII-treated and challenged mice. The
cells were then stained for CD40 and CD80. It was observed that the B cells
isolated from the C57BL/6 mouse strain had higher expression of the CD40
maturation molecule than those isolated from Balb/c mice (Figure 2.5).
Regarding the CD80 maturation marker on B cells, even though the expression
was higher on C57BL/6 B cells than those of Balb/c mice, it was not statistically
significant. These results show that FVIII challenge causes a higher expression
of CD40 on B cells obtained from C57BL/6 than in Balb/c mice.
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Figure 2.5 Assessment of B cell maturation after a FVIII re-challenge in
C57BL/6 and Balb/c hemophilic mice that had been previously immunized
with FVIII. Mice were immunized with four FVIII intravenous infusions; 4 months
later, mice were re-challenged with 2 IU FVIII and CD19+ B cells were purified
from the spleens. CD80 and CD40 maturation markers were quantified by flow
cytometry. The error bars represent the standard error of the mean for four mice.
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Discussion
The availability of hemophilia A mouse models has contributed significantly to the
current understanding of the immunology of FVIII. Studying the immunogenicity
of FVIII in different mouse strains is important since each model has a different
MHC-II haplotype and a distinct global immunophenotype. These genetic factors
have been studied previously in human hemophiliacs and a weak association
has been found between the development of FVIII antibodies and the HLA
haplotype in the patients60. Therefore, gaining more knowledge about the
influence of the genetic background on the immunogenicity of FVIII will help us
gain an improved understanding of the mechanisms responsible for the
development of FVIII antibody responses.

The balance between Th1 and Th2 immune responses has been previously
associated with the FVIII antibody formation in E17-hemophilic mouse model

61

.

We used two hemophilic mouse strains the Balb/c mice (Th2 prone) and the
C57BL/6 mice (Th1 prone) in order to investigate the importance of the genetic
background on FVIII antibody formation in E16 hemophilic mice. The studies
performed on total splenocytes isolated from C57BL/6 and Balb/c mice cultured
in the presence of FVIII showed higher Th1 and Th2 primary immune cytokine
profiles in the Balb/c mice (Figure 2.3). Therefore, we expect that the increased
release of Th1 and Th2 cytokines in the primary immune response in Balb/c mice
is responsible for the observed higher titers of the IgM and IgA isotypes after the
first FVIII treatment62,63. It was previously reported that after antigen stimulation,
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naïve splenocytes isolated from Balb/c mice produced more IFN-γ and other
cytokines than the C57BL/6 splenocytes64. The mechanisms responsible for this
finding are not fully understood. Differences in the innate immune response to
FVIII between the mouse strains may play an important role in this difference.
The natural killer cell responses in Balb/c mice are more rapid and pronounced
than those seen in C57BL/6 mice65. Also, there are differences in Toll Like
Receptor (TLR) expression patterns between the mouse strains66. These
differences in TLR expression and other pathogenic recognition receptors (PRR)
expression were reported to influence the cytokine release in splenocyte cultures
of Balb/c and C57BL/6 after antigen or LPS stimulation67.

For the secondary immune response, our results show that the anti-FVIII
antibodies detected after the 4th FVIII treatment, mainly belonged to the IgG1,
IgG2A and IgG2B subclasses Figure 2.2 (B). Moreover, we observed that the
Balb/c mice had lower (IgG2A/IgG1) and (IgG2B/IgG1) ratios than the C57BL/6
mice. These results indicate that in Balb/c mice, the IgG1 subclass is the major
inhibitory isotype, whereas, in C57BL/6 mice, the IgG1, IgG2A and IgG2B
subclasses all appear to inhibit FVIII activity. From the Ig ratio calculations, it
appears that IgG2A and IgG2B have a more significant role in inhibiting FVIII’s
activity in C57BL/6 than in Balb/c mice. Interestingly, the secondary cytokine
response towards FVIII was also different for the two mouse strains. The
C57BL/6 mice had more T cells producing Th1 and Th2 cytokines than was
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documented in the Balb/c mice (Figure 2.4). This phenomenon likely contributes
to the higher FVIII antibody titers observed in C57BL/6 mice61,68,69.

It has been previously suggested that the increased incidence of FVIII inhibitors
seen in mice might be due, at least in part, to the increased production of IFN-γ
in these animals68. This is supported by our data showing that the FVIII inhibitory
antibodies mainly belonged to the IFN-γ dependent IgG2A subclass. Our findings
confirm the data obtained by Sasgary and Rossi et al. and support the
involvement of Th1 cytokines in FVIII antibody generation. Furthermore,
expression of the CD40 co-stimulatory molecule on B cells also plays a role in
regulating the immune system70. The CD40 molecule on APCs binds CD40L on
T cells and facilitates the activation of effector cells. It has been previously
reported that CD40 regulates the production of type I IFN cytokines, resulting in
the regulation of the immune system70. Since the B cells isolated from C57BL/6
FVIII-treated mice had higher levels of CD40 expression, we expect that these
cells will generate increased IFN cytokine release and higher FVIII antibody
formation.

The present mouse study agrees with the course of immune response effects
documented in hemophilic patients. In both instances, FVIII increases the
production of IFN-γ and IL4 by hemophilic CD4+ T cells69. In a previous
computerized study, White et al reported that specific motifs of FVIII are
recognized by particular HLA-DR molecules20. Moreover, Hay et al reported an
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association between the HLA DRB1*1501 molecule and inhibitor formation in
hemophilia A patients21. We have also observed an effect of the background
immunogenotype in this study of two inbred hemophilic mouse strains. The
C57BL/6 (MHCII-H2B) had a higher FVIII antibody and inhibitor titer than the
Balb/c (MHCII-H2D) mice. We hypothesize that more T cell epitopes are
presented by the H2B haplotype in the C57BL/6 mice resulting in the activation of
more CD4+ T cells which release IFN-γ and other essential factors for the
generation of FVIII antibodies in the C57BL/6 strain.

In summary, we have shown that the genetic background of hemophilic mice
influences the formation of FVIII antibodies; after four intravenous FVIII
treatments, the Th1 prone C57BL/6 mouse strain releases more IFN-γ, resulting
in higher anti-FVIII inhibitory titers in comparison to the Th2 prone Balb/c mice.
Also, we have shown that FVIII inhibitors mainly belong to the IgG1, IgG2A and
IgG2B antibody subclasses in the E16 hemophilic mice and that these inhibitors
will only be seen after the third FVIII challenge.

These studies confirm the

complex role of immunogenotypic factors on the likelihood for FVIII antibody
generation. They also emphasize that the background strain of the hemophilic
mice must be taken into account when results of FVIII immunogenicity are being
evaluated.
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Chapter 3

Reduction of The ImmuneResponse to Factor VIII Mediated Through
Tolerogenic Factor VIII Presentation by Immature Dendritic Cells.

This chapter has been submitted for publication in the journal of thrombosis and
haemostasis

I performed all experiments. Kirsten Walker helped me with the Andrographolide
studies. All animal techniques were performed by Andera Labelle
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Abstract
Development of neutralizing antibodies to factor VIII (FVIII) represents the most
serious treatment complication of hemophilia A. We have explored, for the first
time, the potential of using immature dendritic cells (iDCs) to present factor VIII in
a tolerogenic manner to T cells. iDCs were isolated from hemophilic murine bone
marrow and pulsed with canine FVIII (cFVIII-iDCs) in the presence or absence of
the NFκB pathway blocking compound andrographolide (Andro-cFVIII-iDCs). We
have shown that cFVIII in the presence or absence of Andro, is efficiently taken
up by iDCs and that this process does not result in the maturation of DCs or the
activation of co-cultured T cells. Three weekly intravenous infusions of one
million FVIII pulsed-iDCs were administered to a group of five hemophilic Balb/c
mice. Anti-FVIII antibody levels were monitored by functional Bethesda assay
after four weekly IV challenges with 2IU of cFVIII. Following repeated infusion of
the cFVIII-iDCs and Andro-cFVIII-iDCs into hemophilic mice that were
subsequently challenged with cFVIII, long-term reductions of FVIII inhibitors of 25
and 40% respectively were documented. Studies of cytokine release and T cell
phenotypes indicate that the mechanisms responsible for reducing immunologic
responsiveness to FVIII appear to involve an expansion of Foxp3 T regulatory
cells in the case of cFVIII-iDC infusion and the elaboration of the
immunosuppressive cytokines IL-10 and TGF-β following andrographolidetreated cFVIII-iDCs. This study shows that tolerogenic presentation of FVIII to the
immune system can significantly reduce immunogenicity of the protein.
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Introduction:
Hemophilia A is the most common severe inherited bleeding disorder. Bleeding
episodes in hemophilic patients are treated with the infusion of factor VIII (FVIII)
concentrates.

The current most significant challenge in the clinical care of

hemophilia A patients is the generation of adverse immunological responses to
the infused therapeutic FVIII concentrates.

The available treatments for

hemophilia A patients who develop anti-FVIII antibodies (also referred to as
inhibitors) include: immune tolerance induction using high concentrations of FVIII
27

, immunoadsorption of the factor VIII antibodies 17, the use of less immunogenic

products such as porcine FVIII
recombinant FVIIa and FEIBA.

17

and FVIII bypassing agents such as

However, these approaches are not always

effective and they are all expensive. The induction of immunological tolerance to
FVIII prior to the initiation of replacement therapy would represent a novel
strategy to prevent FVIII inhibitor development.

Severe hemophilia A patients have no circulating functional FVIII, and thus
infused FVIII may be viewed as a foreign protein.

After a number of FVIII

infusions, approximately 25% of patients experience activation of the immune
system and the formation of neutralizing anti-FVIII inhibitors. In patients with
inhibitors, the infused FVIII will be sampled by a specialized subset of cells,
called antigen presenting cells (APCs). Through receptor-mediated endocytosis,
these cells have the ability to process and present antigens such as infused FVIII
to T cells in the context of Major Histocompatibility Class II (MHC-II) molecules
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14,33

. In the appropriate microenvironment, this antigen presentation will activate

CD4+ T helper cells causing the T cells to clonally expand and release cytokines
that will recruit B cells. Additional interactions then occur between CD4+ T helper
cells and B cells in order to permit B cell activation, clonal expansion and cellular
differentiation into FVIII antibody-producing plasma cells.

The released

antibodies will bind to FVIII molecules to neutralize their cofactor function and, in
some instances, accelerate FVIII clearance from the circulation.

Dendritic cells (DCs) are professional antigen presenting cells that play a central
role in directing T cells towards either immunity or tolerance. These cells have
the ability to engulf and present antigens to CD4+ T cells in the context of MHC-II
molecules resulting in T cell activation and cytokine release.

Dendritic cells

originate in the bone marrow and are released into the blood stream as immature
cells expressing low levels of cell surface co-stimulatory molecules. Immature
DCs (iDCs) are characterized by their ability to sample antigens, however, in the
absence of inflammatory “danger” signals, antigen presentation by iDCs does not
result in effector T cell activation. In contrast, mature dendritic cells have the
ability to present antigens to T cells in an immunogenic fashion with subsequent
T cell activation.

If antigens such as FVIII are internalized by iDCs in the absence of an
inflammatory response, immunologic tolerance towards the presented antigen
can be mediated by a number of mechanisms that include the development of T
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cell anergy (functional inhibition), T cell apoptosis and, perhaps most importantly,
the generation of T-regulatory cells (Tregs) 42,71,72. This lack of an immunological
response is thought to depend principally on the development of Foxp3+ Tregs
since iDCs are known to expand this naturally occurring Treg (nTreg) population
42

. Recently, it has been demonstrated that nTregs are involved in inducing

tolerance to the A2 and C2 domains of FVIII 43,44.

The conditions under which DCs are cultured have a significant impact on the
behavior of DCs in promoting either immunity or tolerance. For example, if DCs
are

cultured

with

pro-inflammatory

mediators

such

as

interferon

or

lipopolysaccharide (LPS), they will mature and increase their expression of the
73

co-stimulatory molecules CD80/CD86

. In contrast, if DCs are cultured in

sterile/non-inflammatory conditions, they will maintain their immature phenotype
and their tolerogenic potential will be enhanced 74. Anti-inflammatory agents such
as the Chinese herb extract NFκB pathway inhibitor (Andrographolide) have
been described to enhance the tolerogenic abilities of DCs by inhibiting their
maturation. Andrographolide (Andro) covalently modifies NFκB, inhibiting its
binding to its DNA target sequence

75

. In this study, we have evaluated the

tolerogenic potential of iDCs to modulate the immune response to FVIII in
hemophilia A mice.
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Materials and Methods:
Animals
Male and female Balb/c hemophilia A mice, 6-10 weeks old were used in all
experiments. Mouse genotype was assessed for the deletion of FVIII exon 16 by
polymerase chain reaction (PCR) using genomic DNA isolated from tail clips as
described by Connelly et al
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. All mouse experiments were performed in

accordance with the Canadian Council for Animal Care and the Queen’s
University Animal Care Committee approved all animal protocols.

Generation of Bone Marrow DCs.
Hematopoietic cells were isolated as described by Inaba et al
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with minor

modifications. Briefly femurs from hemophilic Balb/c mice were isolated and
flushed with RPMI 1640 (Invitogen Burlington, Ontario, Canada) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, Burlington, Ontario, Canada),
100U/mL penicillin/streptomycin (Invitrogen, Burlington, Ontario, Canada) and 50
μM 2 mercaptoethanol (Sigma-Aldrich St. Louis, MO USA). Bone marrow
hematopoietic cells at a concentration of 1 million cells/mL were cultured at 37°C
in media containing a cytokine environment of 1000 IU/mL of each of interleukin
4 (IL-4) (BD Biosciences, San Diego CA, USA) and Granulocyte Macrophage
Colony Stimulating Factor (GM-CSF) (BD Biosciences, San Diego CA, USA) for
5 days. The culture regimen was designed so that the cells were fed on days 0, 2
and 4. On day 5, loosely-adherent cells were aspirated and washed four times
with HBSS (GIBCO BRL, Rockville, MD). DCs were isolated using magnetic
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beads coated with anti-CD11c antibodies (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s guidelines. All isolated DC
populations were >90% CD11c+ by flow cytometry assessment.

Phenotypic

Characterization

of

Immature

Dendritic

Cells

by

Flow

Cytometry.
DCs harvested on day 5 of culture were stained with specific antibodies against
the DC marker, PE-CY7 -CD11c (BD Biosciences San Diego CA, USA). Cell
surface proteins such as MHC-II and the co-stimulatory molecules CD86, CD80
and CD40 (BD Biosciences, San Diego CA, USA) were fluorescently labeled with
PE or FITC in order to identify the maturation stage of dendritic cells. The cells
were fixed with 1% paraformaldehyde (Sigma-Aldrich St. Louis, MO USA) and
analyzed by flow cytometry.

Internalization of a FVIII-GFP Fusion Protein.
The internalization of FVIII by iDCs was evaluated using a FVIII-GFP fusion
protein. Baby hamster kidney cells transfected with FVIII-GFP were generously
provided by Dr. Pete Lollar. The FVIII-GFP was isolated as described by Lin et
al. with minor modifications
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.

Briefly, the FVIII-GFP transfected cells were

cultured in DMEM:F-12 containing 1.5mg/mL AlbuMAX I (lipid-rich bovine serum
albumin) (Invitrogen, Auckland, New Zealand). The media was collected every 24
hours and replaced with fresh media for three consecutive days The media was
centrifuged at 350 x g to remove cellular debris, and the media was immediately
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loaded onto a SP-Sepharose Fast Flow column (GE Healthcare Bio-Sciences,
Uppsala, Sweden) to purify the GFP-FVIII. The final purified eGFP-hFVIII was
also analyzed by chromogenic assay (Coamatic, Chromogenix/Diapharma
Group, West Chester, OH), Bradford assay and SDS-10% PAGE. One million
iDCs were pulsed with 50IU FVIII-GFP for 2 hours. The pulsed cells were
washed extensively and examined for the presence of intracellular GFP by flow
cytometry.

In-vitro Pulsing of DCs With Canine Factor VIII (cFVIII)
The DCs were pulsed with canine FVIII. The cFVIII was prepared as follows.
293T cells expressing cFVIII gene were grown with D 10 medium. The media
was collected every 24 hours and replaced with fresh media for three
consecutive days.

Subsequently, the media was centrifuged at 350 x g to

remove cellular debris. The cFVIII protein was purified using a HiTrap Chelating
HP column as previously described by Shibata et al
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. The final purified cFVIII

was analyzed by chromogenic assay (Coamatic, Chromogenix/Diapharma
Group, West Chester, OH), Bradford assay and SDS-10% PAGE. One million
DCs were pulsed with canine FVIII by culturing the iDCs with 10μg/mL cFVIII for
12-14 hours (cFVIII-iDCs).

Mature, pulsed dendritic cells (mDCs) were

generated by culturing the iDCs with 0.1µg/mL LPS (Sigma-Aldrich St. Louis, MO
USA) and 10μg/mL cFVIII for 12-14 hours (cFVIII-mDCs). In some experiments,
iDCs were pre-treated with 10 μM andrographolide
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(Sigma-Aldrich St. Louis,

MO USA) for 12 hours followed by pulsing with 10μg/mL cFVIII for 12-14 hours
(Andro-cFVIII-iDCs).

In-vitro Assessment of T cell Activation by iDCs.
The tolerogenic ability of DCs was studied in vitro via cytokine assays in T celliDC co-cultures. CD4+ T cells were isolated from naïve hemophilia A mouse
spleens using CD4 negative selection magnetic beads (Miltenyi Biotec Bergisch
Gladbach, Germany) according to the manufacturer’s protocol. Unprimed,
syngeneic CD4+ T cells were co-cultured with cFVIII-pulsed iDCs in a ratio of
10:1 (T cells: cFVIII-iDCs)74 for 72 hours in X-Vivo serum- free medium (Cambrex
Bio Science, Walkersville, Inc.; MD USA). The supernatant was collected after 24
hours to detect IL-4 and IL-6, after 48 hours to detect IL-10 and IFN-γ, and after
72 hours to detect TGF-β. The positive and negative controls for this experiment
included CD4+ T cells co-cultured with cFVIII-mDCs and unpulsed iDCs,
respectively. Culture supernatants were analyzed by ELISA for the presence of
IL-6, IFN-γ and IL-10 (eBiosciences, San Diego, CA, USA) and IL-4 and TGF-β
(R&D systems Minneapolis, USA) according to the manufacturer’s protocol.

