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ABSTRACT  

 
The development of inhibitory antibodies to the factor VIII (FVIII) protein is the greatest 

complication in the management of hemophilia A patients. These antibodies, which form 

in approximately 25% of patients, neutralize the procoagulant activity of FVIII. There are 

limited treatment options to manage FVIII “inhibitors”, and this significantly increases 

morbidity within the hemophilia population. Therefore, understanding the 

immunobiology of FVIII, and developing safe, efficacious therapies to induce 

immunological tolerance to FVIII is a clinical priority.  

In 2010, there is no therapy available to prevent the formation of FVIII inhibitors 

in boys with hemophilia. Therefore, we evaluated the efficacy of anti-CD3 to induce 

tolerance to FVIII in a prophylactic setting. Low-dose anti-CD3 significantly increased 

the level CD4+CD25+ T regulatory cells, and prevented formation of inhibitors in >80% in 

hemophilia A mice. Depleting CD4+CD25+ cells in vivo completely abrogated tolerance. 

Furthermore, cytokine production by splenocytes from tolerant mice were shifted toward 

a Th1 response. Anti-CD3 therefore represents one of the most efficacious pre-clinical 

therapies for FVIII tolerance induction. 

Surgery is widely regarded in the hemophilia community as a trigger for inducing 

de novo inhibitor formation. There is, however, only conflicting clinical evidence, and no 

basic science data to lend support to this clinical hypothesis. Therefore, we developed a 

novel surgical procedure in hemophilia A mice to study the influence of surgery on FVIII 

immunogenicity. We found that surgery induced a systemic proinflammatory response 

(upregulated plasma IL-1 and IL-6), but surprisingly the immunogenicity of FVIII was not 

enhanced when infused at the perioperative time. These results are significant, 
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however, because they suggest that surgery is not as important for de novo inhibitor 

formation as previously thought. 

Finally, it is unknown whether central tolerance to FVIII shapes the peripheral T 

cell repertoire. Therefore, we studied the murine thymus for evidence of FVIII 

expression. Whole thymus expressed FVIII mRNA but not protein. FVIII mRNA 

expression in the thymus was due, at least in part, by the thymic epithelium (CD45-

/loEpCAM+). In FVIII-/-AIRE+/-
, the immunogenicity of FVIII appeared to be unaltered. This 

study is the first to investigate a possible role for central tolerance to FVIII. 

 
 
 
  



iv 
 

AFFECTIONATELY INSCRIBED 

 

 

To 

 

 

The hemophilia community. My involvement in the hemophilia community has been and 

will continue to be a great pleasure both personally and professionally. With much 

humility, it is my most sincere hope that the work presented in this thesis may someday 

positively impact individuals and families affected by hemophilia. 

  



v 
 

ACKNOWLEDGEMENTS 
 
I’ve lived in Kingston for more than 4 years, but my heart has always been in Victoria, 

BC. Research can sometimes be a tumultuous journey (emotionally and otherwise), and 

so from Victoria, I would like to thank my mother Vicki and my father Clifford, who have 

always steadied this journey of mine with so much love and support. And also to my 

brothers, Blake and Dylan, thank you for all of the laughter we’ve shared, and for all of 

your love. 

When I first came to Kingston, Dr. Mohammad Qadura taught me how to do 

immunology, and so his contributions to this thesis are too many to mention. 

Mohammad also became a very close friend and one of my biggest supporters. I could 

not have done it without you, Mohammad – Thank you. 

Dr. Rouzbeh Chegeni taught me molecular biology, and also became a very 

close friend. Our conversations about life and about science shaped this thesis and 

much more, and so I thank you for this. 

 I’ve worked most closely over the years with our animal care specialists Erin 

Burnett, Andrea Bryant and Katie Sponagle. This thesis would not have been possible 

without their expertise, and their friendship – Thank you.  

Every morning I want to go to the lab. In this way, I truly live to work rather than 

the opposite. This has been made possible in large part by the work environment, and 

the people in it. Therefore, I must sincerely thank (no particular order): Colleen Notley, 

Carol Hegadorn, Lori Harpell, Christine Brown, Cyndi Pruss, Dr. Hideto Matsui, Dr. 

Marga Ozelo, Dr. Christine Hough, Shawn Tinlin, Jacob Riches, Mackenzie Bowman, 

Angie Tuttle, Jayne Leggo, Mia Golder and Pat Thompson. 



vi 
 

To Drs. Bruce Elliott and Peter Greer, my supervisory committee, for their 

interest in my work, and for their scientific insights and advice, I am very thankful. 

 Matt Gordon and Jeff Mewburn can make anything happen with any colour and 

much more. And they are willing to go above and beyond to make it happen for you. To 

these gentlemen I am indebted and very thankful for all of their technical help and 

support. 

 About 12 years ago, a great friend, in the most subtle of ways, encouraged me to 

go back to school. Dr. Craig Colgrave taught me that you can always challenge 

yourself, and that you can always learn more. It is doubtful I would be here now without 

him  – Thank you. 

 Dr. Paula James has been one of my strongest advocates. She is so positive and 

so supportive by virtue of her nature it amazes me. I’m unsure how fully Dr. James 

knows this: it was a conversation we had in early 2008 that reaffirmed my former 

passion to be a physician. And now, because of her support, I get to live that passion. 

Thank you, Paula, for everything. 

 Where do I begin with thanking Dr. Lillicrap? In November 2005, I emailed Dr. 