Injection of DCs into Hemophilia A Mice and In vivo Challenge with cFVIII.
cFVIII-iDCs or Andro-cFVIII-iDCs were isolated and washed extensively to
remove excess cFVIII. Cells were counted and re-suspended in HBSS to obtain
a concentration of one million cells per 200μL. One million cFVIII-iDCs or AndrocFVIII-iDCs were administered via tail vein injection to a group of 5 mice, weekly
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for 3 weeks. As a negative control, an independent group of 5 mice received 3
weekly infusions of one million unpulsed iDCs.
To assess the induction of immune tolerance toward FVIII by FVIII-iDCs or
Andro-cFVIII-iDCs, hemophilic mice were challenged weekly for 4 weeks or 8
weeks ,respectively, with 2 IU (200 ng: equivalent to 100 IU/kg) cFVIII via tail
vein injections (the Andro-cFVIII-iDC mice received a different batch of cFVIII
that required 8 weekly IV infusions to generate cFVIII inhibitors). Alternatively, as
a positive control, one million cFVIII-mDCs were injected via the tail vein into 5
hemophilic mice in order to assess the ability of cFVIII-mDCs to activate the
immune system. The negative control mice for this experiment received 4
intravenous injections of 200 μL of HBSS.

Blood Sampling from Mice.
Mice were anesthetized with 0.2cc hypnorm/water/midazolam (1:2:1) and blood
samples were obtained using uncoated microhematocrit capillary tubes (Fisher
Scientific Pittsburgh, PA, USA) via the retro-orbital plexus. Blood was mixed with
1/10 volume of 3.2% sodium citrate.

Plasma samples were isolated by

centrifugation of blood samples at 10,000 RPM for three minutes at 4°C, frozen
on dry ice and stored at -70°C until tested.

Measurement of cFVIII Inhibitors in Mouse Blood Samples.
Plasma samples were analyzed for cFVIII inhibitors using a one-stage FVIII
clotting assay. In brief, plasma samples were diluted in HBS-BSA and mixed with
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canine pool plasma in a 1:1 ratio and incubated at 37°C for 2 hours. Samples
were then assayed for residual FVIII activity using APTT reagent (Organon
Teknika; Durham, NC, USA) in an automated coagulometer (General Diagnostics
Coag-A-Mate, Toronto, Canada) following the manufacturer’s protocol. Inhibitor
titers (Bethesda Units) were calculated as detailed in the standard Bethesda
protocol 58.

Phenotypic Characterization of the Naturally Occurring T Regulatory Cells.
T cells were isolated from hemophilic mouse spleens via the use of a CD4
negative selection isolation kit (Miltenyi Biotec Bergisch Gladbach, Germany)
following the manufacturer’s protocol. The T cells were stained with specific
antibodies against the T regulatory cell markers CD4, CD25 and Foxp3 as
described by the manufacturer (eBiosciences, San Diego, CA, USA).

Statistical Analysis.
All data are presented as mean ± standard error of the mean (SEM). Statistical
comparisons of experimental groups were evaluated with a Student T test. A p
value of less than 0.05 was considered statistically significant and indicated by *.
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Results:
Dendritic Cells Can Internalize FVIII for Tolerogenic Presentation.
To confirm that DCs can internalize FVIII, iDCs were cultured in the presence of
a FVIII-GFP fusion protein. Flow cytometry showed intracellular FVIII-GFP in
95% of DCs within 2 hours (data not shown); thus, confirming that the iDCs were
able to internalize the FVIII-GFP fusion protein in the presence and absence of
Andro or LPS.

Next, we determined if internalization of cFVIII causes maturation of the iDCs.
After 5 days of culture with or without Andrographolide (Andro), the non-adherent
iDCs were isolated and pulsed with cFVIII alone, or with cFVIII in the presence of
LPS. The results presented in (Figure 3.1) show that pulsing iDCs with cFVIII ±
Andro in the absence of LPS does not induce increased expression of CD80 and
CD86. Levels of MHC-II expression also did not change significantly while the
CD40 expression increased slightly on the cFVIII-iDCs following pulsing with
cFVIII. In contrast, iDCs pulsed with cFVIII in the presence of LPS showed a
marked increase in the expression of all 3 of the co-stimulatory maturation
markers. These results indicate that in vitro, using the conditions employed in
these studies, pulsing with cFVIII does not induce DC maturation and that the
pulsed-iDCs are less likely to present cFVIII to the immune system in an
immunogenic fashion.
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Figure 3.1 Dendritic cells retain their immature phenotype after being
pulsed with cFVIII. Flow cytometry studies on the expression of MHC-II and the
maturation markers CD80, CD86 and CD40 on cFVIII-iDCs/±Andro and cFVIIImDCs. The immature DCs were isolated and cultured in media containing
10µg/ml of cFVIII for 12 hours (cFVIII-iDCs) or pretreated with Andro for 12 hours
before the pulsing process ( Andro-cFVIII-iDCs), while the cFVIII-mDCs were
prepared by culturing day 5 immature DCs with 10µg/ml cFVIII and 0.1 µg/ml
LPS for 12 hours. The dashed line represents the protein expression on the
unpulsed immature DCs isolated on day 5. Co-stimulatory protein expression for
immature/mature DCs is presented in terms of fold increase relative to the
unpulsed immature dendritic cells. The pulsed immature DCs did not induce the
expression of the maturation markers. Error bars represent the standard error of
the mean of 5 separate experiments: * designates a p value <0.05.
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cFVIII-Pulsed iDCs Do Not Induce T Cell Activation.
To assess the tolerogenic potential of cFVIII-iDCs and Andro-cFVIII-iDCs in vitro,
antigen-specific cytokine release assays were employed. cFVIII-pulsed iDCs
were co-cultured with CD4+ T cells isolated from naïve hemophilia A mice and
cytokine levels were assayed in the culture supernatant. The results (Figure 3.2)
indicate that the unpulsed-iDCs, cFVIII-iDCs and Andro-cFVIII-iDCs do not
induce the secretion of pro-inflammatory cytokines

(IFN-γ and IL-6) or the B

cell-stimulating factor IL-4, indicating that the cFVIII-pulsed iDCs are weak
activators of T cells. In contrast, upon stimulating T cells with cFVIII-mDCs, Tcells were activated as indicated by a significant increase in the secretion of IL-4,
IL-6, IFN-γ, IL-10 and TGF-β. These studies indicate that the cFVIII-mDCs were
able to interact with and activate T cells.
previously reported by Pfistershammer et al.

This finding confirms the results
80

. Of additional note, T cells co-

cultured with Andro-cFVIII-iDCs were documented to secrete more of the
immunosuppressive cytokines, IL-10 and TGF-β than cFVIII-iDCs.

In vivo Infusions of cFVIII-Pulsed iDCs Do Not Incite cFVIII Inhibitor
Development.
We next evaluated if in vitro cFVIII-pulsed iDCs initiate an anti-FVIII immune
response in naïve hemophilia A mice. To this end, we administered 3 weekly
injections of cFVIII-mDCs, cFVIII-iDCs or Andro-cFVIII-iDCs, and FVIII inhibitor
development was assessed using the Bethesda assay. Our results (Figure 3.3)
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Figure 3.2 cFVIII-pulsed iDCs inhibit the release of T cell inflammatory
cytokines. CD4+ T cells were isolated from the spleens of naïve hemophilic
mice and co-cultured with either cFVIII-iDCs, cFVIII-mDCs, Andro-cFVIII-iDCs or
Andro-cFVIII-mDCs for 24 hours to detect IL-4 (A) and IL-6 (B) , 48 hours to
detect IFN-γ (C) and IL-10 (D), and 72 hours to detect TGF-ß (E). All cytokines
were detected by ELISA experiments. The T cells that were stimulated with
cFVIII-iDCs or Andro-cFVIII-iDCs did not release any inflammatory cytokines
while the T cells that were stimulated with cFVIII-mDCs or Andro-cFVIII-mDCs
released high levels of inflammatory cytokines. Error bars represent the standard
error of the mean of 4 separate experiments: * designates a p value <0.005.
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Figure 3.3 Repetitive Infusions of cFVIII-iDCs or Andro-cFVIII-iDCs Do Not
Activate The Immune System of Hemophilic Mice. Naïve hemophilic mice
were infused on a weekly basis with either 1 million of cFVIII-iDCs, Andro-cFVIIIiDCs or cFVIII-mDCs for three weeks. Mice were sampled 1 week after the last
DC infusion. Mice that received cFVIII-iDCs or Andro-FVIII-iDCs had no FVIII
inhibitors, while mice that received cFVIII-mDCs developed high levels of FVIII
inhibitors. Error bars represent the standard error of the mean for 5 mice.
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indicate that the immune system of hemophilic mice was not activated after 3
weekly infusions of in vitro cFVIII-pulsed iDCs or Andro-cFVIII-iDCs. Hemophilic
mice that only received HBSS also did not develop cFVIII inhibitors. In marked
contrast, inhibitors appeared after the infusions of cFVIII-mDCs as shown in
(Figure 3.3) (mean Bethesda titer 22 BUs). These studies indicate that cFVIIIiDCs and Andro-cFVIII-iDCs lack the ability to present FVIII in an immunogenic
manner to T cells in vivo. On the other hand, cFVIII-mDC infusion results in the
immunogenic presentation of cFVIII and causes the formation of cFVIII inhibitors.
Studies evaluating total anti-FVIII antibody levels with an ELISA method have
shown the same outcomes.

Infusion of cFVIII-Pulsed iDCs Modulates The Generation of FVIII Inhibitors.
The

tolerogenic

potential

of

cFVIII-iDCs

and

Andro-cFVIII-iDCs

was

subsequently assessed in vivo by infusing naïve hemophilia A mice with 3 weekly
infusions of cFVIII-pulsed iDCs followed by 4 or 8 weekly intravenous injections
of 2 IU of cFVIII. Control mice received 3 weekly injections of unpulsed iDCs
followed by 4 or 8 weekly infusions of 2 IU cFVIII or 4 infusions of HBSS instead
of cFVIII. FVIII inhibitors were detected by Bethesda assays and (Figure 3.4)
summarizes the inhibitor response of each group over the course of the study.

The hemophilic mice that received 4 infusions of HBSS did not develop FVIII
inhibitors (data not shown). From (Figure 3.4), it is shown that in comparison to
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Figure 3.4 The infusion of FVIII-iDCs and Andro-FVIII-iDCs results in
reduced FVIII inhibitor formation after FVIII treatment. Levels of FVIII
inhibitors in mice receiving either (A) cFVIII-iDCs shown in squares, unpulsediDCs shown in triangles or (B) Andro-cFVIII-iDCs shown in squares, unpulsediDCs shown in triangles . Mice were infused on a weekly basis with either cFVIIIiDCs or unpulsed iDCs for 3 weeks followed by FVIII challenges. The X axis
shows the time in weeks since the last FVIII challenge. The infusion of cFVIIIiDCs or Andro-cFVIII-iDCs into mice results in lower FVIII inhibitor titers. All mice
were re-challenged with 2IU of FVIII 12 and 23 weeks after the last FVIII infusion
in order to analyze the tolerogenic memory response towards FVIII and to
expand the FVIII-Treg population, respectively. Error bars represent the standard
error of the mean for 4-5 mice.
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mice that received unpulsed iDCs, mice that received cFVIII-iDCs and AndrocFVIII-iDCs had 25% and 40% lower levels of FVIII inhibitors respectively for 11
weeks. These results demonstrate that the cFVIII-pulsed iDCs were able to
reduce the reactivity of the immune system towards cFVIII. The positive control
and experimental mice were subsequently re-challenged with 2 IU of cFVIII 12
weeks after the last cFVIII infusion to investigate if cFVIII-pulsed iDCs were able
to induce a long-term tolerogenic modulation of the immune response to FVIII. As
shown in (Figure 3.4), the cFVIII-iDC and Andro-cFVIII-iDC treated mice
maintained a 25 and 40% reduction in inhibitors respectively, relative to the mice
that received unpulsed iDCs over the remaining 10-week duration of the
experiment. These results show that the infused cFVIII-iDCs and Andro-cFVIIIiDCs induce a long-lasting negative modulation of the immunogenic response to
FVIII.

cFVIII-iDC Infusion Induces an Expansion of Foxp3+ T Regulatory Cells.
We quantified the CD4+CD25+Foxp3+ Treg populations in the mice that had
received the c-iDCs and Andro-cFVIII-iDCs. All mice were challenged with the
intravenous infusion of 2 IU of cFVIII to expand the Foxp3+ Tregs. One week
later, spleens were collected and CD4+ T cells were studied by flow cytometry.
The results are presented in (Figures 3.5 A and B). These results demonstrate
that after an in vivo challenge with cFVIII, the cFVIII-iDC treated mice had 5%
more CD4+Foxp3+ T cells than the mice that received the unpulsed iDCs. This
population of CD4+Foxp3+ T regs is probably involved in reducing the
immunological response towards FVIII in the experimental mice. In contrast,
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Figure 3.5 Infusion of cFVIII-iDCs increases the Foxp3 T regulatory cell
population. The FITC-CD4+ T cells were gated. A) The gated CD4+ T cells
were analyzed for Foxp3 and CD25 expression. Panel I represents the T
regulatory CD4+ cells isolated from the control mouse (that received the
unpulsed iDCs followed by the cFVIII challenges) and panel II represents the T
regulatory CD4+ cells isolated from the tolerized mouse (that received the cFVIIIiDCs and subsequent cFVIII challenges) this data is representative of 4 mice. B)
Quantification of the raw data (shown in A) for the unpulsed-iDCs and cFVIIIiDCs treated mice. This figure demonstrates that cFVIII-iDCs induce the
formation of CD4-Foxp3 T regulatory cells in the tolerized mice.
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there was no significant difference in the Foxp3+ Treg population in the AndrocFVIII-iDC treated mice compared to mice that received the unpulsed iDCs.
These results suggest that the Andro-cFVIII-iDCs reduce the immunological
response to FVIII through a mechanism that does not involve CD4+
CD25+Foxp3+ Tregs.
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Discussion
The experiments described in this chapter report, for the first time, a modulatory
effect of cFVIII-pulsed immature dendritic cells on the immunologic response to
FVIII. The results obtained with the cFVIII-iDC and Andro-cFVIII-iDC infusions
suggest that different T cell regulatory mechanisms are involved in the long-term
suppression of FVIII inhibitor formation in this model.

The maturation stage of dendritic cells plays a crucial role in directing the
immune system towards either immunity or tolerance

81,82

. With this in mind, we

initially evaluated the phenotype of cFVIII-pulsed immature dendritic cells. We
showed that in vitro, in the absence of a danger signal, cFVIII can be internalized
by iDCs with no evidence of CD80 and CD86 over-expression but a minimal
increase in CD40 expression. Previous studies have shown that DCs can have a
semi-mature phenotype with a persistence of tolerogenic abilities

83,84

. We

believe that this is the case for cFVIII-iDCs, since these cells do not induce the
release of T cell inflammatory cytokines.

In contrast to our findings,

Pfistershammer et al showed no upregulation of CD40 after pulsing iDCs with
FVIII. This might be due to differences in the source of FVIII, culturing and
pulsing protocols. Therefore, in vitro, cFVIII uptake by iDCs does not generate
inflammatory signals that result in iDC maturation. Pre-treating iDCs with the
NFκB pathway blocking compound andrographolide, similarly enabled iDCs to
retain their immature state and promoted their tolerogenic potential by inhibiting
the expression of co-stimulatory molecules.
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The presentation of cFVIII to T cells by iDCs was also investigated, and our
results show that in vitro, whether pulsed with cFVIII alone or in the presence of
andrographolide, iDCs do not induce the release of pro-inflammatory cytokines
from naïve hemophilic T cells. These studies indicate that the cFVIII-iDCs and
Andro-cFVIII-iDCs do not present FVIII to T cells in an immunogenic fashion, as
reported by other research groups

84

. Of note, T cells co-cultured with Andro-

cFVIII-iDCs secreted more immunosuppressive IL-10 and TGF-β. Finally and in
marked contrast, DCs stimulated with LPS (i.e. cFVIII-mDCs) induced a
significant inflammatory response via the release of pro-inflammatory cytokines
including IL-6 and IFN-γ

85

and the release of IL-4. This combination of pro-

inflammatory mediators would provide a powerful stimulus for the subsequent
development of an adaptive immune response. A similar pattern of results has
previously been reported by Pfistershammer et al 80.

Overall, these studies indicate that the cFVIII-iDCs and Andro-cFVIII-iDCs are
weak stimulators of T cells while cFVIII-mDCs are strong T cell activators. It has
been reported that the presence of IL-6 and IFN-γ will promptly induce a proinflammatory response resulting in the activation of the immune system

35

. Also

of note is the fact that levels of IL-4 secreted in the Andro-cFVIII-iDC and AndrocFVIII-mDC co-cultures were lower than the levels of IL-4 secreted in the cFVIIIiDC and cFVIII-mDC co-cultures, respectively. IL-4 is an essential contributor to
adaptive immunity and antibody production and thus, reduced production of this
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cytokine by T cells stimulated with Andro-cFVIII-iDCs could contribute to the
reduced FVIII immune responsiveness.

Although increased secretion of the immunomodulatory cytokines IL-10 and
TGF-β was observed in the T cell-Andro-cFVIII-iDC co-cultures, this was not
documented with the cFVIII-iDC studies. Nevertheless, tolerogenic antigen
presentation by pulsed iDCs can still occur without the induction of
immunomodulatory cytokines

84

. This is due to the fact that the antigen-

presenting iDCs interact with T cells to produce only “signal 1”; the absence of
any additional antigen-associated signaling will induce the T cells to either
undergo apoptosis

46

, become anergic

86

or differentiate into an IL-10/TGF-β

secretor (Tr1 and/or Th3) or non-secretor T regulatory cell (Foxp3+ T regulatory
cell)

46,87

. Our results show that the infusion of cFVIII-iDCs into hemophilic mice

resulted in increased levels of Foxp3+ nTregs and decreased FVIII inhibitor
formation.

This latter observation is consistent with extensive evidence in the literature
showing that iDCs can expand naturally occurring Foxp3+ nTregs

42,46,87

.

Indeed, nTreg cells have been reported to be involved in reducing the
immunological responses to FVIII

43

. Our studies have shown that cFVIII-iDCs

were able to achieve their immunomodulatory activities by increasing the
CD4+Foxp3+ Treg population rather than inducing the development of IL10/TGF-β secreting T regulatory cells. These CD4+CD25-Foxp3+ T regs have

70

been reported to have suppressive abilities

88

. In contrast to the results with

cFVIII-iDCs, T cells stimulated by Andro-cFVIII-iDCs were documented to
secrete high levels of IL-10 and TGF-β in vitro. These findings suggest that the
Andro-treated DCs may have induced naïve T cells to differentiate into Tr1 and
Th3 T regulatory cells that exert their immunosuppressive activity by secreting
IL-10 and TGF-β, respectively 89. This may explain the reduced inhibitor levels in
these mice. Studies of Foxp3 nTregs in the Andro-cFVIII-iDC treated mice did
not show an expansion of these cells.

Our results suggest that induction of immunomodulatory cytokine release by
Andro-cFVIII-iDCs significantly reduces the immunological response towards
FVIII. Moreover, we have shown that Andro-cFVIII-iDCs are more efficient than
the cFVIII-iDCs in reducing the immune response toward FVIII (40% vs 25%
inhibitor reduction, respectively). This immunomodulatory enhancement might
be the result of the combined reduction of co-stimulatory molecule expression on
Andro-cFVIII-iDCs along with the increased secretion of IL-10 and TGF-β
induced by these cells. Unlike Foxp3+ T regs, the suppressive ability of Tr1 and
Th3 T regs does not require direct contact with T effector cells. Instead, they
release immunosuppressive cytokines that negatively regulate T effector cells.
From our results, it can be suggested that the elaboration of immunosuppressive
cytokines may have a more significant regulatory effect on FVIII-specific T cells
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Studies conducted by Reipert et al

90

and Qian et al

91

used an anti-CD40

approach to tolerize hemophilic mice toward FVIII, but this tolerance was not long
lasting. In contrast, while our studies with cFVIII-pulsed iDCs only reduced
inhibitor formation by 25-40%, we were able to maintain a long-lasting reduction
in immune reactivity towards FVIII.

In conclusion, this study has shown, for the first time, that FVIII immunogenicity
can be reduced by tolerogenic presentation of the protein by infused iDCs.
Depending upon the conditions under which the iDCs are cultured, the
immunomodulatory mechanisms appear to involve the expansion of either
Foxp3+ nTregs or IL-10 and TGF-β secreting T cell populations. The fact that
FVIII inhibitor levels were only reduced and not eliminated by pulsed-iDC
infusions indicates that this method of tolerance induction is inadequate to
prevent at least some effector T cell activation following repeated intravenous
FVIII administration. Although we can only speculate why this happens, a
feasible explanation may be that there is an inadequate representation of FVIII
peptides presented by the pulsed iDCs. Since FVIII is so large and has many
immunogenic epitopes 92,93, we propose that some of these epitopes may not be
presented sufficiently by the iDCs to achieve T cell tolerance. Future studies
using this tolerance approach might achieve more success if the iDCs were
pulsed

with

high

concentrations

of

peptides

representing

the

immunodominant T cell epitopes instead of the full-length cFVIII protein.
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Chapter 4

Recombinant and plasma-derived Factor VIII products induce distinct
splenic cytokine micro-environments in hemophilia A mice

I performed all experiments. All animal techniques were performed by Erin
Burnett. Scott Bradshaw helped me in analyzing the micro-array data.
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Abstract:
The formation of Factor VIII (FVIII) antibodies after FVIII treatment in hemophilic
patients is currently the major treatment-related complication faced by hemophilic
patients. It has been reported that the use of plasma-derived FVIII (pdFVIII) in
patients and animal models of hemophilia A will result in reduced anti-FVIII
antibody formation. In an attempt to explain this phenomenon, an initial
hypothesis relating to the uptake of FVIII by antigen presenting cells has been
formulated. In contrast, here we are proposing that the cytokine microenvironment induced by pdFVIII has a critical influence on the regulation of antiFVIII antibody titers in hemophilic mice. Our microarray analysis showed that
pdFVIII infusion caused a different gene expression profile in dendritic cells than
recombinant FVIII (rFVIII) administration. Both treatments caused the upregulation of pro-inflammatory gene expression. However, the rFVIII and pdFVIII
treatments caused the up-regulation of genes that induce Th1 and Th2
responses, respectively.

Moreover, after administering rFVIII or pdFVIII

concentrates to mice, we observed that each treatment induced a distinct T cell
splenic cytokine micro-environment. Recombinant FVIII induced the release of
Th1 cytokines and the Th2 cytokine IL10, while pdFVIII induced the release of
Th2 cytokines and TGF-β. In this mouse model, we observed the formation of
high titers of anti-human VWF antibodies in the pdFVIII-treated mice and we
propose that in these animals, VWF competes with FVIII for antigenic
presentation. We further investigated the potential of antigenic competition by
treating mice with FVIII and increasing concentrations of another “irrelevant”
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protein, recombinant human factor IX (FIX). Our studies have shown an inverse
relationship between increasing concentrations of FIX and the production of antiFVIII antibodies. In summary, these studies allude to new and additional
mechanisms that may contribute to the reduction of anti-FVIII antibody
development in hemophilia A mice treated with pdFVIII.
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Introduction:
Hemophilia A is the most common severe inherited bleeding disorder.
Approximately 25% of severe hemophilic patients undergoing FVIII replacement
therapy develop antibodies that inhibit the activity of the infused FVIII (FVIII
inhibitors). The formation of FVIII antibodies is currently the most significant
treatment-related complication in the clinical care of hemophilic patients. The
available treatments for hemophilia A patients who develop FVIII antibodies
include the use of hemostatic bypassing agents or the induction of immune
tolerance to FVIII using various FVIII dosing schedules. These approaches are
all very costly and not always successful. The prevention of immunological
responses toward FVIII during FVIII replacement therapy would represent a
significant therapeutic advance.
The immune system in severe hemophilia A patients is activated after FVIII
treatment, in part, because no circulating normal FVIII is present in these
patients; thus, the infused FVIII may be viewed as a foreign protein. Infused FVIII
will be internalized by professional antigen presenting cells such as dendritic
cells (DCs) through mechanisms that include receptor-mediated endocytosis14 or
by antigen non-specific internalization pathways including pinocytosis94. Dendritic
cells have the ability to process and present FVIII to CD4+ T cells. Factor VIIIpresenting dendritic cells (FVIII-DCs) interact with T cells in terms of signal 1
(MHC-II and TCR interaction), signal 2 (co-stimulatory molecules and their
appropriate receptors on T cells) and signal 3 (cytokines that regulate the
differentiation of CD4+ T cells into either a Th1 or Th2 profile95). Th1 T cells
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release pro-inflammatory cytokines such as IL2, IL12, and IFN-γ that trigger an
inflammatory immune response and the activation of the T cell cytotoxic
pathway96. In contrast, Th2 cells release anti-inflammatory cytokines such as IL4
and IL10 that inhibit Th1 cells and induce B cell activation96.
Since DCs play a key role in directing the differentiation of CD4+ T helper cells,
we expect these cells to act as regulators for the formation of FVIII antibodies.
We and others have shown that FVIII under in vitro sterile conditions does not
induce the maturation of DCs

80

. Also, in T cell and FVIII-immature DC co-

cultures, FVIII does not induce the release of pro-inflammatory cytokines

80

.

However, repetitive infusions of FVIII into hemophilic mice result in the formation
of FVIII antibodies in these animals. These findings suggest that the behavior of
FVIII in vivo is different from its behavior in vitro. Thus, FVIII “in vivo” is expected
to induce a “dangerous” inflammatory micro-environment that results in the
maturation of DCs and the subsequent activation of the immune system.
In this chapter, we have studied the mechanisms associated with the differences
in anti-FVIII antibody development in hemophilia A mice after rFVIII or pdFVIII
treatment. This was achieved by investigating the effects of rFVIII and pdFVIII
administration on the profile of immune gene expression of DCs, DC maturation,
the T cell cytokine splenic micro-environment and anti-FVIII antibody titers in
mice after repetitive FVIII treatments. These studies provide new information
concerning the different splenic cytokine profiles induced by FVIII concentrates
and the influence of these cytokines on the formation of anti-FVIII antibodies.
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Materials and Methods:
Animals
Male and female Balb/c E16 hemophilia A mice, 6-10 weeks old were used in all
experiments. Mouse genotype was assessed for the interruption of FVIII exon 16
by polymerase chain reaction (PCR) using genomic DNA isolated from tail clips
as described by Connelly et al57. All mouse experiments were performed in
accordance with the Canadian Council for Animal Care, and the Queen’s
University Animal Care Committee approved all animal protocols.

Factor VIII and von Willebrand Factor Concentrates
The following human FVIII and VWF concentrates were used in these studies.
Recombinant human FVIII, Kogenate-FS® (Bayer Inc. Berkeley, CA), plasmaderived FVIII, Wilate® (Octapharma AG, Lachen, Switzerland), and a plasmaderived VWF concentrate (Biotest AG, Dreieich, Germany).

Design of The Immune Gene Micro-Array Chip
The chip contained 1095 immune relevant genes, 12 house keeping genes, 150
negative controls and 150 spike controls and positive controls. This chip was
designed using Agilent Earray services and the gene probes were printed by the
manufacturer (Agilent Technologies, Santa Clara CA, USA). Three replicates of
each gene probe were printed on each array (8 arrays per slide).

78

RNA Isolation From FVIII In vivo Pulsed Dendritic Cells
Naïve hemophilia A mice of 6-10 weeks of age were infused intravenously with
three different materials: 200 μL of HBSS, 2 IU (80 IU/kg) of human recombinant
FVIII Kogenate FS® (rFVIII) or 2 IU (80 IU/kg) plasma-derived human FVIII
Wilate® (pdFVIII). Twenty four hours later, the spleens were isolated. For each
infusate, 6 mouse spleens were pooled to generate one experimental biological
replicate. For each infusate, we had 4 experimental biological replicates (ie. 4 x 6
pooled splenocyte samples). The CD11c+ dendritic cells were isolated from each
splenocyte pool using magnetic beads coated with anti-CD11c (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s guidelines. The
CD11c cellular pellets were resuspended in Trizol (Invitrogen, Carlsbad, CA,
USA). RNA isolation and purification steps were performed according to the
manufacturer’s guidelines. RNA quantity was evaluated by Nanodrop while the
RNA quality was assess by the Aglinet BioAnalyzer and there was no evidence
of RNA degradation.
RNA Labeling and Hybridization
The isolated RNA was labeled with Cyanine 3-CTP and hybridized to the microarray chip according to the manufacturer’s guidelines (Agilent Technologies,
Santa Clara CA, USA). Each biological replicate was hybridized on two separate
arrays in order to generate two technical repeats. The arrays were then washed
and scanned using an Agilent scanner according to the manufacturer’s
guidelines (Agilent Technologies, Santa Clara CA, USA).
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Micro-Array Data Analysis
For micro-array hybridization analysis, the difference of the median intensity
subtracted from the median background was divided by the standard deviation of
the background. The data was normalized and the replicates were filtered as
previously described by Stekel and Quackenbush97,98. The DC gene expression
isolated from the HBSS-treated mice was compared to the DC gene expression
isolated from either the rFVIII or pdFVIII-treated mice. Altered gene expression
was considered significant if it had a fold induction of ≥2 or ≤ 0.5 in all of the four
biological readings and their corresponding technical repeats.

Treatment of Hemophilia A mice with FVIII
Naïve hemophilic mice of 6 to 10 weeks of age received four weekly intravenous
infusions of human recombinant FVIII Kogenate-FS® (rFVIII) or plasma-derived
human FVIII Wilate® (pdFVIII). Each dose comprised of 2 IU of FVIII (200 ng:
equivalent to 80 IU/kg) diluted with HBSS into a final volume of 200 μL. The
negative control mice for this experiment received 4 intravenous injections of 200
μL of HBSS.

Blood Sampling from the Hemophilia A Mice
Mice were anesthetized with 0.2cc hypnorm/water/midazolam (1:2:1) and blood
samples were obtained using uncoated microhematocrit capillary tubes (Fisher
Scientific Pittsburgh, PA, USA) via the retro-orbital plexus. Blood was mixed with
1/10 volume of 3.2% sodium citrate. Plasma samples were isolated by
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centrifugation of blood samples at 10,000 RPM for three minutes at 4°C, frozen
on dry ice and stored at -70°C until tested.

Measurement of FVIII Antibodies in Mouse Blood Samples
Total anti-FVIII antibody titers were quantified by ELISA. In brief, microtiter plate
wells were coated over night at 4°C with 100 μL of human recombinant FVIII
(Kogenate-FS®) at a concentration of 10 IUs/mL . Wells were blocked using 10%
BSA in PBS. Plasma samples were diluted in HBS-BSA buffer. The anti-FVIII
antibody isotypes (IgG1, IgG2A, IgG2B and IgG3) were studied using the
clonotype kit (Southern Biotech, Birmingham, Alabama

USA). An anti-FVIII

standard curve was generated using an anti-human FVIII antibody of known
concentation (Abcam, Cambridge, MA, USA). The standard curve was used as a
reference to quantify the FVIII antibodies in our samples.

Plasma samples were analyzed for FVIII inhibitory antibodies using a one-stage
FVIII clotting assay. In brief, plasma samples were diluted in 2% BSA in HBS,
mixed with human pool plasma in a 1:1 ratio and incubated at 37°C for 2 hours.
Samples were then assayed for residual FVIII activity using APTT reagent
(Organon Teknika; Durham, NC, USA) in an automated coagulometer (General
Diagnostics Coag-A-Mate, Toronto, Canada) following the manufacturer’s
protocol.

Inhibitor titers (Bethesda Units) were calculated as detailed in the

standard Bethesda protocol58.
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Phenotypic Characterization of In-vivo Pulsed Dendritic Cells by Flow
Cytometry.
Naïve hemophilia A mice of 6 to 10 weeks of age were treated with a single
infusion of HBSS, 2 IU of rFVIII or 2 IU pdFVIII. Twenty four hours later, spleens
were isolated and digested in collagenase D for 30 minutes. CD11c+ DCs were
isolated using magnetic beads coated with anti-CD11c antibodies (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s
guidelines. All isolated DC populations were >90% PE-Cy5-CD11c+ by flow
cytometric assessment. Co-stimulatory molecules CD80 and CD86 (BD
Biosciences, San Diego CA, USA) were fluorescently labeled with PE and FITC
in order to identify the maturation stage of the DCs. The cells were fixed with
Cytofix/Cytoperm kit (BD Biosciences, San Diego CA, USA) and samples were
analyzed by flow cytometry within 12 hours.

In-vivo Assessment of The Splenic T Cell Micro-Environment Induced by
FVIII Infusions
Hemophilia A mice that were previously treated with either rFVIII or pdFVIII were
used in this experiment. Mice were challenged with 2 IU of either rFVIII or pdFVIII
4 months after their last FVIII treatment. 24hrs later, CD4+ T cells were isolated
from the spleens via the use of a CD4 negative selection isolation kit (Miltenyi
Biotec Bergisch Gladbach, Germany) following the manufacturer’s protocol. The
CD4+ cells were stained with specific antibodies against CD4, CD25, Foxp3 and
the intracellular cytokines IL2, IL4, IL5, IL10, IFN-γ, and TGF-β as described by
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the manufacturer (BD Biosciences, San Diego CA, USA). The cells were fixed
with the Cytofix/Cytoperm kit (BD Biosciences, San Diego CA, USA) and
samples were analyzed by flow cytometry within 12 hours. The negative control
mice for this experiment received 4 intravenous injections of 200 μL of HBSS.
Mice were treated again with 200 μL of HBSS 4 months later.

In-vivo Studies of Antigenic Competition Between FVIII and FIX
Naïve hemophilia A mice of 6 to 10 weeks of age received four weekly
intravenous treatments of either 2 IU human rFVIII or 2 IU rFVIII mixed with 3µg
(0.6 IU), 10 µg (2 IU) or 20 µg (4 IU) of recombinant FIX BeneFix® (rFIX). Large
amounts of FIX protein were used in this experiment to match the molar ratio of
VWF found in pdFVIII i.e. in pdFVIII the molar ratio of FVIII:VWF is 1:100. All
treatments were diluted with HBSS into a final volume of 200 μL. The negative
control mice for this experiment received 4 intravenous treatments of 200 μL of
20 ug of FIX alone.
Statistical Analysis.
All data are presented as mean ± standard error of the mean (SEM). Statistical
comparisons of experimental groups were evaluated with a Student T test; all
P values are shown in the figures.
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Results
Treatment of Hemophilia A Mice with pdFVIII Results in Reduced anti-FVIII
Generation
We were interested in learning more about the association between FVIII
inhibitors and treatments with rFVIII or pdFVIII. This was achieved by treating
hemophilia A mice with 4 weekly infusions of either 2 IU rFVIII or 2 IU pdFVIII.
Our results show that the mice who received rFVIII had consistently higher antiFVIII inhibitor titers compared to the pdFVIII-treated mice (Figure 4.1A). AntiFVIII antibodies were not seen in the HBSS-infused mice. The anti-FVIII ELISA
studies on the rFVIII-treated mice showed that the antibodies were predominantly
of the IgG1 subclass (Th2 dependent) and to a lesser extent IgG2A and IgG2B
(Th1 dependent) subclasses (Figure 4.1B). Moreover, the anti-FVIII isotyping
studies on the pdFVIII-treated mice showed a marked reduction in the formation
of anti-FVIII IgG1, IgG2A and IgG2B subclasses. The mice that were treated with
pdFVIII developed high titers of anti-human VWF antibodies. These anti-VWF
antibodies were predominantly IgG1 and IgG2A subclasses (Figure 4.1C). Thus,
treating hemophilia A mice with pdFVIII results in low anti-FVIII and high antihuman VWF antibody titers. With this in mind, we investigated the cells of the
innate and adaptive immune systems to identify the mechanism responsible for
this observation.
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Figure 4.1 Infusion of pdFVIII concentrate results in reduced anti-FVIII titers
and the formation of VWF antibodies. Comparison of (A) FVIII inhibitors, (B )
Anti-FVIII IgG subclasses and (C) Anti-VWF IgG subclasses in Balb/c mice after
4 infusions of either VWF alone, pdFVIII or rFVIII. Naïve hemophilic Balb/c mice
were treated with 4 weekly infusions of 2 IU VWF or 2 IU pdFVIII or 2 IU rFVIII.
Mice were sampled 1 week following the fourth treatment. The horizontal lines
and error bars represent the mean and standard error of the mean for 8 to 10
mice, respectively.
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Recombinant and Plasma-Derived FVIII Concentrates Induce Different
Patterns of Immune Gene Expression in Dendritic Cells
Dendritic cells play a central role in directing the immune system towards either
tolerance or immunity. Therefore, in order to investigate the influence of rFVIII
and pdFVIII concentrates on DC immune gene expression, transcriptional
profiling micro-array studies were performed. The transcript profile of DCs was
investigated 24 hours after infusing hemophilic mice with either pdFVIII or rFVIII.
The gene expression profile in DCs following administration of each concentrate
(pdFVIII or rFVIII) was compared to that of DCs that were isolated from naïve
hemophilic mice treated with HBSS. For each condition, we only considered the
genes that had a 2-fold difference in gene expression in all of the four biological
experiments and their corresponding technical replicates. Our results show that
the pdFVIII infusion induced a different immune gene expression profile in DCs
compared to the rFVIII treatment; these results are summarized in Table 4.1.