Lillicrap a letter of interest. In his response, he ended by writing: “…this could be the 

beginning of a very productive interaction.” I believe that this was realized, because 

most importantly, Dr. Lillicrap gave me so much freedom to explore the world of biology, 

and through this I have learned the depths of my own creativity. This experience is 

something that comes along only rarely. Finally, there are few people in life that one 

may try to imitate. For me, this has always been my father. And also Dr. Lillicrap. Thank 

you. 



vii 
 

TABLE OF CONTENTS 
 
ABSTRACT  ................................................................................................................ ii 
 
ACKNOWLEDGEMENTS  .........................................................................................  v 
 
TABLE OF CONTENTS  ............................................................................................ vii 
 
LIST OF TABLES  ...................................................................................................... xii  
 
LIST OF FIGURES  ................................................................................................... xiii 
 
LIST OF ABBREVIATIONS  ...................................................................................... xv 
 
 
CHAPTER 1  
A General Introduction to Hemophilia A and FVIII Immunology  .......................... 1 
 
1.1  Hemophilia A  ....................................................................................................... 2 
1.2  Hemostasis and the Coagulation Cascade  ......................................................... 3 
            1.2.1    Primary Hemostasis  ........................................................................... 3 
            1.2.2    Secondary Hemostasis  ....................................................................... 4 
1.3  FVIII: From Gene to Protein  ................................................................................ 6 
1.4  Clinical Management of Hemophilia A  ................................................................. 7  
1.5  The Immune Response to FVIII ........................................................................... 8 

 1.5.1    Why do Inhibitors Develop: Is There a Central Role for Central  
                        Tolerance?  ....................................................................................... 10 
            1.5.2    Primary FVIII Immune Response ...................................................... 13 
            1.5.3    Secondary FVIII Immune Response  ................................................. 18 
1.6  Risk Factors for FVIII Inhibitor Formation  .......................................................... 18 
1.7  Immunological Tolerance  .................................................................................. 21 
            1.7.1    Naturally Occurring and Inducible T Regulatory Cells  ...................... 23 
            1.7.2    Mechanisms of Treg-Mediated Suppression  .................................... 27 
1.8 The Objectives of this Thesis  ............................................................................. 28 
 
CHAPTER 2 
Anti-CD3 Prevents FVIII Inhibitor Development in Hemophilia A Mice  
by a Regulatory CD4+CD25+ - Dependent Mechanism and by Shifting  
Cytokine Production of Favour a Th1 Response ................................................. 30  
 
2.1  Abstract  ............................................................................................................. 31 
2.2  Introduction  ....................................................................................................... 32 
2.3  Materials and Methods  ...................................................................................... 35 
                        2.3.1  Mice  ........................................................................................ 35 
                        2.3.2  Effect of Anti-CD3 on T Cell Populations  ................................ 35 
                        2.3.3  Treatments .............................................................................. 36 



viii 
 

                        2.3.4  Abs and Flow Cytometry  ........................................................ 36 
                        2.3.5  Bethesda Assay ...................................................................... 37 
                        2.3.6  ELISA Experiments  ................................................................ 37 
                        2.3.7  Depletion of CD4+CD25+ T Cells  ............................................ 38 
                        2.3.8  Anti-CD3 Transwell Experiment .............................................. 39 
                        2.3.9  Statistics  ................................................................................. 40 
2.4  Results  .............................................................................................................. 41 

2.4.1   Increase in the Splenic CD4+CD25+ T Cell Compartment  
Following Treatment with Anti-CD3  .......................................... 41 

                      2.4.2 Anti-CD3 Therapy Protects Hemophilia A Mice from FVIII  
                                 Inhibitor Formation  ................................................................... 44 

2.4.3 CD4+CD25+ Tregs from Tolerant Anti-CD3-Treated Mice are  
 Suppressive in vivo and in vitro and Require  
 Cellular Contact  ........................................................................ 47 
2.4.4 Analysis of T Regulatory Cell Phenotypes in Anti-CD3- 

Treated C57Bl/6 and Balb/c Hemophilia A mice  ...................... 52 
2.4.5  Shift to an in vitro Th1 Cytokine Profile in Tolerant  
           Anti-CD3-Treated Balb/c and C57Bl/6 Mice  ............................. 57 

2.5  Discussion  ......................................................................................................... 61 
 
CHAPTER 3 
A Novel Surgical Model Using Hemophilia A Mice Induces a  
Systemic Proinflammatory Response, But Does Not Enhance  
the Immunogenicity of Human FVIII  .. .................................................................. 67 
 
3.1  Abstract  ............................................................................................................. 68 
3.2  Introduction  ....................................................................................................... 69 
3.3  Materials and Methods  ...................................................................................... 72 

3.3.1   Literature Review  ..................................................................... 72 
3.3.2   Mice  ......................................................................................... 72 
3.3.3   Surgical Procedure  .................................................................. 73 
3.3.4   Analgesics  ............................................................................... 73 
3.3.5   FVIII Infusions  .......................................................................... 73 
3.3.6   Anti-FVIII Isotype Measurement ............................................... 76 
3.3.7   Cytokine Measurements  .......................................................... 77 
3.3.8   DC Isolation and Flow Cytometry ............................................. 77 
3.3.9   Bethesda Assay  ....................................................................... 78 
3.3.10   Statistics  ................................................................................ 78 

3.4  Results  .............................................................................................................. 79 
3.4.1 Very Low Incidence of Surgery-Related Inhibitor Formation in  

the Clinic  .................................................................................. 79 
3.4.2 A Novel Surgical Model in the Hemophilia A Mouse Induces a  

Systemic Proinflammatory Response  ...................................... 82 
3.4.3 Neither Major Surgery nor Intense FVIII Exposure Enhance  

the Immunogenicity of FVIII During the Primary  
Immune Response  ................................................................... 84 



ix 
 

3.4.4 Total Anti-FVIII Abs Levels are Unaffected by Surgery  ............ 89 
3.4.5 The Secondary Immune Response to FVIII is not Enhanced  

by Surgery  ................................................................................ 89 
3.4.6 Surgery Decreases T Cell and Dendritic Cell Levels  ................ 91 

3.5  Discussion  ......................................................................................................... 96 
 
CHAPTER 4  
Central Tolerance to FVIII: Detecting FVIII in Mouse Thymic Subpopulations  101 

4.1    Abstract  ......................................................................................................... 102 
4.2    Introduction  ................................................................................................... 103 
4.3    Materials and Methods  .................................................................................. 106 

4.3.1   Animals  .................................................................................. 107 
4.3.2   Antigens (FVIII and FVIII-A2)  ................................................. 107 
4.3.3   Nasal Antigen Instillation   ....................................................... 108 
4.3.4   Bethesda Assay  ..................................................................... 108 
4.3.5   Western blotting analysis  ....................................................... 109 
4.3.5   Purification of thymic stromal cells  ......................................... 109 
4.3.7   Analysis of Gene Expression  ................................................. 111 
4.3.8   Statistics  ................................................................................ 112 

4.4    Results  .......................................................................................................... 113 
4.4.1 A Failed Attempt at Induction of Mucosal Tolerance to the 