In vivo Administration of rFVIII and pdFVIII Concentrates Induces the
Maturation of Dendritic Cells
In order to activate the immune system towards FVIII, the FVIII protein must be
sampled, processed and presented to T cells by antigen presenting cells such as
DCs. We studied the in vivo maturation of DCs due to FVIII treatment. Our
results show that in vivo, rFVIII and pdFVIII concentrates both induce the
maturation of DCs by increasing the expression of CD86 on DCs in comparison
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to the HBSS control DCs (Figure 4.2). Interestingly, the pdFVIII-DCs had a higher
CD86 expression than rFVIII-DCs. Dendritic cell CD86 expression was also
Table 1: Summary of the micro-array gene expression of DCs that were
isolated 24 hours after (A) rFVIII or (B) pdFVIII infusion; all ratios
are relative to HBSS-infused mice
A) Pathway and specific gene list of immune system genes that had a
consistent 2-fold difference in gene expression after rFVIII treatment
relative to the HBSS-treated mice
Functional Grouping :
Gene Function

Gene Name

Gene
Symbol

Intensity
Ratio
(rFVIII/HBSS)

Cell-Matrix Adhesion:
Increases cell survival 99

Connective
Tissue
Growth Factor

Ctgf

0.439013

Host Immune Defense to Bacteria:
InducesTh1 responses 100

Cathelicidin
Antimicrobial
Peptide

Camp

3.272401

S100 Calcium
Binding Protein
A8

S100a8

2.527378

Proteoglycan 2

Prg2

0.364057

Glutathione
Peroxidase 2

Gpx2

2.466754

Lactotransferrin

Ltf

2.274128

Surface marker:
Pro-inflammatory cytokines increasing
phagocytoses 101
Host Defense to Bacteria:
Inhibits actions of TNF-α 102
Oxidative Stress:
prevents inflammation

103

Host Defense to Bacteria:
Th1-polarized Ag-specific immune
responses 104
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B) Pathway and gene list of genes that had a 2-fold difference in the
microarray gene expression after pdFVIII treatment relative to the
HBSS-treated mice

Functional Grouping :
Gene Function
Cytokine-cytokine receptor
interaction:
Binds interleukin 8 receptor and
recruits DCs and neutrophils 105

Gene
Symbol
Cxcl2

Intensity Ratio
(pdFVIII/HBSS)
3.107269

Chemokine
(C-C motif)
Ligand 2

Ccl2

2.091005

Proteoglycan2

Prg2

0.426912

Involved in Septic Shock:
Enhances inflammatory
responses to microbial products

Triggering
Receptor
Expressed on
Myeloid Cells 1

Trem1

2.917323

Extracellular Matrix Protein:
inhibits dendritic cell migration
to lymph nodes 108

Secreted
Acidic Cysteine
Rich
Glycoprotein

Sparc

0.47198

Heat Shock protein
(TLR Interacting Protein):
Induce CD86
expression and release
of TNF-α, IL-1β and IL-6 109

Heat Shock
Protein 1A

Hspa1a

3.048223

Heat Shock protein:
Induce the infiltration of
NK cells and DCs 110

HeatShock
Protein 1

Hspb1

2.105893

Cytokine-cytokine receptor
interaction:
Induce type 2 T helper cell
polarization and recruits
Natural Killer cells 106
Host Defense to Bacteria:
Inhibits actions of TNF-α 102

107

Gene Name
Chemokine
(C-X-C motif)
Ligand 2
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Figure 4.2 The pdFVIII and rFVIII infusions cause the maturation of
Dendritic Cells. Assessment of DC maturation after treating naïve hemophilic
Balb/c mice with either HBSS, 2 IU VWF, 2 IU pdFVIII or 2IU rFVIII. Mice were
sacrificed 2 hours after the treatment and CD11c+ DCs were purified from the
spleens. The expression of (A) CD86 or (B) CD80 maturation markers was
quantified on DCs via flow cytometry. The error bars represent the standard error
of the mean for 10 mice.
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increased following infusion of the VWF concentrate. We propose that the
presence of VWF and other co-purified proteins found in the pdFVIII concentrate
are responsible for the increased CD86 expression documented following
exposure to this product.

In vivo, Th1 and Th2 Adaptive Immune Responses Were Induced After the
rFVIII and pdFVIII Infusions, Respectively.
In order to learn more about the in vivo cytokine release induced by CD4+ T cells
following infusion of rFVIII and pdFVIII concentrates, we assessed the
intracellular cytokine production in CD4+ T cells isolated from rFVIII and pdFVIIItreated mice that were re-challenged with the respective FVIII concentrates after
an interval. Our results show that the mice that were challenged with rFVIII had
more T cells producing IL2, IL10 and IFN-γ and fewer T cells producing IL4, IL5,
and TGF-β (Figure 4.3 A). A contrasting cytokine profile was documented in the
mice that were challenged with pdFVIII, in which we observed more T cells
producing IL4, IL5, and TGF-β and fewer T cells producing IL2, IL10 and IFN-γ
(Figure 4.3 A). We also evaluated the CD4+CD25+Foxp3+ regulatory T cell
population in the spleen after rFVIII or pdFVIII challenges. Our results show that
the mice that received pdFVIII treatment had more splenic CD4+CD25+Foxp3+
regulatory cells (12.5 vs 6%) than the mice that were treated with rFVIII (Figure
4.3 B).
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Figure 4.3 pdFVIII concentrate induces the development of T regulatory
cells and a Th2 cytokine profile while rFVIII induces a Th1 cytokine profile.
Detection of (A) intracellular Th1 and Th2 cytokines produced by CD4+ T cells
and (B) CD4+CD25+Foxp3+ T regulatory cells isolated from HBSS, rFVIII or
pdFVIII-treated mice. Mice were treated with 4 infusions of HBSS , 2 IU pdFVIII
or 2 IU rFVIII; 4 months later mice were challenged with HBSS, 2 IU rFVIII or 2
IU pdFVIII. 24 hours later, CD4+ T cells were purified from the spleens. The Th1
cytokines IL2, IFN (3A- i and ii), Th2 cytokines IL4, IL5, IL10 and TGF-β (3B-iii-vi)
and CD4+CD25+Foxp3+ expression was quantified by flow cytometry. The error
bars represent the standard error of the mean for 5 mice.
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Treatment of Hemophilia A Mice With rFVIII Mixed With rFIX Results in
Reduced Levels of FVIII Antibodies
Reipert and colleagues previously suggested that VWF found in pdFVIII can
compete with FVIII for immunogenic recognition111. Therefore, in order to assess
the possibility of antigenic competition between FVIII and other proteins, we
performed the following experiment. Hemophilia A mice were treated with four
weekly infusions of 2 IU rFVIII alone, 2 IU rFVIII + 10 μg rFIX or 2 IU rFVIII + 20
μg rFIX. Our results show that the mice who received increasing concentrations
of rFIX mixed with rFVIII had reduced FVIII inhibitor titers compared to the mice
that were treated with rFVIII alone (Figure 4.4 A). Particularly noteworthy, 5 of the
mice that were treated with 2 IU rFVIII + 20 ug rFIX did not develop FVIII
inhibitors. Our experiments also show that the rFVIII/rFIX treated mice had lower
total anti-FVIII antibody titers as measured by ELISA than the rFVIII-treated mice
(Figure 4.4B). We also evaluated the presence of anti-FIX antibodies in the mice
after rFVIII+rFIX treatment. Our results show that the mice that were treated with
rFIX developed low levels of anti-FIX antibodies (Figure 4.4 C). Therefore,
treating hemophilic mice with rFVIII + FIX results in reduced anti-FVIII titers
which might be due to antigenic competition between FIX and FVIII for
immunogenic presentation by APCs and subsequent activation of effector T cells.
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Figure 4.4 The presence of high FIX protein concentrations during FVIII
treatment results in reduced anti-FVIII antibodies. Comparison of (A) FVIII
inhibitors, (B) Anti-FVIII antibodies and (C) Anti-FIX antibodies in hemophilic
mice after 4 treatments of either 3ug FIX+2IU rFVIII, 20 ug FIX, 10 ug FIX+2 IU
rFVIII, 20 ug FIX+2 IU rFVIII or 2 IU rFVIII. Mice were sampled 1 week following
the fourth treatment. The horizontal and error bars represent the mean and
standard error of the mean for 8 to 10 mice, respectively.
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Discussion
We have shown that treating hemophilia A mice with rFVIII results in higher
levels of anti-FVIII antibodies compared to pdFVIII-infused mice. We have
subsequently investigated the key players in the initiation of the adaptive immune
response, DCs and T cells. Our results suggest that the differences in immune
responsiveness between the rFVIII and pdFVIII-treated mice may be related to
the different splenic cytokine milieu induced by each type of concentrate. The
cytokine context of antigen presentation is an important determinant of
immunogenicity and recent studies have documented an association between
FVIII antibody generation and polymorphisms in the promoter regions of the IL10
and TNF-α genes22,23. Moreover, Sasgary et al. reported an association between
rFVIII treatment and IFN-γ production by T cells isolated from hemophilic mice 68.

Dendritic cells regulate the immune response by expressing cell surface proteins
and by releasing cytokines and chemokines that influence the interaction with T
cells. The immune gene expression profile of DCs isolated from pdFVIII or rFVIIItreated mice was distinct. The rFVIII and pdFVIII treatments resulted in a
consistent >2-fold change of expression of 6 and 7 genes involved in the immune
response, respectively. After analyzing the differentially expressed genes
following rFVIII treatment, we observed the enhanced expression of genes that
induce inflammation, promote Th1 responses, enhance phagocytosis and
prevent oxidative metabolic stress. The pdFVIII treatment induced the expression
of genes that recruit inflammatory cells, promote inflammation and stimulate the
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production of TNF-α, IL-1β and IL-6 inflammatory cytokines. These studies
indicate that the rFVIII and pdFVIII treatments induce the expression of two
different groups of immune system genes in DCs. The Ltf and CAMP genes that
were up regulated following rFVIII administration are involved in inducing Th1
cytokines. In contrast, the Ccl2 gene which is involved in inducing Th2 T cell
cytokine polarization was up regulated after the pdFVIII treatment. Since DCs
regulate the differentiation of T cells via signal 3, we expect that the expression
of these genes has an influence on the development of Th1 and Th2 T cells after
rFVIII and pdFVIII treatment, respectively.

The flow cytometry studies on the DCs isolated from the pdFVIII-treated mice
showed an increased expression of the costimulatory molecule CD86. This was
expected since the DCs obtained from the pdFVIII mice over-expressed the Heat
Shock Protein A1 which is known to increase CD86 expression. We have also
shown that DCs will over express CD86 following the infusion of VWF alone.
Therefore, we expect that the higher CD86 expression on DCs obtained from
pdFVIII-treated mice is due to several factors, including the presence of VWF in
pdFVIII and the up regulation of genes such as Hspa1a after pdFVIII infusion.
Interestingly, the expression of CD80 was not over expressed after either rFVIII
or pdFVIII treatment. This was expected because the DCs were isolated from the
mice 24 hours after the first FVIII treatment and Hausl et al. showed that CD86
but not CD80 is involved in the primary anti-FVIII immune response in hemophilic
mice112. Consequently, we have shown, for the first time, that the rFVIII and
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pdFVIII treatments induce different immune gene expression in DCs. This
difference may well underlie a subsequent differential adaptive immunological
reactivity to FVIII.
Our intracellular cytokine studies have shown major differences in the secondary
immune response following rFVIII and pdFVIII infusions. We have shown that
rFVIII and pdFVIII treatments induced the generation of a predominantly Th1 and
Th2 secondary immune response, respectively. Reding et al. have suggested
that Th1 cytokines have an essential role in maintaining the anti-FVIII immune
response (secondary immune response) and Sasgary et al. reported that FVIIIspecific T cells are dependent on the production of IL2, IL10 and IFN-γ68. We
observed high levels of these cytokines produced by T cells isolated from the
rFVIII-treated mice and reduced levels expressed by T cells obtained from
pdFVIII-treated mice. Our findings support the results obtained by Hu et al. and
Sasgary et al. and indicate that rFVIII induces the production of IL2, IL10 and
IFN-γ by CD4+ T cells68,69,113. We further investigated the importance of IFN-γ on
the formation of FVIII inhibitors by pre-treating hemophilic mice with neutralizing
anti-IFN-γ antibodies before and after the four weekly 2 IU rFVIII treatments. The
anti-IFN-γ treated mice showed a 30% reduction in FVIII inhibitor formation in
comparison to the isotype control treated mice (data shown in the supplementary
figures). This data provides additional evidence of the importance of IFN-γ on the
formation of FVIII antibodies. In contrast to the results of rFVIII infusion, following
pdFVIII administration, IL4, IL5, and TGF-β were expressed by CD4+ T cells.
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Notably, TGF-β has been reported to suppress immune reactivity in hemophilic
mice resulting in a reduced anti-FVIII titer114,115,116
We also observed higher levels of CD4+CD25+Foxp3+ T regulatory cells in the
spleens of mice that were treated with pdFVIII compared to rFVIII. We propose
that this has occurred due to a number of factors, including the release of the
immunosuppressive cytokine TGF-β by the CD4+ T cells obtained from pdFVIIItreated mice. The increased numbers of these T regulatory cells may play a role
in reducing immune reactivity towards FVIII but additional experiments must be
conducted to confirm this hypothesis. The involvement of T regulatory cells in
reducing the formation of anti-FVIII antibodies in pdFVIII-treated mice has
previously been reported by Kallas et al18.
A reduction in FVIII inhibitor development following pdFVIII infusion into
hemophilia A mice has been observed previously. However, the mechanisms
responsible for this phenomenon remain unresolved. Reipert et al. have
suggested that antigenic competition between FVIII and other proteins in the
pdFVIII concentrates, including VWF, may account for a reduction in presentation
of FVIII by DCs111. Our results show that pdFVIII induces DC maturation, the
release of Th2 cytokines and formation of high titer anti-human VWF antibodies.
Thus, in the hemophilia A mouse model, human VWF appears to compete very
effectively for immunological recognition.
We have further confirmed the possibility of antigenic competition between FVIII
and another unrelated protein, factor IX. Our results agree with previous studies
on antigenic competition117,118. These studies suggest that the presence of high
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concentrations of other infused proteins during the FVIII treatment (in these
studies, an approximately 100, 300 or 600 fold molar excess of FIX molecules)
will result in reduced titers of anti-FVIII antibodies. By increasing the
concentrations of FIX, we expect that we are increasing the competition between
FIX and FVIII for antigenic sites on APC and antigenic recognition. The presence
of high FIX concentrations during FVIII treatment might therefore result in fewer
APCs presenting FVIII and thus a reduced anti-FVIII antibody titer. Significantly,
we did not observe high anti-FIX antibodies in these mice. We propose that this
is likely due to at least two factors: the expression of normal murine FIX protein in
hemophilia A mice and the inherent reduced immunogenicity of FIX due to it’s
homology with other vitamin K-dependent plasma proteins.
As a result of these studies, we propose that the following mechanisms
contribute to the observed reduction of FVIII inhibitor formation in the pdFVIIItreated mice. First, proteins found in pdFVIII concentrates will be internalized by
DCs and will compete for antigenic presentation. Secondly, we have shown that
pdFVIII concentrates elicit a different profile of immune gene expression in DCs
compared to rFVIII. This difference in gene expression will influence the
maturation state and cytokine production of DCs. In the hemophilia A mice, more
DCs will present VWF to T cells resulting in the activation of more VWF-specific
T cells. With the subsequent generation of a Th2 cytokine response, and the
activation of VWF-specific B cells, a potent anti-human VWF antibody response
develops. Thus, through mechanisms involving antigenic competition and
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differential immune gene expression the anti-FVIII immune response will be
substantially reduced.
In hemophilic patients who will be tolerant to human VWF and lack VWF-specific
T cells there will be a different outcome. Nevertheless, we still expect that the
VWF from pdFVIII products will compete with FVIII for antigenic presentation by
DCs and that a different immune gene expression profile will be generated in
these cells. We propose that these mechanisms will contribute to a reduction in
FVIII immune reactivity.
In summary, we have shown that treating hemophilia A mice with pdFVIII results
in the reduction of FVIII antibody formation. We propose that this differential
effect occurs as a result of several factors including competition for antigen
presentation, a different immune gene expression profile, and the production of
Th2 instead of Th1 cytokines.
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Chapter 5
General Discussion and Perspectives
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General Discussion
The formation of FVIII antibodies in patients with hemophilia A occurs because
the infused FVIII is viewed as a foreign protein triggering an immune response.
There are a series of immunological interactions that are needed to activate the
immune response. First, FVIII must be sampled by APCs. Second, CD4+ T cells
must be activated followed by the activation and differentiation of B cells into
plasma cells. Finally, the plasma cells will produce and release anti-FVIII
antibodies. Normally, healthy individuals do not develop FVIII antibodies due to
self tolerance; whereby, most FVIII-specific T cells are deleted by a negative
selection process in the thymus (central tolerance). However, previous studies
have suggested that approximately 10-15% of healthy individuals possess antiFVIII antibodies, suggesting that the central tolerance process is not completely
exhaustive 119.
Central tolerance occurs until puberty while peripheral tolerance occurs
throughout the life span of the individual. Induction of immune tolerance (ITI)
towards FVIII is currently used to overcome the activation of the immune system
resulting from FVIII immunogenicity in hemophilia A patients. Although this
method of tolerance induction is widely used, it involves repeated daily
intravenous infusions of FVIII, often for many months and can be very costly. In
addition, in approximately 20% of cases the tolerance induction is unsuccessful.
Therefore, other means of tolerance induction are being investigated. We have
proposed the use of immature dendritic cells (iDCs) to induce tolerance to FVIII.
Immature DCs were used because they are the first cells involved in activating
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the immune system and they can regulate the immune system towards either
immunity or tolerance

120

. iDCs lack the maturation markers that are needed to

activate naïve T cells into effector cells 121. Instead, iDCs induce the development
of T regulatory cells that will suppress the immune system and result in the
induction of peripheral tolerance

122

. By infusing FVIII-iDCs into hemophilia A

mice, we were able to induce the development of two distinct subsets of T
regulatory cells, the Tr1/Th3 and naturally occurring Foxp3 T cells. Peripheral
tolerance was induced in our hemophilic mice after treating the mice with FVIIIiDCs followed by FVIII treatments. While this novel approach was associated
with a reduction of neutralizing anti-FVIII antibodies of 25-40 %, complete
tolerance towards FVIII in hemophilic mice was not achieved. Therefore, before
pursuing further immunomodulatory studies, we attempted to elaborate some of
the mechanisms that regulate the immune response in hemophilic mice to FVIII.
Our initial studies demonstrated that the immunologic response to FVIII in vitro is
different to its behavior in vivo. After culturing DCs and hemophilic T cells with
FVIII, we did not observe DC maturation or T cell activation. This indicates that
FVIII in vitro does not behave as an immunogen and does not induce
inflammatory “danger” signals. In contrast, intravenously infusing hemophilic
mice with FVIII results in the activation of the immune system and formation of
anti-FVIII antibodies and inhibitors. At the present time, we are lacking very
important basic knowledge regarding the in vivo behavior of FVIII. Therefore, we
investigated the interactions of FVIII in vivo with a variety of cells involved in
innate and adaptive immune responses. We showed that FVIII in vivo results in
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the release of inflammatory cytokines from cells derived from the spleen, this in
turn, activates FVIII-specific CD4+ T cells and CD19+ B cells. Interestingly, the
cytokine profile of the FVIII-specific T cells changes during the primary and
secondary stages of the immune response. The cytokine profile shifts from a
predominantly Th2 (primary immune response) into a predominantly Th1
(secondary immune response) profile. We observed that the Th1-prone C57BL/6
mouse model developed higher anti-FVIII antibody titers than the Th2-prone
Balb/c mice. Our experiments have shown that the anti-FVIII antibodies are
associated with the expression of higher IFN-γ levels. Therefore, we believe that
there is a network of interactions between cells of the innate and adaptive
immune systems that results in the immunogenic presentation of FVIII. This
interaction is mainly regulated by cytokines and results in the formation of high
anti-FVIII titers. Thus, interfering with the cytokine profile induced by FVIII might
affect the development of FVIII antibodies. In this research program, we have
shown that the cytokine profile towards FVIII is influenced by the genetic
background of the hemophilic animals. It has been reported that the
immunogenotype has an influence on the formation of FVIII inhibitors in
hemophilic patients

24

. Our studies confirmed this finding in hemophilic mice and

we have demonstrated that the Th1-prone C57BL/6 mice released more of IFN-γ
and have higher anti-FVIII antibody titers. These data strongly suggest that IFN-γ
has an important role in the splenic cytokine micro-environment and the
subsequent level of FVIII inhibitor formation.
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We were able to modulate the immune response towards FVIII in hemophilic
mice by treating the animals with plasma-derived FVIII products. The introduction
of human FVIII and VWF into the murine model resulted in the activation of the
immune system towards both proteins. Therefore, different cytokines were
released when mice were treated with pdFVIII in comparison to rFVIII. This
resulted in a reduction of FVIII antibody development in the pdFVIII-treated mice.
This

finding

further

demonstrates

the

importance

of

the

cytokine

microenvironment on the formation of anti-FVIII antibodies.
Immune Tolerance Induction
Activation of the immune response and formation of anti-FVIII antibodies in
hemophiliacs is currently the major clinical obstacle faced by hemophilia A
patients. The most widely used strategy for treating inhibitor patients is the
process of immune tolerance induction (ITI)28. ITI refers to the repetitive infusion
of FVIII for a prolonged period of time, until tolerance to FVIII is achieved. ITI is
considered to be successful in hemophilic patients with inhibitors when the
patient has: an end result inhibitor titer ≤ 0.6 BU/mL, a plasma recovery of
infused FVIII greater than 66% and a FVIII half-life of 6 hours or more123. After
successful ITI, patients are placed on FVIII prophylactic treatment in order to
maintain the FVIII immune tolerance

124

. However, ITI is only successful in

approximately 87% of patients, and when FVIII inhibitors are still present after 33
months of the treatment course, ITI is stopped125,126.
The first protocol for ITI was described in 1977 and since this time, several new
treatment regimens have been introduced28. The most commonly used protocols
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are the Bonn and Van Creveld protocols 29,30. The Bonn protocol (high dose FVIII
ITI) is divided into two phases. Phase one involves the infusion of 100 IU/kg FVIII
twice daily and 100 IU/kg FEIBA twice daily. Phase two involves a gradual
reduction in FVIII treatment over 3 months after achieving a normal FVIII half-life.
The rate of success for this protocol is 87%29. The Van Creveld regimen (low
dose FVIII ITI) also includes two phases, a neutralizing and a tolerizing phase. In
the neutralizing phase, patients are treated with 25–50 IU/kg FVIII twice daily for
1–2 weeks. In the tolerizing phase, patients are treated with 25 IU/Kg FVIII every
second day. The rate of success for this protocol is also 87%30. New ITI protocols
that include the use of immune-modulatory products have also been introduced.
There has been some focus on the use of anti-CD20, a B cell-deleting antibody
(RituximabTM) in ITI. The use of Rituximab in ITI is shown to be beneficial, but the
side effects of anti-CD20, especially the long-term depletion of B cells, are still
unknown 127.
Although the ITI protocol seems straightforward, there are many complications
that can be faced by patients while undergoing this treatment. Central venous
catheter infections in young children, during the repetitive infusions have been
reported

128

. These infections can prolong the time course of ITI and in some

cases can result in ITI failure, most likely due to “inflammatory” conditions that
preclude tolerance. Therefore, arteriovenous fistulae have been tested as an
alternative to catheters, and there is preliminary data showing promising
results129. Also, there is an association between the presence of anti-FVIII IgG4
subclass antibodies in hemophilic patients and prolonged ITI treatment130. These
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data suggest that the immunological state of patients has an influence on the
success rate of ITI. Another factor that is considered while pursuing an ITI
regimen is the type of the FVIII product used131.

Either plasma-derived or

recombinant FVIII products can successfully induce immune tolerance

132

. The

success rate of ITI using each product varies between different studies.
However, the importance of VWF in pdFVIII concentrates on the success rate of
ITI has not been investigated.
The exact mechanisms of ITI are not understood. There is a previous study by
Hausl et al. demonstrating that high doses of FVIII will inhibit the differentiation of
FVIII memory B cells into anti-FVIII antibody secreting plasma cells133.
Interestingly, the authors show that this inhibition of memory B cells is irreversible
and is independent of FVIII-specific T cells.
We attempted to induce immune tolerance through the tolerogenic presentation
of FVIII by iDCs. We were able to reduce the immune response by 25-40% in
hemophilic mice. However, we were not successful in achieving complete
tolerance towards FVIII. Therefore, protocols for using FVIII-iDCs as potential
strategies for ITI would need to be modified.
Treatment of Hemophilic Patients Using Recombinant FVIII or PlasmaDerived FVIII Concentrates
There are currently many studies investigating the associated risk of FVIII
inhibitor development in patients treated with either plasma derived (pd) or
recombinant (r) FVIII. The prospective German study demonstrated that patients
treated with pdFVIII experienced a reduced incidence of FVIII inhibitor formation
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in comparison to the rFVIII-treated patients134. However, the authors did not
consider important additional factors that influence the risk of inhibitors such as
the type of FVIII mutation, age of first exposure to FVIII and ethnicity. A group in
France also studied the formation of FVIII inhibitors in patients who were treated
with pdFVIII or rFVIII19. Their studies demonstrated that there is a higher risk of
FVIII inhibitor development in patients treated with rFVIII in comparison pdFVIII
products. In the French study, the finding that the risk of FVIII inhibitor
development was higher with rFVIII was independent of FVIII genotype, ethnicity,
a family history of FVIII inhibitor development and the age at first FVIII infusion.
Finally, the CANAL study, which is considered to be the most credible study
because it involved a large patient population and considered most of the factors
that are associated with inhibitor formation135, demonstrated no significant
difference in the incidence of FVIII inhibitor formation between patients treated
with the two types of FVIII concentrate.
How pdFVIII products might result in reduced FVIII inhibitor formation is being
investigated. It is known that VWF binds the C2 domain of FVIII. Therefore, a
research group investigated the binding affinity of anti-C2 antibodies to FVIII in
patients treated with either rFVIII or pdFVIII. The result of this study showed that
anti-C2 antibodies are less inhibitory in patients who are treated with pdFVIII136.
The authors concluded that VWF will compete with the anti-C2 antibodies for the
C2 domain binding sites137. Therefore, VWF shields the C2 domain epitopes of
FVIII and prevents the anti-C2 antibodies from binding FVIII. Moreover, VWF has
been shown to protect FVIII from endocytosis by DCs and thus, reduces FVIII
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presentation to the immune system14. In our studies we proposed a mechanism
that helps to clarify why the rFVIII-treated mice develop more FVIII inhibitors than
pdFVIII-treated mice.
All of the clinical studies that compared the immunogenicity of rFVIII to pdFVIII in
hemophilic patients are valid and can be used to assess the potential safety of
future treatments. However, the organization of these studies was not
randomized and the patient study populations were small. Therefore, many
research groups around the world are now collaborating on a large international
clinical study that will address the question of whether rFVIII products possess a
higher risk of FVIII inhibitor development than pdFVIII in hemophilic patients.
Previously untreated patients will be treated in a randomized fashion with pdFVIII
and rFVIII. Patients will then be followed longitudinally with periodic
measurement of FVIII antibodies and inhibitors.
Modulation of The Immune Response During FVIII Treatment
One of the most interesting observations in hemophilic patients under going FVIII
treatment is that only 25-30% of these patients develop inhibitors against FVIII.
There are reports that suggest the importance of immuno-modulating cytokines
on the formation of FVIII inhibitors22,23. The formation of anti-FVIII antibodies is
controlled by a complex interplay between cells of the immune system. Many
researchers are investigating the use of products that can be co–administered
with FVIII treatments in order to reduce the formation of anti-FVIII titers. There
are many different ways in which the immune response can be modulated. Some
research groups are using immuno-suppressive agents that target cells of the
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innate immune system, while other groups are studying products that target cells
of the adaptive immune system.
Salooja et al demonstrated that the immune system can be modulated if antiCD4 antibody is co-administrated with the FVIII treatment138. The authors
reported a significant reduction in the formation of FVIII inhibitors. Also, in our lab
we have modulated the immune response towards FVIII by treating mice with
anti-CD3 antibody before they are exposed to FVIII treatments. This strategy
resulted in robust antigen-specific immune tolerance to FVIII. Machado et al
targeted B cells using the chimeric anti-CD20 monoclonal antibody Rituximab
while treating patients with FVIII inhibitors139. This treatment resulted in the
depletion of FVIII inhibitors in these patients. These studies indicate that by
targeting T or B cells of hemophilic animals or patients, a reduction in the FVIII
inhibitory titers can be achieved. Nevertheless, the mechanisms responsible for
these treatments are not fully understood and further studies need to be
conducted.
In rare cases, healthy individuals can develop FVIII inhibitors; so called “acquired
hemophilia A”. In most cases of acquired hemophilia A, patients are treated with
a combination of immune suppressive agents such as corticosteroids and
cyclophosphamide. Pejsa et al reported a rapid disappearance of FVIII inhibitors
in acquired hemophilia A patients undergoing treatment with corticosteroids and
cyclophosphamide140. These agents mainly interfere with the synthetic functions
of inflammatory cells resulting in reduced release of inflammatory cytokines or
through the cytotoxic removal of cells of the immune system.
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Immunomodulation of hemophilic mice was studied by Reipert et al and Rosi et
al

59 ,90

. The authors pre-treated the mice with anti-CD40 antibody before they

received FVIII treatments. Their studies showed that hemophilic mice that
received the anti-CD40 treatment had a reduction in their anti-FVIII antibody titer
in comparison to the mice treated with FVIII alone. These findings provide
additional evidence of the importance of the cellular interactions between DCs, T
cells and B cells. Whereby, the CD40 co-stimulatory molecule that is found on
DCs and B cells is critical for the activation of T cells and the subsequent
development of FVIII antibodies.
Furthermore, Lei et al modulated the immune response towards FVIII through the
presentation of A2 and C2 domains of FVIII on Ig backbones on activated B
cells44. The authors demonstrated that this tolerogenic presentation of FVIII
domains resulted in the expansion of the naturally occurring Foxp3 T regulatory
cells. The authors also mentioned that this approach can be used to reduce the
anti-FVIII titer in FVIII immunized mice.
We were able to modulate the immune system of hemophilic mice by coadministering rFVIII and the anti-inflammatory agent Andrographolide or anti-IFNγ. We were able to reduce the FVIII inhibitory titer by 50% and 30% for the
Andrographolide and IFN-γ treated mice, respectively (Data shown in Appendix
AII). We presume that this is the result of the inhibition of inflammatory cytokine
release and the neutralization of IFN-γ’s pro-inflammatory activities.
Overall, these studies demonstrate the importance of cytokines, immune cells
and immune cellular interactions on the formation of FVIII antibodies. Therefore,
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future treatments using anti-inflammatory products, and T and B cell depleting
agents should be considered in the management of hemophilic patients with
FVIII antibodies.
Genetic Differences Between Hemophilic Animal Models
The murine FVIII protein is 77% homologous to the human FVIII protein, and the
availability of hemophilia A mouse models has contributed significantly to the
current understanding of the immunogenicity of FVIII. Additionally, hemophilia A
mice consistently develop high FVIII inhibitory titers when repeatedly infused
intravenously with human FVIII. Therefore, hemophilic mouse models can be
used in pre-clinical studies to assess the efficacy of FVIII treatment.
In hemophilic patients, there are genetic factors such as HLA haplotypes and
genetic polymorphisms that are associated with the development of FVIII
antibodies60. This is also true for the animal models. We have investigated the
immunogenicity of FVIII in different strains of hemophilic mice and different
results were obtained in each mouse strain. There are several immuno-genetic
differences between the C57BL/6 and Balb/c hemophilia A mice. The C57BL/6
mice express the MHC-II H2B haplotype while the Balb/c mice express the MHCII H2D haplotype. The MHC-II molecules are needed for the presentation of
peptides to CD4+ T cells and different haplotypes present different peptides to T
cells. Moreover, the C57BL/6 mice are prone to develop a predominantly Th1
polarised immune response, whereby they tend to be resistant to intracellular
infections due to their enhanced ability to produce IFN-γ141. However, the Balb/c
mice are more likely to develop a predominantly Th2 type of response and they
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tend to be resistant to bacterial infections due to their ability to produce IL4142.
The causes of these immunological responses might be due to the differences in
the cells of the innate immune system in each mouse strain143. The cells of
innate immunity are responsible for directing the differentiation of CD4+ T cells
into either Th1 or Th2 type cells.
This is also true for hemophilic patients. Polymorphisms within the IL10 and TNFα genes were shown to be associated with inhibitor formation

22,23

. Also, White et

al reported that specific HLA haplotypes have increased risk of FVIII inhibitor
formation20 and Hay et al showed an association between the HLA DRB1*1501
haplotype and FVIII inhibitors

21

. These findings support the results observed in

the murine hemophilic model where a significant influence was apparent for the
immunogenotype. This information further justifies the use of hemophilic mouse
models to predicate the immunological outcomes of FVIII treatment in hemophilic
patients.
All of these genetic differences between mouse strains can possibly have an
influence on the formation of FVIII inhibitors. These genetic variables within the
mouse models should be taken into account when designing and interpreting the
results of pre-clinical FVIII treatment studies and gene therapy projects.
Modification

of

Clotting

Factor

Concentrates

to

Reduce

The

Immunogenicity of FVIII
A number of pharmaceutical companies and research laboratories are pursuing
the goal of developing coagulation proteins with reduced immunogenicity. As
one example, Baxter Bioscience have developed FVIII and VWF proteins with
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reduced immunogenicity due to their chemical modification with the polymer,
polyethylene glycol. While the specific coagulant activity of these modified
proteins is reduced by the “pegylation” process, preclinical studies have shown
that the immunogenicity of FVIII by can be reduced compared to the unmodified
protein144.
Furthermore, another group has reduced the immunogenicity of FVIII by
preparing phosphatidylserine (PS)- liposomes containing FVIII145,146. These PS
liposomes do not affect the functional activity of FVIII; in contrast, they increase
the stability of FVIII. The authors reported that the hemophilic mice that were
treated with (PS) - liposomes containing FVIII had reduced FVIII antibody titers
than the mice that were treated with FVIII alone. This is expected to happen
since the exposure of PS will reduce inflammation, adaptive immunity and
antigenic protein presentation 147.
In the past, hemophilia A patients with inhibitors have been treated with porcine
FVIII in order to bypass the human anti-FVIII antibodies. However, after exposure
to porcine FVIII, anti-porcine FVIII antibodies develop in some of these patients.
Barrow and colleagues reduced the immunogenicity of porcine FVIII by
engineering seven human/porcine FVIII protein hybrids, the highly immunogenic
sites of human FVIII “A2, ap, A3, and C2” were substituted with the less
immunogenic porcine FVIII segments. The authors reported that the substitution
of the human A2, A3, C2, and ap regions with the corresponding porcine
sequences resulted in a significant reduction of porcine FVIII antigenicity relative
to native porcine FVIII.
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In our research group, Dr. Rawle mutated the C2 domain of FVIII in order to
reduce its immunogenicity. The following two mutations were introduced into the
C2 domain: Q2311T and V2314A. These two mutations reduced the C2 domain
specific FVIII antibodies. However, we have no knowledge of the effects of these
mutations on the activity of FVIII.

Currently, there are many companies/research groups who are interested in
further improving the quality of life of hemophilic patients by developing new
modified coagulation products. Their ultimate aim is to introduce new products
with reduced immunogenicity, longer half-life and reduced cost.

Conclusions
FVIII in vivo behaves as a strong immunogen. This results in the release of proinflammatory factors and cytokines causing the activation of the immune system.
The information obtained from this thesis along with the current knowledge on
FVIII treatments can be used to introduce new treatments for hemophilic patients
with antibodies and inhibitors. For example, patients can be treated with FVIII
along with anti-inflammatory agents such as anti-IFN-γ treatments; which might
result in minimal activation of the immune system and improved life qualities of
hemophilic patients.

114

Reference:
1.
Graw J, Brackmann HH, Oldenburg J, Schneppenheim R, Spannagl M,
Schwaab R. Haemophilia A: from mutation analysis to new therapies. Nat Rev
Genet. 2005;6:488-501.
2.
Snyder RO, Miao C, Meuse L, et al. Correction of hemophilia B in canine
and murine models using recombinant adeno-associated viral vectors. Nat Med.
1999;5:64-70.
3.
Choi KS, Ghuman J, Kassam G, Kang HM, Fitzpatrick SL, Waisman DM.
Annexin II tetramer inhibits plasmin-dependent fibrinolysis. Biochemistry.
1998;37:648-655.
4.
Ananyeva NM, Lacroix-Desmazes S, Hauser CA, et al. Inhibitors in
hemophilia A: mechanisms of inhibition, management and perspectives. Blood
Coagul Fibrinolysis. 2004;15:109-124.
5.
Verhamme P, Hoylaerts MF. The pivotal role of the endothelium in
haemostasis and thrombosis. Acta Clin Belg. 2006;61:213-219.
6.
Ajjan R, Grant PJ. Coagulation and atherothrombotic disease.
Atherosclerosis. 2006;186:240-259.
7.
Dahlback B. Blood coagulation and its regulation by anticoagulant
pathways: genetic pathogenesis of bleeding and thrombotic diseases. J Intern
Med. 2005;257:209-223.
8.
Norris LA. Blood coagulation. Best Pract Res Clin Obstet Gynaecol.
2003;17:369-383.
9.
Morrissey JH. Tissue factor: an enzyme cofactor and a true receptor.
Thromb Haemost. 2001;86:66-74.
10.
Bhopale GM, Nanda RK. Blood coagulation factor VIII: An overview. J
Biosci. 2003;28:783-789.
11.
Jayandharan G, Shaji RV, Baidya S, Nair SC, Chandy M, Srivastava A.
Identification of factor VIII gene mutations in 101 patients with haemophilia A:
mutation analysis by inversion screening and multiplex PCR and CSGE and
molecular modelling of 10 novel missense substitutions. Haemophilia.
2005;11:481-491.
12.
Do H, Healey JF, Waller EK, Lollar P. Expression of factor VIII by murine
liver sinusoidal endothelial cells. J Biol Chem. 1999;274:19587-19592.
13.
Kreuz W, Ettingshausen CE, Auerswald G, et al. Epidemiology of
inhibitors and current treatment strategies. Haematologica. 2003;88:EREP04.
14.
Dasgupta S, Repesse Y, Bayry J, et al. VWF protects FVIII from
endocytosis by dendritic cells and subsequent presentation to immune effectors.
Blood. 2007;109:610-612.
15.
Saenko EL, Ananyeva NM, Kouiavskaia DV, et al. Haemophilia A: effects
of inhibitory antibodies on factor VIII functional interactions and approaches to
prevent their action. Haemophilia. 2002;8:1-11.