A2 Domain Reveals a Possible Role for Central Tolerance  
to FVIII   .................................................................................. 113 

4.4.2 The Human FVIII-A2 Domain is only Minimally 
Immunogenic in Hemophilia A Mice  ....................................... 113 

4.4.3 FVIII mRNA, but not Protein, is Expressed in the Murine  
Thymus  .................................................................................. 115 

4.4.4 Isolation of Thymic Dendritic Cells and Thymic Epithelial  
Cells  ....................................................................................... 119 

4.4.5    Gene Expression from Thymic DCs and Epithelium  ............. 123 
4.4.6    Immunogenicity of FVIII in FVIII-/-AIRE+/- Mice  ...................... 123 

4.5    Discussion  ..................................................................................................... 127 
 
CHAPTER 5 
General Discussion and Perspectives  ............................................................... 132 
 
5.1    General Discussion  ....................................................................................... 133 
5.2    Tolerance Induction to FVIII: Generating T Regulatory Cells and Shifting  
         the Immune Response Away from Humoral Immunity  .................................. 134 

5.2.1    Generating Tregs That Suppress The Immune Response  
            to FVIII  .................................................................................. 135 
5.2.2    Shifting the FVIII Immune Response away from Th2  

 Cytokines  .............................................................................. 136 
5.2.3    CD25+CD4+ Tregs are Involved in the Normal Immune  

 Response to FVIII  ................................................................. 137 
5.2.4   The Origin of CD25+CD4+ Tregs in Anti-CD3-Treated Mice ... 138     



x 
 

5.2.5    Potential Clinical Translation of Anti-CD3  ............................. 139 
5.3     Environmental Contributions to FVIII Inhibitor Formation: Reconsidering  
          the Role of Surgery  ...................................................................................... 140 

5.3.1    Surgery, Inflammation and Danger Signals: Why is FVIII  
            Immunogenic?  ...................................................................... 140 
5.3.2    Why Surgery does not Enhance FVIII Immunogenicity  ......... 144 
5.3.3    Improving the Study Design Using Different Mouse Models  ..146 

5.4    Central Tolerance to FVIII: Yes or No?  ......................................................... 147 
5.5    Contribution of These Studies Within the Hemophilia A Community  ............. 150 
 
REFERENCES  ....................................................................................................... 152 
 
APPENDIX I  
The Molecular Mechanisms of Immunomodulation  and Tolerance 
Induction to FVIII  .................................................................................................. 165  
 
A1.1    Abstract  ....................................................................................................... 166 
A1.2    Introduction  ................................................................................................. 167 
A1. 3   Molecular Mechanisms of the Immune Response to FVIII  .......................... 168 

A1.3.1 Why Inhibitors Develop: Is There a Role for Central  
tolerance?  .............................................................................. 168 

A1.3.2 Primary FVIII Immune Response  ........................................... 169 
A1.3.3 Secondary Immune Response to FVIII  .................................. 171 

A1.4    B cell Immunomodulation  ............................................................................ 171 
A1.4.1 Immune Tolerance Induction - Repetitive, Long-term FVIII  

Infusions  ................................................................................. 172 
A1.4.2 Immune Tolerance Induction - Anti-Idiotypic Antibodies  ........ 174 
A1.4.3 FVIII Gene Therapy to Generate Tolerogenic B Cells  ........... 177 
A1.4.4 Rituximab – Depleting CD20+ B Cells  .................................... 178 

A1.5    T cell Immunomodulation  ............................................................................ 180 
A1.5.1 Preventing T Cell Costimulation  ............................................ 181 
A1.5.2 Disrupting CD40-CD40L with anti-CD40L  ............................. 181 
A1.5.3 Modifying the TCR:CD3 Complex  .......................................... 187 
A1.5.4 Disrupting Recognition of MHC II with Anti-CD4 Ab  .............. 189 

A1.6    Antigen Loading in a “Non-dangerous” Context – Mucosal Tolerance  
and Immature Dendritic Cells  ...................................................................... 189 

A1.6.1 Nasal or Oral Exposure to FVIII  ............................................. 188 
A1.6.2 FVIII Presentation by Immature Dendritic Cells (iDC)  ............ 191 

A1.7    FVIII preparations containing VWF  ............................................................. 192 
A1.8    Comments on the Future of FVIII Immunomodulation  ................................ 193 
 
APPENDIX II – Supplementary Experiments. 
Enhancing Anti-CD3 Therapy Using the TLR-7 Agonist Gardiquimod  ............ 194 
 
A2.1    Introduction  ................................................................................................. 195 
A2.2    Materials and Methods  ................................................................................ 196 



xi 
 

A2.2.1 Mice  ....................................................................................... 197 
A2.2.2 Treatments  ............................................................................ 197 
A2.2.3 Inhibitor Titres  ........................................................................ 197 
A2.2.4 Flow Cytometry ...................................................................... 197 

A2.3    Results ......................................................................................................... 198 
A2.3.1 Comparison of the effects of anti-CD3 and Gardiquimod  

on T and B cells in hemophilia A mice  ................................... 198 
A2.3.2 Effect of anti-CD3 and/or gardiquimod on FVIII inhibitor  

levels  ...................................................................................... 201 
A2.4 Summary  ....................................................................................................... 201 
 

  



xii 
 

LIST OF TABLES 
 
Table 1.1       Genetic and environmental risk factors that contribute to FVIII  

inhibitor formation   .............................................................................. 19 
 
Table 3.1       Incidence of postoperative FVIII inhibitor development in   

hemophilia A patients is very low  ........................................................ 80 
  



xiii 
 

LIST OF FIGURES 
 
Figure 1.1      The FVIII domains, its activation and the coagulation cascade  ............ 5 
 
Figure 1.2      Structure of the thymus and its role in central tolerance  .................... 11 
 
Figure 1.3      The generation of FVIII inhibitors involves interactions between  

antigen presenting cells (APCs), CD4+ T cells and B cells  ................. 15 
 
Figure 1.4      The development of Tregs, some common Treg markers and  

mechanisms of Treg-mediated effector T cell suppression  ................. 24 
 
Figure 2.1.     Anti-CD3 treatment increases CD25 expression and prevents  
                      FVIII inhibitor formation in a dose dependent manner   ....................... 42 
 