115

16.
Nogami K, Shima M, Nakai H, et al. Identification of a factor VIII peptide,
residues 2315-2330, which neutralizes human factor VIII C2 inhibitor
alloantibodies: requirement of Cys2326 and Glu2327 for maximum effect. Br J
Haematol. 1999;107:196-203.
17.
Freedman J, Garvey MB. Immunoadsorption of factor VIII inhibitors. Curr
Opin Hematol. 2004;11:327-333.
18.
Hind D, Lloyd-Jones M, Makris M, Paisley S. Recombinant Factor VIIa
concentrate versus plasma derived concentrates for the treatment of acute
bleeding episodes in people with Haemophilia A and inhibitors. Cochrane
Database Syst Rev. 2004:CD004449.
19.
Goudemand J, Rothschild C, Demiguel V, et al. Influence of the type of
factor VIII concentrate on the incidence of factor VIII inhibitors in previously
untreated patients with severe hemophilia A. Blood. 2006;107:46-51.
20.
White GC, 2nd, Kempton CL, Grimsley A, Nielsen B, Roberts HR. Cellular
immune responses in hemophilia: why do inhibitors develop in some, but not all
hemophiliacs? J Thromb Haemost. 2005;3:1676-1681.
21.
Hay CR, Ollier W, Pepper L, et al. HLA class II profile: a weak determinant
of factor VIII inhibitor development in severe haemophilia A. UKHCDO Inhibitor
Working Party. Thromb Haemost. 1997;77:234-237.
22.
Astermark J, Oldenburg J, Pavlova A, Berntorp E, Lefvert AK.
Polymorphisms in the IL10 but not in the IL1beta and IL4 genes are associated
with inhibitor development in patients with hemophilia A. Blood. 2006;107:31673172.
23.
Astermark J, Oldenburg J, Carlson J, et al. Polymorphisms in the TNFA
gene and the risk of inhibitor development in patients with hemophilia A. Blood.
2006;108:3739-3745.
24.
Santagostino E, Mancuso ME, Rocino A, et al. Environmental risk factors
for inhibitor development in children with haemophilia A: a case-control study. Br
J Haematol. 2005;130:422-427.
25.
Lee CA, Lillicrap D, Astermark J. Inhibitor development in hemophiliacs:
the roles of genetic versus environmental factors. Semin Thromb Hemost.
2006;32 Suppl 2:10-14.
26.
Oldenburg J, El-Maarri O, Schwaab R. Inhibitor development in correlation
to factor VIII genotypes. Haemophilia. 2002;8 Suppl 2:23-29.
27.
DiMichele D. Immune tolerance therapy dose as an outcome predictor.
Haemophilia. 2003;9:382-386.
28.
Brackmann HH, Gormsen J. Massive factor-VIII infusion in haemophiliac
with factor-VIII inhibitor, high responder. Lancet. 1977;2:933.
29.
Brackmann HH, Oldenburg J, Schwaab R. Immune tolerance for the
treatment of factor VIII inhibitors--twenty years' 'bonn protocol'. Vox Sang.
1996;70 Suppl 1:30-35.
30.
Mauser-Bunschoten EP, Nieuwenhuis HK, Roosendaal G, van den Berg
HM. Low-dose immune tolerance induction in hemophilia A patients with
inhibitors. Blood. 1995;86:983-988.
31.
Gringeri A, Musso R, Mazzucconi MG, et al. Immune tolerance induction
with a high purity von Willebrand factor/VIII complex concentrate in haemophilia

116

A patients with inhibitors at high risk of a poor response. Haemophilia.
2007;13:373-379.
32.
Gringeri A. VWF/FVIII concentrates in high-risk immunotolerance: the
RESIST study. Haemophilia. 2007;13 Suppl 5:73-77.
33.
Dasgupta S, Navarrete AM, Bayry J, et al. A role for exposed
mannosylations in presentation of human therapeutic self-proteins to CD4+ T
lymphocytes. Proc Natl Acad Sci U S A. 2007;104:8965-8970.
34.
Bacchetta R, Gregori S, Roncarolo MG. CD4+ regulatory T cells:
mechanisms of induction and effector function. Autoimmun Rev. 2005;4:491-496.
35.
Wallet MA, Sen P, Tisch R. Immunoregulation of dendritic cells. Clin Med
Res. 2005;3:166-175.
36.
Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature. 1998;392:245-252.
37.
Healey JF, Parker ET, Barrow RT, Langley TJ, Church WR, Lollar P. The
humoral response to human factor VIII in hemophilia A mice. J Thromb Haemost.
2006.
38.
Vermaelen K, Pauwels R. Pulmonary dendritic cells. Am J Respir Crit
Care Med. 2005;172:530-551.
39.
Zanetti M. T for two: when helpers need help. Autoimmun Rev.
2005;4:571-578.
40.
Chentoufi AA, Palumbo M, Polychronakos C. Proinsulin expression by
Hassall's corpuscles in the mouse thymus. Diabetes. 2004;53:354-359.
41.
Franchini M, Gandini G, Di Paolantonio T, Mariani G. Acquired hemophilia
A: a concise review. Am J Hematol. 2005;80:55-63.
42.
Banerjee DK, Dhodapkar MV, Matayeva E, Steinman RM, Dhodapkar KM.
Expansion of FOXP3high regulatory T cells by human dendritic cells (DCs) in
vitro and after injection of cytokine-matured DCs in myeloma patients. Blood.
2006;108:2655-2661.
43.
Kamate C, Lenting PJ, van den Berg HM, Mutis T. Depletion of
CD4(+)CD25(high) regulatory T cells may enhance or uncover factor VIII-specific
T cell responses in healthy individuals. J Thromb Haemost. 2006.
44.
Lei TC, Scott DW. Induction of tolerance to factor VIII inhibitors by gene
therapy with immunodominant A2 and C2 domains presented by B cells as Ig
fusion proteins. Blood. 2005;105:4865-4870.
45.
de Jong EC, Smits HH, Kapsenberg ML. Dendritic cell-mediated T cell
polarization. Springer Semin Immunopathol. 2005;26:289-307.
46.
Reis e Sousa C. Dendritic cells in a mature age. Nat Rev Immunol.
2006;6:476-483.
47.
Batlle J, Gomez E, Rendal E, et al. Antibodies to factor VIII in plasma of
patients with hemophilia A and normal subjects. Ann Hematol. 1996;72:321-326.
48.
Lacroix-Desmazes S, Wootla B, Dasgupta S, et al. Catalytic IgG from
patients with hemophilia A inactivate therapeutic factor VIII. J Immunol.
2006;177:1355-1363.
49.
Reding MT, Lei S, Lei H, Green D, Gill J, Conti-Fine BM. Distribution of
Th1- and Th2-induced anti-factor VIII IgG subclasses in congenital and acquired
hemophilia patients. Thromb Haemost. 2002;88:568-575.

117

50.
Stavnezer J, Amemiya CT. Evolution of isotype switching. Semin
Immunol. 2004;16:257-275.
51.
Lam-Yuk-Tseung S, Gros P. Genetic control of susceptibility to bacterial
infections in mouse models. Cell Microbiol. 2003;5:299-313.
52.
Kuroda E, Kito T, Yamashita U. Reduced expression of STAT4 and IFNgamma in macrophages from BALB/c mice. J Immunol. 2002;168:5477-5482.
53.
Peng Y, Falck-Pedersen E, Elkon KB. Variation in adenovirus transgene
expression between BALB/c and C57BL/6 mice is associated with differences in
interleukin-12 and gamma interferon production and NK cell activation. J Virol.
2001;75:4540-4550.
54.
Guler ML, Jacobson NG, Gubler U, Murphy KM. T cell genetic background
determines maintenance of IL-12 signaling: effects on BALB/c and B10.D2 T
helper cell type 1 phenotype development. J Immunol. 1997;159:1767-1774.
55.
Scharton-Kersten T, Scott P. The role of the innate immune response in
Th1 cell development following Leishmania major infection. J Leukoc Biol.
1995;57:515-522.
56.
Bi L, Lawler AM, Antonarakis SE, High KA, Gearhart JD, Kazazian HH, Jr.
Targeted disruption of the mouse factor VIII gene produces a model of
haemophilia A. Nat Genet. 1995;10:119-121.
57.
Connelly S, Andrews JL, Gallo AM, et al. Sustained phenotypic correction
of murine hemophilia A by in vivo gene therapy. Blood. 1998;91:3273-3281.
58.
Kasper CK, Aledort L, Aronson D, et al. Proceedings: A more uniform
measurement of factor VIII inhibitors. Thromb Diath Haemorrh. 1975;34:612.
59.
Rossi G, Sarkar J, Scandella D. Long-term induction of immune tolerance
after blockade of CD40-CD40L interaction in a mouse model of hemophilia A.
Blood. 2001;97:2750-2757.
60.
Dasgupta S, Navarrete AM, Delignat S, et al. Immune response against
therapeutic factor VIII in hemophilia A patients--a survey of probable risk factors.
Immunol Lett. 2007;110:23-28.
61.
Bauer H, Ahmad, Baumgartner, Schwarz, Reipert. Comparable LongTerm Persistence of Anti-FVIII Antibodies in Hemophilic E17 Mice on Different
Genetic Backgrounds Despite Significant Differences in the Amplitude of the
Immune Responses. Blood (ASH Annual Meeting Abstracts). 2006;108.
62.
Fox JG, Beck P, Dangler CA, et al. Concurrent enteric helminth infection
modulates inflammation and gastric immune responses and reduces
helicobacter-induced gastric atrophy. Nat Med. 2000;6:536-542.
63.
Kohm AP, Sanders VM. Suppression of antigen-specific Th2 celldependent IgM and IgG1 production following norepinephrine depletion in vivo. J
Immunol. 1999;162:5299-5308.
64.
Koo GC, Gan YH. The innate interferon gamma response of BALB/c and
C57BL/6 mice to in vitro Burkholderia pseudomallei infection. BMC Immunol.
2006;7:19.
65.
Scott MJ, Hoth JJ, Gardner SA, Peyton JC, Cheadle WG. Genetic
background influences natural killer cell activation during bacterial peritonitis in
mice, and is interleukin 12 and interleukin 18 independent. Cytokine.
2004;28:124-136.

118

66.
Liu T, Matsuguchi T, Tsuboi N, Yajima T, Yoshikai Y. Differences in
expression of toll-like receptors and their reactivities in dendritic cells in BALB/c
and C57BL/6 mice. Infect Immun. 2002;70:6638-6645.
67.
Wells CA, Ravasi T, Faulkner GJ, et al. Genetic control of the innate
immune response. BMC Immunol. 2003;4:5.
68.
Sasgary M, Ahmad RU, Schwarz HP, Turecek PL, Reipert BM. Single cell
analysis of factor VIII-specific T cells in hemophilic mice after treatment with
human factor VIII. Thromb Haemost. 2002;87:266-272.
69.
Hu G, Guo D, Key NS, Conti-Fine BM. Cytokine production by CD4+ T
cells specific for coagulation factor VIII in healthy subjects and haemophilia A
patients. Thromb Haemost. 2007;97:788-794.
70.
Greene JA, DeVecchio JL, Gould MP, Auletta JJ, Heinzel FP. In vivo and
in vitro regulation of type I IFN synthesis by synergistic effects of CD40 and type
II IFN. J Immunol. 2006;176:5995-6003.
71.
Battaglia M, Gianfrani C, Gregori S, Roncarolo MG. IL-10-producing T
regulatory type 1 cells and oral tolerance. Ann N Y Acad Sci. 2004;1029:142153.
72.
Kabelitz D, Wesch D, Oberg HH. Regulation of regulatory T cells: role of
dendritic cells and toll-like receptors. Crit Rev Immunol. 2006;26:291-306.
73.
Dauer M, Schad K, Junkmann J, et al. IFN-alpha promotes definitive
maturation of dendritic cells generated by short-term culture of monocytes with
GM-CSF and IL-4. J Leukoc Biol. 2006;80:278-286.
74.
Levings MK, Gregori S, Tresoldi E, Cazzaniga S, Bonini C, Roncarolo MG.
Differentiation of Tr1 cells by immature dendritic cells requires IL-10 but not
CD25+CD4+ Tr cells. Blood. 2005;105:1162-1169.
75.
Xia YF, Ye BQ, Li YD, et al. Andrographolide attenuates inflammation by
inhibition of NF-kappa B activation through covalent modification of reduced
cysteine 62 of p50. J Immunol. 2004;173:4207-4217.
76.
Inaba K, Inaba M, Romani N, et al. Generation of large numbers of
dendritic cells from mouse bone marrow cultures supplemented with
granulocyte/macrophage colony-stimulating factor. J Exp Med. 1992;176:16931702.
77.
Lin Y, Chang L, Solovey A, Healey JF, Lollar P, Hebbel RP. Use of blood
outgrowth endothelial cells for gene therapy for hemophilia A. Blood.
2002;99:457-462.
78.
Shibata M RF, Labelle A. Charaterization of canine factor VIII and
quantitative determintation in canine plasma. J Thromb Haemost. 2005:3 (suppl
1): Abstr P0033.
79.
Iruretagoyena MI, Tobar JA, Gonzalez PA, et al. Andrographolide
interferes with T cell activation and reduces experimental autoimmune
encephalomyelitis in the mouse. J Pharmacol Exp Ther. 2005;312:366-372.
80.
Pfistershammer K, Stockl J, Siekmann J, Turecek PL, Schwarz HP,
Reipert BM. Recombinant factor VIII and factor VIII-von Willebrand factor
complex do not present danger signals for human dendritic cells. Thromb
Haemost. 2006;96:309-316.

119

81.
Steinman RM, Hemmi H. Dendritic cells: translating innate to adaptive
immunity. Curr Top Microbiol Immunol. 2006;311:17-58.
82.
Xiao BG, Huang YM, Link H. Tolerogenic dendritic cells: the ins and outs
of outcome. J Immunother. 2006;29:465-471.
83.
Salazar L, Aravena O, Abello P, et al. Modulation of established murine
collagen-induced arthritis by a single inoculation of short-term
lipopolysaccharide-stimulated dendritic cells. Ann Rheum Dis. 2007.
84.
Rutella S, Danese S, Leone G. Tolerogenic dendritic cells: cytokine
modulation comes of age. Blood. 2006;108:1435-1440.
85.
Kwak-Kim JY, Chung-Bang HS, Ng SC, et al. Increased T helper 1
cytokine responses by circulating T cells are present in women with recurrent
pregnancy losses and in infertile women with multiple implantation failures after
IVF. Hum Reprod. 2003;18:767-773.
86.
Bellinghausen I, Konig B, Bottcher I, Knop J, Saloga J. Inhibition of human
allergic T-helper type 2 immune responses by induced regulatory T cells requires
the combination of interleukin-10-treated dendritic cells and transforming growth
factor-beta for their induction. Clin Exp Allergy. 2006;36:1546-1555.
87.
Bala KK, Moudgil KD. Induction and maintenance of self tolerance: the
role of CD4+CD25+ regulatory T cells. Arch Immunol Ther Exp (Warsz).
2006;54:307-321.
88.
Nishioka T, Shimizu J, Iida R, Yamazaki S, Sakaguchi S.
CD4+CD25+Foxp3+ T cells and CD4+CD25-Foxp3+ T cells in aged mice. J
Immunol. 2006;176:6586-6593.
89.
Mills KH. Regulatory T cells: friend or foe in immunity to infection? Nat
Rev Immunol. 2004;4:841-855.
90.
Reipert BM, Sasgary M, Ahmad RU, Auer W, Turecek PL, Schwarz HP.
Blockade of CD40/CD40 ligand interactions prevents induction of factor VIII
inhibitors in hemophilic mice but does not induce lasting immune tolerance.
Thromb Haemost. 2001;86:1345-1352.
91.
Qian J, Burkly LC, Smith EP, et al. Role of CD154 in the secondary
immune response: the reduction of pre-existing splenic germinal centers and
anti-factor VIII inhibitor titer. Eur J Immunol. 2000;30:2548-2554.
92.
Kopecky EM, Greinstetter S, Pabinger I, Buchacher A, Romisch J,
Jungbauer A. Mapping of FVIII inhibitor epitopes using cellulose-bound synthetic
peptide arrays. J Immunol Methods. 2006;308:90-100.
93.
Meeks SL, Healey JF, Parker ET, Barrow RT, Lollar P. Anti-human factor
VIII C2 domain antibodies in hemophilia A mice recognize a functionally complex
continuous spectrum of epitopes dominated by inhibitors of factor VIII activation.
Blood. 2007.
94.
Norbury CC. Drinking a lot is good for dendritic cells. Immunology.
2006;117:443-451.
95.
Lanzavecchia A, Sallusto F. Antigen decoding by T lymphocytes: from
synapses to fate determination. Nat Immunol. 2001;2:487-492.
96.
Murphy KM. T lymphocyte differentiation in the periphery. Curr Opin
Immunol. 1998;10:226-232.

120

97.
Quackenbush J. Microarray data normalization and transformation. Nat
Genet. 2002;32 Suppl:496-501.
98.
Stekel D. Microarray Bioinformatics. 2003.
99.
Cheng WF, Chang MC, Sun WZ, et al. Connective tissue growth factor
linked to the E7 tumor antigen generates potent antitumor immune responses
mediated by an antiapoptotic mechanism. Gene Ther. 2008.
100. Davidson DJ, Currie AJ, Reid GS, et al. The cationic antimicrobial peptide
LL-37 modulates dendritic cell differentiation and dendritic cell-induced T cell
polarization. J Immunol. 2004;172:1146-1156.
101. Foell D, Hernandez-Rodriguez J, Sanchez M, Vogl T, Cid MC, Roth J.
Early recruitment of phagocytes contributes to the vascular inflammation of giant
cell arteritis. J Pathol. 2004;204:311-316.
102. Ong CH, He Z, Kriazhev L, Shan X, Palfree RG, Bateman A. Regulation of
progranulin expression in myeloid cells. Am J Physiol Regul Integr Comp Physiol.
2006;291:R1602-1612.
103. Esworthy RS, Aranda R, Martin MG, Doroshow JH, Binder SW, Chu FF.
Mice with combined disruption of Gpx1 and Gpx2 genes have colitis. Am J
Physiol Gastrointest Liver Physiol. 2001;281:G848-855.
104. de la Rosa G, Yang D, Tewary P, Varadhachary A, Oppenheim JJ.
Lactoferrin acts as an alarmin to promote the recruitment and activation of APCs
and antigen-specific immune responses. J Immunol. 2008;180:6868-6876.
105. Tanimoto N, Terasawa M, Nakamura M, et al. Involvement of KC, MIP-2,
and MCP-1 in leukocyte infiltration following injection of necrotic cells into the
peritoneal cavity. Biochem Biophys Res Commun. 2007;361:533-536.
106. Hu K, Xiong J, Ji K, Sun H, Wang J, Liu H. Recombined CC chemokine
ligand 2 into B16 cells induces production of Th2-dominant [correction of
dominanted] cytokines and inhibits melanoma metastasis. Immunol Lett.
2007;113:19-28.
107. Tessarz AS, Weiler S, Zanzinger K, Angelisova P, Horejsi V, Cerwenka A.
Non-T cell activation linker (NTAL) negatively regulates TREM-1/DAP12-induced
inflammatory cytokine production in myeloid cells. J Immunol. 2007;178:19911999.
108. Rotta G, Matteoli G, Mazzini E, Nuciforo P, Colombo MP, Rescigno M.
Contrasting roles of SPARC-related granuloma in bacterial containment and in
the induction of anti-Salmonella typhimurium immunity. J Exp Med.
2008;205:657-667.
109. Asea A. Hsp72 release: mechanisms and methodologies. Methods.
2007;43:194-198.
110. Yi MJ, Park SH, Cho HN, et al. Heat-shock protein 25 (Hspb1) regulates
manganese superoxide dismutase through activation of Nfkb (NF-kappaB).
Radiat Res. 2002;158:641-649.
111. Reipert BM, Schoppmann A, Schwarz HP. A caution on the use of murine
hemophilia models for comparative immunogenicity studies of FVIII products with
different protein compositions. Thromb Haemost. 2003;89:1110-1112; author
reply 1113.