Figure 2.2.     Anti-CD3 prevents anti-FVIII Ab formation in Balb/c hemophilia  

A mice  ................................................................................................. 45 
 
Figure 2.3.      Anti-CD3 prevents FVIII inhibitor formation in C57Bl/6 hemophilia  
                       A Mice  ............................................................................................... 48 
 
Figure 2.4.     CD4+CD25+ cells are required in vivo and in vitro for anti-CD3- 

mediated tolerance and mediate suppression through a contact- 
dependent mechanism ........................................................................ 49 

 
Figure 2.5.     Evaluation of CD4+ and CD4+CD25+ populations in Balb/c and  

C57Bl/6 anti- CD3-treated mice after FVIII immunizations  .................. 53 
 
Figure 2.6.     Treatment with anti-CD3 increases the number of CD4+ cells  

expressing FoxP3 and GITR  ............................................................... 54 
 
Figure 2.7.     Tolerant anti-CD3-treated Balb/c and C57Bl/6 mice are polarized  

toward a Th1 cytokine profile  .............................................................. 58 
 
Figure 3.1.     Five different FVIII doses and dosing protocols  ................................. 74 
 
Figure 3.2.     Plasma IL-6 levels increase more than 150-fold after surgery  ........... 83 
 
Figure 3.3.     Surgery increases expression of CD80 on splenic DCs  ..................... 85 
 
Figure 3.4      Surgery does not enhance the immunogenicity of FVIII  ..................... 86 
 
Figure 3.5.  Surgery and intense exposure to FVIII at the perioperative time  

does not enhance the immunogenicity of FVIII (Protocols 3A-C)  ........ 88 
 
Figure 3.6.     Surgery has no effect on total anti-FVIII Abs measured by ELISA  ..... 90 



xiv 
 

 
Figure 3.7.    Surgery does not enhance the secondary immune response  

to FVIII  ................................................................................................ 92 
 

Figure 3.8.     Surgery decreases splenic CD4 and CD11c levels  ............................ 94 
 
Figure 4.1.     Apparent lack of immunogenicity of human FVIII-A2 domain in  

hemophilia A mice undergoing mucosal tolerance  ............................ 114 
 
Figure 4.2.     The human FVIII-A2 domain is only minimally immunogenic in  

hemophilia A mice  ............................................................................ 116   
 
Figure 4.3.     FVIII mRNA, but not FVIII antigen, is readily detectable in the  

mouse thymus  .................................................................................. 118 
 
Figure 4.4.     Enrichment and purification of the thymic epithelium and thymic  

DCs  ................................................................................................... 120 
 
Figure 4.5.     Gene expression by the thymic epithelium and by thymic DCs  ........ 124 
 
Figure 4.6.     Immunogenicity of human FVIII in FVIII-/-AIRE+/- mice  ..................... 126 
 
Figure  5.1.    Coupling of coagulation and inflammation: a new model to  

 explain the inherent immunogenicity of FVIII  ................................... 143 
 
Figure A1.1.   The proposed mechanism for FVIII-specific B cell cell  

 Immunomodulation   ......................................................................... 175 
 
Figure A1.2.    Mechanism of T cell immune tolerance induction to FVIII  ............... 183 
 
Figure A2.1.   Effect of anti-CD3 and/or gardiquimod on splenic T cells from  

 Balb/c hemophilia A mice  ................................................................. 199 
 
Figure A2.2.   Effect of anti-CD3 and/or gardiquimod on splenic CD69  

 expression   ...................................................................................... 200 
 
Figure A2.3.    Effect of anti-CD3 and/or gardiquimod on splenic CD19 B cell  

  Population   ...................................................................................... 202  
 
Figure A2.4.    Effect of anti-CD3 and/or gardiquimod on FVIII inhibitor titres in  

  hemophilia A mice ........................................................................... 203 



xv 
 

LIST OF ABBREVIATIONS 

Ab  Antibody 
AIDS  Acquired Immunodeficiency Syndrome 
AIRE  Autoimmune Regulator 
APC  Antigen Presenting Cell 
aPTT  Activated Partial Thromboplastin Time 
BU  Bethesda Unit 
CD  Cluster of Differentiation 
CD3  Cluster of Differentiation 3, the Coreceptor to the T Cell Receptor 
CDR1  Corticial Thymic Epithelial Aminopeptidase 
CRM  Cross-Reactive Material 
CRP  C-Reactive Protein 
cTEC  Cortical Thymic Epithelial Cell 
CTLA-4 Cytotoxic T Lymphocyte-Associated Antigen 4 
DC  Dendritic Cell 
DMEM Delbeco’s Modified Eagles Medium 
DNA  Deoxyribonucleic Acid 
DTT  Dithiothreitol 
EDTA  Ethylenediaminetetraacetic Acid 
ELISA  Enzyme-Linked Immunosorbent Assay 
Ep-CAM Epithelial Cellular Adhesion Molecule 
F’ab  Antigen-Binding Region of an Antibody 
Fc  Cell-binding Region of an Antibody 
FcR  Cell receptor that Binds to Fc Region of an Antibody 
FACS  Fluorescence-Activated Cell Sorting 
FEIBA  Factor VIII Inhibitor Bypassing Activity 
FVIIa  Activated Factor VII 
FVIII  Coagulation Factor VIII 
FVIII-A2 FVIII A2 Domain 
FVIII-C2 FVIII C2 Domain 
FoxP3  Fork Head Box Winged Transcription Factor 
GITR   Glucocorticoid-Induced Tumor Necrosis Factor Receptor 
HBSS  Hank’s Balanced Salt Solution 
HIV  Human Immunodeficiency Virus 
HLA  Human Leukocyte Antigen 
IFN-ɣ  Interferon Gamma 
IL-  Interleukin 
IP  Intraperitoneal Infusion 
iTreg  Inducible T Regulatory Cell 
IV  Intravenous Infusion 
mAb  Monoclonal Antibody 
MACS  Magnetically-Activated Cell Sorting 
MHC  Major Histocompatibility Complex 
mTEC  Medullary Thymic Epithelial Cell 
nTreg  Naturally Occurring, Thymically-Derived T Regulatory Cell 
PALS  Periarteriolar Lymphoid Sheath 



xvi 
 

PAR  Protease-Activated Receptor 
PBS  Phosphate-Buffered Saline 
PCR  Polymerase Chain Reaction 
RNA  Ribonucleic Acid 
RPMI 1640 Medium for Lymphocyte Growth (Roswell Park Memorial Institute)  
RT  Room Temperature 
RT-PCR Reverse Transcriptase PCR 
SC  Subcutaneous Injection 
TCR  T Cell Receptor 
TGF- β Transforming Growth Factor Beta 
Th1  T Helper 1 Cell 
Th2  T Helper 2 Cell 
Th3  T Helper 3 Cell 
Tr1  T Regulatory 1 Cell 
Treg  T Regulatory Cell 
TNF-α  Tumor Necrosis Factor Alpha 
VWF  von Willebrand Factor 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



1 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 1  
 
 

A General Introduction to Hemophilia A and FVIII Immunology. 
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1.1 Hemophilia A. 