121

112. Hausl C, Ahmad RU, Schwarz HP, et al. Preventing restimulation of
memory B cells in hemophilia A: a potential new strategy for the treatment of
antibody-dependent immune disorders. Blood. 2004;104:115-122.
113. Hu GL, Okita DK, Diethelm-Okita BM, Conti-Fine BM. Recognition of
coagulation factor VIII by CD4+ T cells of healthy humans. J Thromb Haemost.
2003;1:2159-2166.
114. Hodge G, Han P. Effect of intermediate-purity factor VIII (FVIII)
concentrate on lymphocyte proliferation and apoptosis: transforming growth
factor-beta is a significant immunomodulatory component of FVIII. Br J
Haematol. 2001;115:376-381.
115. Kallas A, Kuuse S, Maimets T, Pooga M. von Willebrand factor and
transforming growth factor-beta modulate immune response against coagulation
factor VIII in FVIII-deficient mice. Thromb Res. 2007;120:911-919.
116. Hodge G, Flower R, Han P. Effect of factor VIII concentrate on leucocyte
cytokine production: characterization of TGF-beta as an immunomodulatory
component in plasma-derived factor VIII concentrate. Br J Haematol.
1999;106:784-791.
117. Smolenski LA, Kaumaya P, Atassi MZ, Pierce SK. Characteristics of
peptides which compete for presented antigen-binding sites on antigenpresenting cells. Eur J Immunol. 1990;20:953-960.
118. Borghans JA, Taams LS, Wauben MH, de Boer RJ. Competition for
antigenic sites during T cell proliferation: a mathematical interpretation of in vitro
data. Proc Natl Acad Sci U S A. 1999;96:10782-10787.
119. Algiman M, Dietrich G, Nydegger UE, Boieldieu D, Sultan Y, Kazatchkine
MD. Natural antibodies to factor VIII (anti-hemophilic factor) in healthy
individuals. Proc Natl Acad Sci U S A. 1992;89:3795-3799.
120. Heath WR, Carbone FR. Cross-presentation, dendritic cells, tolerance and
immunity. Annu Rev Immunol. 2001;19:47-64.
121. Janjic BM, Lu G, Pimenov A, Whiteside TL, Storkus WJ, Vujanovic NL.
Innate direct anticancer effector function of human immature dendritic cells. I.
Involvement of an apoptosis-inducing pathway. J Immunol. 2002;168:1823-1830.
122. Bell E. Immature human dendritic cells induce regulatory T cells in vitro.
Trends Immunol. 2001;22:11.
123. Consensus Proceedings from the Second International Conference on
Immune Tolerance Therapy Bonn, Germany: (unpublished). 1997
124. DiMichele D, Kroner B. The maintenance of tolerance after successful
immune tolerance induction in hemophilia A and B: the North American Registry.
Factor VIII/IX Subcommittee of the International Society for Thrombosis and
Hemostasis. Haematologica. 2000;85:40-42; discussion 42-44.
125. Mariani G, Scheibel E, Nogao T, et al. Immunetolerance as treatment of
alloantibodies to factor VIII in hemophilia. The International Registry of
Immunetolerance Protocols. Semin Hematol. 1994;31:62-64.
126. Dimichele DM, Hay CR. The international immune tolerance study: a
multicenter prospective randomized trial in progress. J Thromb Haemost.
2006;4:2271-2273.

122

127. Berntorp E, Astermark J, Carlborg E. Immune tolerance induction and the
treatment of hemophilia. Malmo protocol update. Haematologica. 2000;85:48-50;
discussion 50-41.
128. Ljung R. Central venous catheters in children with haemophilia. Blood
Rev. 2004;18:93-100.
129. McCarthy WJ, Valentino LA, Bonilla AS, et al. Arteriovenous fistula for
long-term venous access for boys with hemophilia. J Vasc Surg. 2007;45:986990; discussion 990-981.
130. Van Helden P, Gouw, S., Mauser-Bunschoten, E., van den Berg, M.H.,
and Voorberg J. Variation in antibody subclass pattern during immune tolerance
therapy. haemophilia. 2006;12.
131. Berntorp E. Immune tolerance induction: recombinant vs. human-derived
product. Haemophilia. 2001;7:109-113.
132. Ettingshausen CE, Kreuz W. Role of von Willebrand factor in immune
tolerance induction. Blood Coagul Fibrinolysis. 2005;16 Suppl 1:S27-31.
133. Hausl C, Ahmad RU, Sasgary M, et al. High-dose factor VIII inhibits factor
VIII-specific memory B cells in hemophilia A with factor VIII inhibitors. Blood.
2005;106:3415-3422.
134. Ettingshausen CE, Kreuz W. Recombinant vs. plasma-derived products,
especially those with intact VWF, regarding inhibitor development. Haemophilia.
2006;12 Suppl 6:102-106.
135. Gouw SC, van der Bom JG, Auerswald G, Ettinghausen CE, Tedgard U,
van den Berg HM. Recombinant versus plasma-derived factor VIII products and
the development of inhibitors in previously untreated patients with severe
hemophilia A: the CANAL cohort study. Blood. 2007;109:4693-4697.
136. Shima M, Nakai H, Scandella D, et al. Common inhibitory effects of
human anti-C2 domain inhibitor alloantibodies on factor VIII binding to von
Willebrand factor. Br J Haematol. 1995;91:714-721.
137. Suzuki T, Arai M, Amano K, Kagawa K, Fukutake K. Factor VIII inhibitor
antibodies with C2 domain specificity are less inhibitory to factor VIII complexed
with von Willebrand factor. Thromb Haemost. 1996;76:749-754.
138. Salooja N, Kemball-Cook G, Tuddenham EG, Dyson J. Use of a nondepleting anti-CD4 antibody to modulate the immune response to coagulation
factors VIII and IX. Br J Haematol. 2002;118:839-842.
139. Machado P, Raya JM, Martin T, Morabito L, Brito ML, Rodriguez-Martin
JM. Successful response to rituximab in two cases of acquired haemophilia
refractory to standard-therapy. Int J Hematol. 2008.
140. Pejsa V, Grgurevic I, Kusec R, Gacina P. Rapid decrease in high titer of
factor VIII inhibitors upon immunosuppressive treatment in severe postpartum
acquired hemophilia A. Croat Med J. 2004;45:213-216.
141. Louis J, Gumy A, Voigt H, Rocken M, Launois P. Experimental cutaneous
Leishmaniasis: a powerful model to study in vivo the mechanisms underlying
genetic differences in Th subset differentiation. Eur J Dermatol. 2002;12:316318.
142. Adjei AA, Matsumoto Y, Kina T, et al. Protection of BALB/c mice against
methicillin-resistant Staphylococcus aureus infection by intraperitoneal

123

administration of nucleoside-nucleotide mixture. Tohoku J Exp Med.
1993;169:179-186.
143. Watanabe H, Numata K, Ito T, Takagi K, Matsukawa A. Innate immune
response in Th1- and Th2-dominant mouse strains. Shock. 2004;22:460-466.
144. Ludgate S. Baxter: Manufacturers view. WFH Fifth Global on the Safety
and Supply of Treatment Products for Bleeding Disorders. 2007.
145. Ramani K, Miclea RD, Purohit VS, Mager DE, Straubinger RM, Balu-Iyer
SV. Phosphatidylserine containing liposomes reduce immunogenicity of
recombinant human factor VIII (rFVIII) in a murine model of hemophilia A. J
Pharm Sci. 2008;97:1386-1398.
146. Ramani K, Purohit V, Miclea R, Gaitonde P, Straubinger RM, Balu-Iyer
SV. Passive transfer of polyethylene glycol to liposomal-recombinant human
FVIII enhances its efficacy in a murine model for hemophilia A. J Pharm Sci.
2008.
147. Hoffmann PR, Kench JA, Vondracek A, et al. Interaction between
phosphatidylserine and the phosphatidylserine receptor inhibits immune
responses in vivo. J Immunol. 2005;174:1393-1404.
148. Denis C, Methia N, Frenette PS, et al. A mouse model of severe von
Willebrand disease: defects in hemostasis and thrombosis. Proc Natl Acad Sci U
S A. 1998;95:9524-9529.
149. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25:402-408.

124

Appendix I
General Methods

125

A1.1 Isolation of Splenocytes For In vitro Cytokine Studies
Purpose: To isolate splenocytes for in vitro antigen ( rFVIII or pdFVIII or VWF)
stimulation
Materials
1) Cell Culture Media (1000ml)
i.
ii.
iii.
iv.
v.
vi.

RPMI-1640 media with L-glutamine, without sodium bicarbonate (GIBCO)
2.0g/L sodium bicarbonate (NaHCO3) (Sigma)
10% Fetal Bovine Serum (FBS-heat inactivated)
0.5% Penicillin/Streptomycin (GIBCO)
0.1mM non-essential amino acids (GIBCO)
50μM 2-mercaptoethanol (Sigma)

2) Equipment
i.
ii.
iii.
iv.
v.
vi.
vii.

3mL syringes (B-D, Luer-Lok)
25 G5/8 PrecisionGlide Needles (B-D)
70μm Nylon Cell Strainer (Falcon)
Conical Tubes: 15 and 50mL (Starstedt)
100mm Petri dishes-tissue culture (Starstedt)
Sterilized surgical tools (scissors, forceps)
Various sizes of pipettes (Rainin)

3) Read blood cell lyses: 0.16M NH4Cl and 0.17M Trip, pH 7.2
4) Animals: male and female E16-Balb/c and C57BL/6 mice aged 6-10 weeks of
age
Method
1. Anesthetize mouse with Hypnorm: Midazolam: Water (1:1:2)
2. Sacrifice mouse by cervical dislocation (forceps across cervical vertebrae and
pull tail)
3. Repeatedly disinfect mouse with spray bottle of ethanol
4. Pull back skin of mouse to expose spleen
5. Use scissors and forceps to cut around the spleen
6. Remove the spleen using tweezers
7. Place the spleen in a 6 cm petri-dish with Collagenase D solution (5
mL/spleen).
8. Inject spleen with 1000 μL of Collagenase D solution, then cut the tissue into
smaller pieces using scissors.
9. Incubate the spleen pieces in Collagenase D solution for 30 minutes at 37 °C.
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10. Pass the whole material, i.e. remaining fragments and Collagenase Dreleased cells, through a 70 μm cell strainer using a plunger.
11. Collect all cells in a 50 mL tube and wash the cells by adding HBSS to a
final volume of 40 mL
12. Spin the cells at 350g for 10 minutes at 4 °C
13. Wash the cell pellet in 20 mL HBSS
14. Repeat step 12
15. Re-suspend the cell pellet in 1 mL HBSS
16 Lsye the red blood cells with tris-buffered ammonium chloride by adding 2 mL
of the mixture: 90% 0.16M NH4Cl and 10% of 0.17M Tris. (incubate for 3
minutes at room temperature)
17. Quench the cellular mixture by adding 20 mL HBSS
18. Repeat step 12
19. Wash the cell pellet in 10 mL RPMI media
20. Count cells using hemocytometer
21. Adjust the cellular concentration to 1 million cells per 150μL using RPMI
media
22. Add the stimulating antigen 10 IU/mL of rFVIII or pdFVIII or VWF to the
splenocytes
23. Add 150μL of cells + condition to each well in U- bottomed sterile 96- well
plates
24. Plate each condition in quadruplicate
25. Culture the cells for 120 hours at 37°C
26. Remove all media from each well and spin cells at 350g for 10 minutes at
4 °C
27. Analyze the cell supernatant for the prenscne of IL2, IL4, IL5, IL6, IL10, IFN-γ
and TGF-β by ELISA following the manufacturer’s protocol

127

A1.2 Isolation of Bone Marrow
Purpose: To isolate mouse bone marrow for dendritic cell purification
Materials
1) Cell Culture Media (1000ml)
i.
ii.
iii.
iv.
v.
vi.

RPMI-1640 media with L-glutamine, without sodium bicarbonate (GIBCO)
2.0g/L sodium bicarbonate (NaHCO3) (Sigma)
10% Fetal Bovine Serum (FBS-heat inactivated)
0.5% Penicillin/Streptomycin (GIBCO)
0.1mM non-essential amino acids (GIBCO)
50μM 2-mercaptoethanol (Sigma)

2) Equipment
i.
ii.
iii.
iv.
v.
vi.
vii.

3mL syringes (B-D, Luer-Lok)
25 G5/8 PrecisionGlide Needles (BD)
70μM Nylon Cell Strainer (Falcon)
Conical Tubes: 15 and 50mL (Starstedt)
100mm Petri dishes-tissue culture (Starstedt)
Sterilized surgical tools (scissors, forceps)
Various sizes of pipettes (Rainin)

3) Read blood cell lyses: 0.16M NH4Cl and 0.17M Trip, pH 7.2
4) Animals: male and female E16-Balb/c and C57BL/6 mice aged 6-10 weeks of
age
Method
1. Anesthetize mouse with Hypnorm: Midazolam: Water (1:1:2)
2. Sacrifice mouse by cervical dislocation (forceps across cervical vertebrae and
pull tail)
3. Repeatedly disinfect mouse with spray bottle of ethanol
4. Pull back skin of mouse and dissect muscle and fat to expose femur
5. Use scissors and forceps to cut bone below knee joint, slice muscle along the
femur and cut the top of the bone at hip joint above femoral head
6. Remove the other femur and place bones in 100mm Petri dish in ethanol
7. Wash femurs with HBSS
8. Transfer femurs to 100mm Petri dish in media
9. After femurs have soaked in media, remove the remaining muscle and tissue
with scissors and Kim-wipes.
10. Cut both ends of bones as close to the ends as possible.
11. Flush marrow into strainer on conical tube using 3mL of RPMI media with a
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25 G5/8 needle, alternating 3 mL through top and 3 mL through bottom.
12. Flush until bone is transparent.
13. Filter marrow suspension through a 70μM nylon strainer to remove any bone
particles and debris
14. Centrifuge at 350 g for 10 minutes at 4 °C
15. Remove supernatant and resuspend cells in 30 mL media
16. Count on hemocytometre
17. At day 0, seed BM mixed cell population at a concentration of 1x106 cells/mL
18 At day 0, add cytokines
a. GM-CSF (1000U/mL)
b. IL-4 (1000U/mL)
19. At day 2, remove 80% of the media and replenish with fresh media
20. On day 4, repeat step 19
21. On day 5, harvest the loosely attached cells
22. Continue with one or more of the following protocols
a. CD11c isolation via magnetic labeling following the manufacturer’s
protocol
b. Flow Cytometry following the manufacturer’s protocol
c. T cell-DC co-culture studies
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A1.3 Isolation of CD4 T cells From Mouse Spleen
Purpose: To isolate CD4 T cells for intracellular cytokine staining studies and T
cell-DCs co-cultures,
Materials
1)
i.
ii.
iii.
iv.
v.
vi.

Cell Culture Media (1000ml)
RPMI-1640 media with L-glutamine, without sodium bicarbonate (GIBCO)
2.0g/L sodium bicarbonate (NaHCO3) (Sigma)
10% Fetal Bovine Serum (FBS-heat inactivated)
0.5% Penicillin/Streptomycin (GIBCO)
0.1mM non-essential amino acids (GIBCO)
50μM 2-mercaptoethanol (Sigma)

2) Equipment
i.
ii.
iii.
iv.
v.
vi.
vii.

3mL syringes (B-D, Luer-Lok)
25 G5/8 PrecisionGlide Needles (B-D)
70μM Nylon Cell Strainer (Falcon)
Conical Tubes: 15 and 50mL (Starstedt)
100mm Petri dishes-tissue culture (Starstedt)
Sterilized surgical tools (scissors, forceps)
Various sizes of pipettes (Rainin)

3) Read blood cell lyses: 0.16M NH4Cl and 0.17M Trip, pH 7.2
4) Animals: male and female E16-Balb/c and C57BL/6 mice aged 6-10 weeks of
age
Method
1. Anesthetize mouse with Hypnorm: Midazolam: Water (1:1:2)
2. Sacrifice mouse by cervical dislocation (forceps across cervical vertebrae and
pull tail)
3. Repeatedly disinfect mouse with spray bottle of ethanol
4. Pull back skin of mouse to expose spleen
5. Use scissors and forceps to cut around the spleen
6. Remove the spleen using tweezers
7. Place the spleen in a 6 cm Petri-dish with Collagenase D solution (5
mL/spleen).
8. Inject spleen with 1000 μL of Collagenase D solution, then cut the tissue into
smaller pieces using scissors.
9. Incubate the spleen pieces in Collagenase D solution for 30 minutes at 37 °C.
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10. Pass the whole material, i.e. remaining fragments and collagenase D
released cells, throught a 70 70 μm cell strainer using a plunger.
11. Collect all cells in a 50 mL tube and wash the cells by adding HBSS to a
final volume of 40 mL
12. Spin the cells at 350g for 10 minutes at 4 °C
13. Wash the cell pellet in 20 mL HBSS
14. Repeat step 12
15. Re-suspend the cell pellet in 1 mL HBSS
16. Lsye the red blood cells with tris-buffered ammonium chloride by adding 2 mL
of the mixture: 90% 0.16M NH4Cl and 10% of 0.17M Tris. (incubate for 3
minutes at room temperature)
17. Quench the cellular mixture by adding 20 mL HBSS
18. Repeat step 12
19. Wash the cell pellet in 10 mL HBSS
20. Count cells using hemocytometer
21. Proceed to CD4 T cell indirect magnetic labeling following the manufacturer’s
protocol.
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A1.4 T cell and Dendritic Cells Co-Cultures
Purpose: To study T cells proliferation and cytokine release in T cell-DCs cocultures
Materials
1)

Cell Culture Media (1000ml)

i.
ii.
iii.
iv.
v.
vi.