Persons living with severe bleeding disorders are quite familiar with bruises and 

bleeding. Hemophilia A is the most common of these severe disorders of blood 

coagulation (1). This is an X-linked recessive disorder that is caused by mutation to the 

factor VIII gene (FVIII), located on the X chromosome. These mutations result in a 

quantitative and/or qualitative deficiency of FVIII protein circulating in the blood. 

Hemophilia A has an incidence of approximately 1 in 10,000 live births, or 1 in 5000 

male births. Because hemophilia is X-linked, males are primarily affected, where the 

FVIII deficiency is acquired through maternal inheritance of the carrier mother’s affected 

X chromosome. Carrier mothers are affected only rarely, in certain circumstances such 

as the biased inactivation of the two X chromosomes where gene expression from the 

affected X dominates, resulting in levels of FVIII that fall below the normal range 

(between 50 – 150% FVIII). While approximately 70% of new hemophilia A cases are 

inherited, spontaneous mutations to the FVIII gene occur in 30% of patients, and in 

these cases there is no family history of bleeding. 

Hemophilia A can present with one of three distinct clinical severities; patients 

are either mildly, moderately or severely affected. These severities correspond to the 

amount of FVIII protein circulating in plasma. Mild hemophilia A patients have between 

6-45% FVIII, moderately affected have 1-5% FVIII, and 1% or less of normal FVIII levels 

are seen in severe patients. Patients with mild hemophilia will tend to bleed only after 

major trauma or surgery. In contrast, patients with severe disease will bleed after only 

minor trauma or may in some cases bleed spontaneously, and if left untreated can 

experience between 10-30 significant bleeding episodes per year, with bleeding 

occurring predominantly into joint spaces and soft tissues, particularly into muscles. 
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1.2 Hemostasis and the Coagulation Cascade. 

1.2.1 Primary Hemostasis. 

The principal purpose of the blood coagulation system is to prevent blood loss, and this 

goal is met through the combined effect of both primary and secondary hemostasis (2, 

3). Primary hemostasis occurs almost immediately following vascular damage that 

causes blood to be lost from the vasculature. At this time, blood vessels constrict to limit 

the flow, and therefore the loss of blood. When the blood vessel is damaged, 

endothelial cells that line the vessel are disrupted, damaged and/or detach from the 

vessel wall. This exposes the subendothelial matrix that underlies the endothelium, 

containing key procoagulant molecules such as collagen. The large pro-coagulant, 

adhesive protein von Willebrand Factor (VWF) that circulates in the blood can bind 

collagen and is hence attracted to the site of vascular injury. VWF also binds to platelet 

surface receptors, and thus the collagen-bound VWF recruits platelets to the site of 

vessel damage. This accumulation of platelets at the site of vascular injury temporarily 

blocks the ruptured vessel and blood loss is initially slowed. However, due to the 

shearing forces of blood flow through the vessel, platelets cannot remain at the injury 

site without the formation of an insoluble fibrin matrix that essentially “glues” platelets in 

place thereby providing protection from the shear forces caused by blood flow. The 

formation of the fibrin matrix is the main function of the coagulation cascade (secondary 

hemostasis). 
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1.2.2 Secondary Hemostasis. 

To produce the fibrin matrix, the generation of thrombin (factor IIa) is perhaps the single 

most important event (4), and FVIII plays a central role in exponentially amplifying the 

generation of thrombin (Figure 1.1A). Coagulation is initiated by the tissue factor/FVIIa 

complex (extrinsic pathway), which results in an initial, but small burst of thrombin 

generation (2-4). Thrombin subsequently positively feeds back into the intrinsic cascade 

activating FVIII (as well as FXI and FV), and through this feedback mechanism the 

activation of prothrombin to thrombin is amplified as much as 200,000-fold (5). 

In healthy individuals, FVIII circulates in the plasma bound to its carrier protein, 

VWF, and is activated by thrombin-mediated cleavage (Figure 1.1A) (5, 6). Activated 

FVIII (FVIIIa) complexes with FIXa to form the intrinsic “tenase” complex, which 

converts FX to FXa (Figure 1.1A). Thrombin-activated FVa binds with FXa, forming the 

prothrombinase complex that converts FII (prothrombin) to FIIa (thrombin). Thrombin 

subsequently cleaves fibrinopeptides A and B from fibrinogen to form fibrin monomers 

and these are finally assembled into FXIIIa crossed-linked fibrin polymers. Deficiency of 

FVIII therefore severely limits the downstream generation of thrombin and the 

development of a stable, cross-linked fibrin clot that will retain platelets at the site of 

vascular damage. As a result of this thrombin generation deficiency, hemophilia A 

patients are unable to stabilize the initial platelet plug that forms at the site of vascular 

injury during primary hemostasis. The clinical manifestation of hemophilia A is therefore 

prolonged bleeding, and depending on the severity of disease, some patients 

experience recurrent spontaneous bleeding into joints and soft tissues if left untreated.  
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Figure 1.1 The FVIII domains, its activation and the coagulation cascade. A) The coagulation 
cascade: thrombin-activated FVIII (FVIIIa) complexes with FIXa forming the “tenase” complex which 
activates FX to FXa. This ultimately results in the downstream generation of cross-linked fibrin polymers 
that stabilize the platelet plug at the site of vascular damage. B) FVIII is translated as a 2332 amino acid 
precursor that is composed of the A1-a1-A2-a2-B-a3-A3-C1-C2 domains. This precursor is cleaved and 
secreted as a heterodimer that is activated by thrombin-mediated cleavage at the A1-A2 and B-A3 
domain boundaries, as well as at multiple sites in the B domain. Circulating FVIII exists in many different 
sizes, due to the many thrombin cleavage sites in the B domain. The protein consists of a variable heavy 
chain (90-210 KDa) and a constant light chain (80 KDa). 
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1.3 FVIII: From Gene to Protein. 

The very large 186-Kb FVIII gene is located on the long arm of the X chromosome 

(Xq28), and is composed of 26 exons and 25 intervening intronic regions (7). 

Transcription of the FVIII gene results in an approximately 9kb RNA molecule that is 

subsequently translated to a single-chain molecule consisting of 2332 amino acids, and 

having a molecular weight of approximately 300 kDa. The FVIII protein contains three 

homologous “A” domains, two “C” domains and a single central “B” domain (5-7). Short 

segments approximately 30-40 amino acids in length that are rich in acidic residues 

(denoted “a”), are positioned between the A1-A2, A2-B and the B-A3 domains. 

Therefore, the domain structure of FVIII is organized as, NH2 - A1-a1-A2-a2-B-a3-A3-

C1-C2 - COOH (Figure 1.1B). Post-translational modification includes numerous sites of 

glycosylation on the A and B domains, as well as sulfation of specific tyrosine residues 

in the short acidic “a” regions.  

FVIII is primarily produced by liver sinusoidal endothelial cells (8) although 

extrahepatic sites of synthesis are also present. The protein is released as an inactive 

heterodimer composed of a heavy and light chain (heavy chain:  A1-A2-B, light chain: 

A3-C1-C2), which results from proteolysis at the B-A3 domain boundary, as well as 

additional cleavage sites within the B domain (5, 6). This yields a light chain with 

constant length, but leaves the heavy chain variable in length, depending upon 

cleavage sites utilized within the B domain. FVIII circulates in a high-affinity, non-

covalent complex with its carrier protein VWF. FVIII is activated by thrombin-mediated 

proteolysis at the A1-A2 domain boundary in the heavy chain, generating a heterotrimer 

that has reduced affinity for VWF, simultaneously freeing FVIII from VWF, and also 

increasing its affinity for FIXa, resulting in the generation of the “tenase” complex 
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(FVIIIa-FIXa) (2, 3) in association with coagulant-active phospholipid on the surface of 

activated platelets. 

 
1.4 The Clinical Management of Hemophilia. 

The treatment of hemophilia has undergone significant developments in the past 60 

years. In the 1950s and 60s, hemophilic bleeding led to extended hospital visits (some 

lasting as long as 2 weeks), during which the patient would receive repeated treatments 

with fresh frozen plasma, which contains very small amounts of FVIII (9, 10). Patients 

would experience significant blood loss and/or excruciatingly painful bruising and 

swelling into joint spaces and/or soft tissues. In cases of severe hemophilia, 

hospitalization could be as frequent as 20 times per year. Repeated bleeding into joints 

of this nature would invariably lead to severe chronic joint disease, causing extreme 

pain and joint immobility, and frequently requiring joint replacement by the time the 

patients reached middle age. 

In the 1970s and 80s, plasma concentrates of FVIII were created, these 

containing at least a 300-fold increase in FVIII per unit volume. This revolutionized 

hemophilic treatment because patients, once properly trained, were now able to treat 

themselves from their own home (9-11). Home treatment meant that patients could treat 

more quickly with a greater amount of FVIII in a single sitting, and in doing so, begin to 

limit bleeding and thus the joint disease caused by bleeding. 

While these developments revolutionized hemophilia treatment, plasma 

concentrates were made from large pools of plasma from human donors that did not 

undergo virus-inactivation, and this tragically introduced hepatitis C virus (HCV) and/or 

human immunodeficiency virus (HIV) infection in almost every hemophilia patient alive 
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at the time (12). Cloning of the FVIII gene in the mid-1980s opened the way for safe, 

recombinantly generated FVIII proteins, which were introduced mainstream in the early 

1990s (13). In 2010, most hemophilia A patients living in economically developed 

countries have access to virus-inactivated, recombinant FVIII products. With virus-free 

treatment widely available, the only significant treatment-related complication remaining 

for hemophilia A patients, which occupies the central theme of this thesis, is the 

inherent immunogenicity of the FVIII protein that leads to the generation of FVIII-

neutralizing antibodies 

 
1.5 The Immune Response to FVIII. 

An immune response to FVIII occurs in approximately 25-30% of treated patients. This 

response is characterized by the generation of anti-FVIII antibodies that have FVIII 

procoagulant-neutralizing capacity, and because of this activity, these Abs are suitably 

termed “inhibitors” (14-16). The presence of a FVIII inhibitor represents a challenging 

problem in the clinical management of hemophilia A since patients who develop this 

response have a significantly higher morbidity than the rest of the hemophilia 

population. 

For the past 30 years, the only way to induce immunological tolerance in patients 

with FVIII inhibitors has been with immune tolerance induction (ITI) therapy, which 

involves repetitive, long-term FVIII infusions with at least three variations on the FVIII 

dose and frequency of dosing (17, 18). The success rate of ITI is ~75%. Furthermore, 

ITI is extremely expensive and can require several years to achieve tolerance. This is 

coupled to difficulties such as the requirement for continuous venous access, often a 

challenge in young boys; strict adherence to the ITI protocol (i.e. cannot miss an 
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infusion); and in some cases, prolonged FVIII prophylaxis following successful ITI to 

maintain tolerance (19).  

Once an inhibitor has developed, or in patients in whom ITI fails, there are few 

treatment options available to manage bleeding (19-21). One such option, if the level of 

anti-FVIII antibody circulating in the blood is low, involves infusion with a greater molar 

concentration of FVIII such that the antibody is essentially titrated, and the remaining 

FVIII can participate in coagulation. This treatment option is useless if the patient has a 

high level of antibody in the blood, and will usually only work for a brief time in those 

patients with low-level antibody, since the infusion of more FVIII will usually prompt an 

anamnestic response to the protein. The main treatment option for hemophilia A 

patients with inhibitors is to use large amounts of recombinant activated FVII (rFVIIa), 

such that the need for FVIII in the generation of thrombin is by-passed (Figure 1.1A) 

(19-21). rFVIIa complexes with TF and together these proteins activate FX to FXa. FVIII 

is no longer needed in this setting because FXa is downstream of FVIII in the 

coagulation cascade. 