RPMI-1640 media with L-glutamine, without sodium bicarbonate (GIBCO)
2.0g/L sodium bicarbonate (NaHCO3) (Sigma)
10% Fetal Bovine Serum (FBS-heat inactivated)
0.5% Penicillin/Streptomycin (GIBCO)
0.1mM non-essential amino acids (GIBCO)
50μM 2-mercaptoethanol (Sigma)

2) Cells: purified FVIII pulsed DCs and T cells as explained in 1.2 and 1.3
3) U bottom sterile 96-well plate
Methods
1. Add 10,000 FVIII-DCs to 100,000 T cells to each well in U-bottomed 96
well plates in a volume of 150μL RPMI media. Plate wells in quatroplicates
2. After 72 hours after the addition of antigen, collect the cellular cultures for
i. Analyses of cytokines in the media
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A1.5 Anti-FVIII, Anti-FIX and Anti-VWF ELISA
Purpose: to quantify the titer of Anti-FVIII, Anti-FIX and Anti-VWF antibodies in
mouse plasma
Materials
1. rFVIII or rFIX or VWF (capture Ag)
2. Anti-FVIII or Anti-FIX or Anti-VWF standard curve (Abcam)
3. Coating buffer (50 mM Carbonate buffer) 1.59g Na2CO3, 2.93g NaHCO3, fill
beaker up to 1L dH2O, pH 9.6
4. Washing buffer (0.1% Tween 20-PBS)
5. Blocking buffer (PBS-BSA) dissolve 5g of BSA in 250 PBS pH=7.4 aliquot
and store at -20
6. Secondary antibody: for total antibody or antibody isotype titre, isotype
specific goat anti-mouse Ig-HRP (Southern Biotech)
7. Sample Diluent HBS-BSA-EDTA-T20 : 5.95g HEPES, 1.46NaCl, 0.93g
Na2EDTA, 2.5g BSA, 250uL Tween-20 in 250 in H2O, pH=7.2 (Use NaOH)
aliquot and store at -20
8. OPD buffer (0.1M Citric acid-phosphate buffer):
0.0347M citric acid (3.34g citric acid), 0.0667M Na2HPO4 (4.73g Na2HPO4),
fill up to 500 mL dH2O, pH 5.0
9. Colour Reagent: 15 mL of OPD buffer (described above), 2 x 5 mg tablets of
OPD, dissolve in OPD buffer, immediately prior to loading on plate, add
6.2 μL 30% H2O2
10 Stop solution (1.0 M H2SO4)
11 VERSAmax microplate reader
Method
1. Coat a 96-well microtiter plate with 100 μL of capture Ag 2μg/mL per well
suspended in a 0.1M carbonate buffer, and incubate at 4°C overnight.
2. Wash plate 3 times with 300 μL of 0.1% Tween 20 in PBS.
3. Block plate with 200 μL of Blocking buffer for 2 hrs at room temperature.
4. Prepare the standard curve by performing 1:2 dilution starting from
0.5μg/mL of FVIII or 0.25μg/mL of FIX or 0.125μg/ml of VWF
5. During the blocking incubation, prepare plasma samples. Dilute plasma
samples with sample diluent. Use normal mouse plasma as your control
6. Wash plate 3 times with 300 μL of 0.1% Tween 20 in PBS.
7. Load 100 μL of samples in duplicate to the plate.
8. Incubate plasma samples on plate for 2h at room temperature.
9. Wash plate 5 times with 300 μL of 0.1% Tween 20 in PBS.
10. Add 100 μL of the secondary antibody. For determining total antibody titre,
dilute polyclonal goat anti-mouse Ig-HRP 1:500 in sample diluent. For
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determining antibody isotype titre, dilute isotype-specific goat anti-mouse
Ig-HRP 1:500 in blocking buffer. Incubate at room temperature for 1 hour.
11. Wash plate 7 times with 300 μL of 0.1% Tween 20 in PBS.
12. Add 100 μL of OPD substrate reagent to each well. Incubate for 20
minutes in the dark.
13. Add 50 μL of 1M H2SO4.
14. Read the optical density at 490 nm on a microplate reader within 5min
after adding H2SO4.
15. Subtract the blank values from all sample values.
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A1.6 One Stage Factor FVIII Assay (APTT)
Purose: to detect functional FVIII in plasma , and it is used indirectly to quantify
the levels of functional Anti-FVIII inhibitors
Materials
1. Activated Agent: Biomerieuz automated APTT reagent
2. 25mM CaCl2
3. HBS-BSA: HEPES buffered saline with 0.1% BSA pH 7.4 (50 mM Hepes,
100mM NaCl, 0.1% BSA)
4. COAG-A-MATE MAX machine
5. Human reference standard pooled plasma
6. FV/FVIII deficient canine plasma
7. Bovine FV
Method
1. Turn on machine
2. Set up the machine with all reagents: APTT reagent, 25mM CaCl2 and
HBS-BSA
3. Add bovine FV at 1/50 dilution to the FV/FVIII deficient plasma
4. Make a calibration curve by performing 1:2 dilution of the reference
plasma in HBS-BSA
5. Dilute the mouse plasma in HBS-BSA ( 1:5, 1:10 and 1:20) then add 1:1
ratio of human reference plasma pool
6. Prepare a control sample that has HBS-BSA and human reference at 1:1
ratio
7. Incubate the diluted samples for 2 hours at 37 ºC
8. Enter sample information into the machine program
9. Start the machine to measure the clot time
10. Plot the results on analyzing software while taking into account all
performed dilutions
11. Determine the Bethesda units level in each sample by relating the clotting
time of each sample to the clotting time of control sample
12. Measure the bethesda values only on samples that have between 25%75% FVIII activity
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Appendix II
Supplementary Experiments
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Supplementary experiments
AII.1 The Modulation of The Immune System Toward FVIII
(Approach A):
Aim: To modulate the immune response by treating hemophilic mice with Anti
-IFN-γ before and after rFVIII treatments
Materials and Methods:
Male and female Balb/c E16 hemophilia A mice, 6-10 weeks old were used in all
experiments. Mouse genotype was assessed for the deletion of FVIII exon 16 by
polymerase chain reaction (PCR) using genomic DNA isolated from tail clips as
described by Connelly et al.57 All mouse experiments were performed in
accordance with the Canadian Council for Animal Care and the Queen’s
University Animal Care Committee approved all animal protocols.
Treatment of Mice With Recombinant Human FVIII
Naïve hemophilic mice received four weekly intravenous infusions of 2 IU human
recombinant rFVIII Kogenate® (rFVIII). Twenty four hours before and after each
rFVIII infusion, the mice were treated with 300 μg of either anti-IFN-γ or isotype
control antibody.

Results and Discussion
IFN-γ is a pro-inflammatory cytokine and important in maintaining T and B cell
survival and promoting antibody class switching. The presence of IFN-γ indicates
the involvement of Th1 T cells. As shown in figure AII.1, the inhibitor level in the
mice that were treated with anti-IFN-γ before/after each rFVIII infusion was lower
than the inhibitor titer of the isotype control mice. These experiments
demonstrate, for the first time, the importance of IFN-γ in vivo on the formation of
FVIII inhibitors.
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Figure AII.1 Treating hemophilic mice with neutralizing anti-IFN-γ antibody
before and after rFVIII treatment results in reduced FVIII inhibitor formation.
Naïve hemophilic mice of 6-10 weeks of age were treated with four weekly
infusions of 2 IU rFVIII. These mice were pre-treated with either neutralizing antiIFN-γ or isotype control antibody 24 hours before and after each rFVIII treatment.
Mice were sampled 1 week following the fourth treatment. The horizontal lines
represent the mean of inhibitor titer for 5 mice.
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We have previously shown that rFVIII induces the production of IFN-γ by CD4+ T
cells. We expect that the IFN-γ is needed for the survival of FVIII-specific T and B
cells. Therefore, by neutralizing the biological effects of IFN-γ, the FVIII inhibitor
titer will be reduced. These studies confirm the results obtained by Sasgary et al.
and demonstrate the importance of Th1 cytokines on the formation of FVIII
inhibitors

68

. Therefore, future FVIII treatments can include a combination of

therapeutic FVIII infusion and Th1 cytokine inhibitors such as anti-IFN-γ to
minimize the risk of an anti-FVIII immune response.
AII.2 The Modulation of The Immune System Towards FVIII
(Approach B)
Aim: To modulate the immune response by treating hemophilic mice with FVIII
and the anti-inflammatory agent Andrographolide
Animal Model:
Male and female Balb/c E16 hemophilia A mice, 6-10 weeks old were used in all
experiments. Mouse genotype was assessed for the deletion of FVIII exon 16 by
polymerase chain reaction (PCR) using genomic DNA isolated from tail clips as
described by Connelly et al. All mouse experiments were performed in
accordance with the Canadian Council for Animal Care and the Queen’s
University Animal Care Committee approved all animal protocols.
Treatment of Mice With Recombinant Human FVIII
Naïve hemophilia A mice received four weekly intravenous infusions of 2IU
human recombinant FVIII Kogenate® (rFVIII). One hour before each rFVIII
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treatment, the mice were intravenously infused with either 100 μL of 10 μM of the
anti-inflammatory agent Andrographolide (Andro) or 100 μL of HBSS.
Results and Discussion
Andrographolide is an anti-inflammatory agent. It blocks the activity of the NF-ĸB
transcription factor resulting in reduced expression of pro-inflammatory genes.
As shown in figure AII.2 , the inhibitor titer of the mice that were treated with
Andro before FVIII infusion was 50% lower than the control mice. This data
shows a direct association between the inflammatory immune response and FVIII
inhibitor formation. In order to further understand the mechanisms responsible for
these findings, additional studies including splenocyte cultures and intracellular T
cell cytokine staining must be conducted.
AII.3 Investigating The Immunogenicity of Human Plasma-Derived FVIII and
Recombinant FVIII in C57BL/6 VWF/FVIII Double Knock Out Mice.
Aim: To study the immunogenicity of FVIII and VWF in VWF/FVIII double KO
mice following the infusion of pdFVIII and rFVIII
Materials and Methods:
Male and female C57BL/6 VWF/FVIII KO, 6-10 weeks old mice were used in all
experiments. Mouse genotype was assessed for the deletion of FVIII exon 16 by
polymerase chain reaction (PCR) using genomic DNA isolated from tail clips as
described by Connelly et al. The absence of VWF was assessed by Southern
blot as previously described by Denis et al
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. All mouse experiments were

performed in accordance with the Canadian Council for Animal Care and the
Queen’s University Animal Care Committee approved all animal protocols.
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Figure AII 2. Treating hemophilic mice with Andro before rFVIII treatment
results in reduced FVIII inhibitor formation. Naïve hemophilic mice of 6-10
weeks of age were treated with four weekly infusions of 2 IU rFVIII. These mice
were pre-treated with either Andro in HBSS or HBSS only 1 hour before and after
each rFVIII treatment. Mice were sampled 1 week following the fourth treatment.
The horizontal lines represent the mean of inhibitor titer for 10 mice.
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Treatment of Mice With Human Recombinant FVIII or Plasma-Derived FVIII
Naïve C57BL/6 VWF/FVIII KO mice received four weekly intravenous infusions of
human recombinant FVIII Kogenate® (rFVIII) or plasma-derived human FVIII
Wilate® (pdFVIII). Each dose comprised of 2 IU of FVIII (200 ng: equivalent to 80
IU/kg) diluted with HBSS into a final volume of 200μL. Total anti-FVIII and antiVWF antibody titers were quantified by ELISA.

Results and Discussion
The immunogenicity of VWF and FVIII was assessed in FVIII/VWF double knock
out (DKO) mice. This unique mouse model allowed us to better investigate the
immunogenicity of VWF and FVIII in mice who are not naturally tolerized to either
of these proteins. Our results show that infusing pdFVIII into C57BL/6 VWF/FVIII
DKO animals results in the formation of high titers of anti-VWF antibodies and
reduced levels of anti-FVIII antibodies in comparison to the mice treated with
rFVIII alone figure AII. 3. These results suggest that the VWF found in pdFVIII
has competed with FVIII for immunological recognition and has significantly
reduced the formation of anti-FVIII antibodies. We expect that the immune
response towards VWF has suppressed the immune response towards FVIII as a
result of competition for antigenic presentation.

Reipert defined antigenic

competition as the inhibition of the immune response to one antigen by the
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Figure AII 3. Treating VWF/FVIII double knockout mice with pdFVIII results
in reduced FVIII antibody formation and the development of high Anti-VWF
titers. Naïve VWF/FVIII double KO mice 6-10 weeks of age were treated with
four weekly infusions of either 2 IU rFVIII or pdFVIII. Mice were sampled 1 week
following the fourth treatment. The horizontal lines represent the mean of
antibody titer for 4 mice.
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administration of another antigen. This phenomenon is well described in the
literature.

AII.4 Investigating the Internalization of VWF and FVIII by Dendritic Cells
Aim: To study the in vitro internalization of FVIII and VWF by dendritic cells

Materials and Methods:
Hematopoietic cells were isolated as described by Inaba et al. The culture
regimen was designed so that the cells were fed on days 0, 2 and 4. On day 5,
loosely-adherent cells were aspirated and washed four times with HBSS (GIBCO
BRL, Rockville, MD). DCs were isolated using magnetic beads coated with antiCD11c antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
the manufacturer’s guidelines. Seven hundred and fifty thousand DCs were
cultured in serum-free RPMI 1640 (Invitogen Burlington, Ontario, Canada) with
either 1 IU rFVIII, 1 IU VWF, 1 IU pdFVIII and 10 μg rFVIII+ 0.1 μg VWF for 2
hours at 37 ºC. Then, cells were isolated, washed, fixed and made permeable
using Cytofix/Cytoperm kit (BD Biosciences, San Diego CA, USA). The dendritic
cells were then stained for intracellular VWF and FVIII via FITC-anti-VWF
(Affinity Biologicals, Ancaster, Canada) and PE-Biotin (Miltenyi Biotec, Bergisch
Gladbach, Germany) + Biotin-Anti-FVIII (Affinity Biologicals, Ancaster, Canada)
respectively. Cells were then analyzed by flow cytometry within 12 hours.
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Results and Discussion
We were able to investigate the competition between FVIII and VWF for dendritic
cell internalization. This was achieved by staining the DCs cultured with rFVIII,
pdFVIII or VWF with FITC-VWF and PE-FVIII antibodies. For the DCs cultured
with 1 IU pdFVIII (10 ug VWF and 0.1 μg FVIII), we observed more FITC-VWF+
CD11c+ cells than PE-FVIII+CD11c+ cells, figure AII.4. However, when the DCs
were cultured with 10 μg FVIII and 0.1 μg VWF, we observed more PEFVIII+CD11c+ than FITC-VWF+ CD11c+ cells. Our results show that the protein
with the higher concentration will be internalized preferentially by DCs. These
studies indicate that there is competition between FVIII and VWF for
internalization by dendritic cells.
AII.5 Validation of Microarray Studies
Aim: to validate the gene expression in DCs via real time PCR after treating mice
with rFVIII or pdFVIII

Materials and Methods
RNA isolation from FVIII in vivo pulsed dendritic cells
Naïve hemophilia A mice of 6-10 weeks of age were infused intravenously with
three different materials: 200 μL of HBSS, 2 IU (80 IU/kg) of human recombinant
FVIII Kogenate FS® (rFVIII) or 2 IU (80 IU/kg) plasma-derived human FVIII
Wilate® (pdFVIII). Twenty four hours later, the spleens were isolated. For each
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Figure AII 4. More VWF is internalized than FVIII by dendritic cells cultured
with pdFVIII. Investigation of the in vitro uptake of FVIII and VWF by CD11c
DCs. Bone marrow derived CD11c+ DCs obtained from naïve hemophilia A mice
were cultured with VWF, rFVIII or pdFVIII for 2 hours at 37 ºC. The intracellular
proteins were quantified by flow cytometry after permeabilizing and staining the
DCs with anti-FVIII-PE or anti-VWF-FITC. The error bars represent the standard
error of the mean for 5 separate experiments.
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infusate, 6 mouse spleens were pooled to generate one experimental biological
replicate. For each infusate, we had 4 experimental biological replicates (i.e. 4 x
6 pooled splenocyte samples). The CD11c+ dendritic cells were isolated from
each splenocyte pool using magnetic beads coated with anti-CD11c (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s
guidelines. The CD11c cellular pellets were resuspended in Trizol (Invitrogen,
Carlsbad, CA, USA). RNA isolation and purification steps were performed
according to the manufacturer’s guidelines. RNA quantity was evaluated by
Nanodrop while the RNA quality was assessed by the Aglinet BioAnalyzer and
there was no evidence of RNA degradation.

Quantitative real-time PCR
Expression of the differentially-induced genes as determined by micro-array
evaluation was validated by quantitative real time PCR (qRT -PCR). The RNA
was isolated as described earlier. The qRT -PCR experiments were conducted
by SuperArray Bioscience Corporation (Frederick, Maryland, USA). For each
condition, each gene was run in quadruplicate. Each sample was normalized to
the (ACTB) house keeping gene. The HBSS samples were used as the control
samples for analysis. The fold change was calculated based on the 2-∆∆Ct
method149.
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Results and conclusion
All of the interesting gene expressions that were obtained by the microarray
(table 4.1) studies were validated via qRT–PRC as shown in Figure AII.5. Table
AII.1 summaries the genes were common in both treatment groups.
Table AII.1. Common genes that were differently expressed due to rFVIII or
pdFVIII treatment in dendritic cells
Gene ID
20440
14219
12822
16176
20201
20296
19074
17474
58217
20692
14776
14824
12826
268697
193740

Gene
symbol
St6gal1
Ctgf
Col18a1
Il1b
S100a8
Ccl2
Prg2
Clec4d
Trem1
Sparc
Gpx2
Grn
Col4a1
Ccnb1
Hspa1a

rFVIII/HBSS pdFVIII/HBSS
0.61
0.66
0.44
0.56
0.63
0.66
1.53
1.61
2.53
1.99
0.57
2.09
0.36
0.43
1.99
1.74
1.66
2.92
0.58
0.47
2.47
1.70
1.50
1.80
0.50
0.58
0.65
0.65
1.60
3.01

148

Figure AII.5 The pdFVIII and rFVIII treatments induce the expression of
different genes in dendritic cells. Gene expression in DCs 24 hours following
the (a) rFVIII or (b) pdFVIII treatments was analyzed via qRT-PCR. The HBSS
treated mice were used as a control. The fold change for each gene was
calculated as explained in the materials and methods section. Fold inductions
were considered statistically significant if the P value was <0.05 in at least 3 of
the 4 biological repeats. The dashed line represents the gene expression of the
control samples. The error bars represent the standard error of the mean.
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N= 3-4
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