The rFVIIa product currently available is extremely expensive, variably effective 

at achieving hemostasis, and the protein itself has a short half-life (2-4hrs) further 

amplifying cost since repeated infusions are frequently required to achieve hemostasis 

(21). As a result, patients with inhibitors almost always have painful joint disease and 

joint immobility. These therapies are therefore less than adequate in this modern 

molecular medicine era, and based on this, the development and subsequent 

introduction of a novel FVIII tolerance-induction therapy is a clinical imperative. 
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Furthermore, the better our understanding of the FVIII immune response, the more 

likely we will be able to develop an efficacious therapy. 

 
1.5.1 Why do Inhibitors Develop: Is There a Central Role for Central Tolerance? 

There are numerous genetic and environmental risk factors that influence inhibitor 

formation (described in more detail later in this introduction), however, the FVIII 

genotype is extremely useful for predicting whether an inhibitor will develop (22). For 

example, patients with large deletion mutations are significantly more likely to develop 

anti-FVIII Abs than patients with small deletions (23). This strongly suggests that these 

former patients do not possess central tolerance to FVIII.  

 Central tolerance defines a process whereby the immune system is educated: 

newly generated immature T and B cell precursors enter the thymus or bone marrow, 

respectively, and if they are strongly reactive to self tissue they die by apoptosis (24). 

This is in large part carried out by antigen presentation at these anatomic sites (25). In 

the thymus, for example, components of the thymic epithelium, specifically medullary 

thymic epithelial cells (mTEC) and cortical thymic epithelial cells (cTEC), are capable of 

expressing and presenting in the context of MHC molecules, proteins that are normally 

restricted to specific organs, referred to as tissue-restricted antigens (TRA). In this way, 

the thymus can essentially “mirror” the peripheral self (25, 26).  

 Immature T cells enter the thymus and interact with cTECs (24, 27) (Figure 1.2). 

At this point the T cells must express a TCR that can bind to self-peptide-MHC  
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Figure 1.2. Structure of the thymus and its role in central tolerance. The thymus 
consists of two major anatomical structures: the cortex and the medulla. 1. Immature T 
cells exit the bone marrow and traffic to the thymus, entering the thymus at the 
medullary cortical boundary 2. Within the thymus, T cell education begins in the cortex. 
At this site, the immature T cell expresses a T cell receptor, and this must be capable of 
recognizing self-peptide-MHC molecules expressed on the surface of cortical epithelial 
cells (cTECs), this is referred to as positive selection 3. If the T cell can bind self-
peptide-MHC it traffics to the thymic medulla where it will interact with thymic DCs 
and/or the medullary thymic epithelial cells (mTECs). Survival is now thought to be 
based on the affinity of the TCR for the self-peptide-MHC complex on DCs and mTECs. 
If the TCR binds too weakly or too strongly to self-peptide-MHC, it will undergo 
apoptosis. However, if the affinity is intermediate, the T cell will survive 4. and exit the 
thymus as a mature T cell that populates the peripheral tissues.  
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expressed on the surface of the cTEC. If the T cell can recognize self-peptide-MHC in 

this manner it will receive the proper cellular signaling necessary for survival. This 

process is referred to as positive selection, and it ensures that all T cells express a TCR 

that can only react to antigen in the context of MHC molecules. T cells that do not 

recognize the MHC complex on cTECs, or have very low affinity, die by neglect 

(apoptosis). This is believed to account for the fate of approximately 80-90% of all 

immature T cells that enter the thymus.  

Positively selected T cells move from the cortex to the thymic medulla and 

interact with self-peptide-MHC complexes on the surface of DCs and mTECs (24, 27). 

In the medulla, ectopic expression of TRAs is more complete than in the cortex, and this 

occurs in large part through the activity of a potent transcriptional activator known as the 

autoimmune regulator (AIRE) protein (26). T cells that recognize self-peptide-MHC with 

high affinity die by apoptosis in a process termed negative selection (also called clonal 

deletion). This ensures that T cells with high affinity for self tissue do not mature, 

therefore lowering the possibility of autoimmune diseases. T cells with intermediate 

affinity for self-peptide-MHC on DCs or mTECs, however, receive survival signals 

allowing them to mature and enter peripheral tissues (a similar process occurs in the 

bone marrow to eliminate auto-reactive B cells). Thus in essence all mature T cells 

express TCR that are self-reactive, if this were untrue, the process of positive selection 

could not occur. Our immune system therefore relies on the cross-reactive nature of 

antigens to mount immune responses to pathogens, and also relies on T regulatory 

cells, an immunosuppressive T cell (discussed below), to maintain tolerance to self.       
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 In this way, it is conceivable that hemophilia A patients that are unable to 

produce large portions or any of the FVIII protein (because of null mutations or large 

deletions), would not produce FVIII in the thymus and subsequently could not delete 

high-affinity FVIII-reactive T cells. These T cells will then populate the peripheral tissues 

leading to the development of FVIII inhibitors when patients are treated with FVIII 

replacement therapy. It is important to note that not all patients with null mutations or 

large deletion mutations develop FVIII inhibitors (22, 23). Why inhibitor formation does 

not take place in these cases is poorly understood. It is likely that in many of these 

cases there are several if not many genes that contribute to the formation of FVIII 

inhibitors. Indeed, polymorphisms in a number of immune response genes, namely 

CTLA-4 (Cytotoxic T Lymphocyte-Associated Antigen 4), TNF-α (Tumor Necrosis 

Factor), IL-10 and MHC-II are associated with inhibitor formation (9). Undoubtedly, 

future studies will reveal that an even greater number of genes contribute to a lack of 

tolerance to FVIII. Therefore, while central tolerance may have an important influence 

on FVIII tolerance, it is very likely that other immunological regulatory events, 

particularly mechanisms of peripheral tolerance (discussed later), are also involved in 

this immune response. 

 
1.5.2 Primary Immune Response to FVIII. 

In the context of its immunological fate, after intravenous infusion in mice and men, 

FVIII circulates in the blood and its journey ultimately ends in the spleen. In the spleen, 

DCs residing near the periarteriolar sheath, the site at which antigens from the blood 

enter the spleen, endocytose the infused FVIII through macropinocytosis and receptor-

mediated endocytosis, this latter process requiring recognition of post-translational 
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glycans on the mature FVIII molecule (Figure 1.3) (28). DCs then proteolytically process 

FVIII into small peptides 9 to 16 amino acids in length. These peptides are then 

transported in lysosomal vesicles to the plasma membrane, where they bind to the 

groove on MHC-II molecules (29). These FVIII peptide-loaded MHC-II molecules are 

then expressed on the surface of DCs for subsequent presentation to CD4+ T cells. 

Evidence for the requirement of CD4+ T cells in the immune response to FVIII came 

from an interesting clinical observation in hemophilia A patients with FVIII inhibitors that 

were also HIV+ve. As patients’ CD4+ T cell levels declined with the progression of HIV 

infection to AIDS, inhibitors to FVIII disappeared (30). Subsequent to this finding, 

numerous studies in the hemophilia A mouse have confirmed the necessity of CD4+ T 

cells in the development of inhibitors. 

CD4+ T cells must therefore express a TCR that can recognize FVIII in the 

context of MHC-II molecules. For complete T cell activation, three distinct molecular 

signals are required: FVIII-MHC-II-TCR interaction, co-stimulation provided by cell 

surface proteins on the DC, and an exchange of cytokines between the DC and T cell 

(Figure 1.3). The FVIII-specific CD4+ T cell will scan the DC for FVIII specific peptides: 

once cognate FVIII-MHC-II-TCR interaction is identified, the T cell will engage the DC 

for several hours (31), which will also include co-stimulatory molecule engagement. Co-

stimulatory molecules involved in this process for FVIII include CD40 and CD86, but not 

the other common co-stimulatory protein CD80 (32, 33). These receptor interactions 

more than likely take place in the so-called immune synapse, named after its similarity 

to the neurological synapse, a clustering of surface molecules on both the T cell and DC  
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Figure 1.3. The generation of FVIII inhibitors involves interactions between 
antigen presenting cells (APCs), CD4+ T cells and B cells.  Shortly after infusion, 
FVIII is endocytosed and proteolytically processed and FVIII peptides are presented to 
FVIII-reactive CD4+ T cells in the context of MHC class II molecules on the surface of 
DCs. DCs induce T cell activation and clonal expansion through T cell receptor 
stimulation, and engagement of co-stimulatory molecules including, but not limited to, 
CD40-CD40L and CD86-CD28. Activated T cells then traffic to the B cell follicles in the 
spleen, and at these sites, activate antigen-experienced FVIII-specific B cells through 
the identical MHC II-TCR interactions which originally activated the T cell. This T-B cell 
interaction is promoted by co-stimulatory molecule engagement and cytokine secretion. 
Activated B cells proliferate and terminally differentiate into anti-FVIII antibody secreting 
plasma cells, or into FVIII-specific memory B cells that reside in the spleen and bone 
marrow, and are quickly activated following subsequent exposure to FVIII. 
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at the site of contact between these two cell types. In vivo, through yet-to-be-identified 

mechanisms, FVIII infusions lead to an upregulation of both CD40 and CD80 on DCs, in 

contrast, however, DCs grown in culture and stimulated with FVIII do not increase 

expression of these molecules (34, 35).  

Although macrophages and B cells are considered professional antigen 

presenting cells, it is highly unlikely that they can activate naïve CD4+ T cells due to the 

exceptionally specific immune synapse required for T cell activation (36). Recent 

studies suggest that the microenvironment within the living animal largely contributes to 

this dichotomy (35, 37). For example, thrombin plays an important role in mediating 

inflammation, particularly through the activation of protease-activated receptors that are 

expressed on DCs (38). Indeed, inhibiting thrombin generation concomitantly with FVIII 

infusions limits the immunogenicity of FVIII in vivo (37). 

Following this extended interaction with DCs, T cells traffic to B cell follicles in the 

spleen (39). At these sites, B cells will be antigen-experienced: they will have 

endocytosed FVIII using the B cell receptor (membrane-bound anti-FVIII Ab) and will 

express FVIII peptides in the context of MHC-II molecules (40). Activated CD4+ T cells 

interact with these B cells through MHC-II-TCR, through costimulation (likely CD30, 

CD40, and CD86), and through the exchange of cytokines which subsequently leads to 

the activation of these B cells (41). Following activation, B cells begin to proliferate and 

terminally differentiate into plasma cells or into memory B cells, the latter of which can 

differentiate into plasma cells following rechallenge with FVIII (39). Plasma cells, which 

reside in the bone marrow and spleen, are either short or long-lived and secrete large 

amounts of anti-FVIII Ab that leads to neutralization of FVIII procoagulant activity. 



18 
 

1.5.3 Secondary FVIII Immune Response. 

Seropositivity to FVIII can persist for many years without rechallenge with FVIII, and is 

therefore more than likely maintained by long-lived plasma cells (42). Indeed, long-lived 

plasma cells can be found in the spleen and bone marrow for many years after the 

primary immune response (43, 44). Rechallenge with FVIII after the primary response 

will further enhance the FVIII inhibitor titre (anamnesis). This is due to the clonal 

expansion of FVIII-specific memory CD4+ T cells and memory FVIII-specific B cells 

following subsequent FVIII exposure. In this FVIII-primed immune system, memory 

CD4+ T cells may have a lower activation threshold, and memory B cells rapidly 

proliferate and differentiate into Ab secreting plasma cells. Furthermore, B cells in this 

setting may be capable of presenting antigen to naïve CD4+ T cells, further amplifying 

the immune response, although this has yet to be proven. Under these conditions, 

subsequent exposures to FVIII rapidly increase the inhibitor titre in hemophilia A 

patients, further confounding the nature of this problem. 

 
1.6 Risk Factors for FVIII Inhibitor Formation. 

There are numerous genetic and environmental risk factors that are useful to predict 

whether a young boy with hemophilia will develop FVIII inhibitors (Table 1.1) (22, 23, 

45). The FVIII genotype is perhaps the most valuable information in predicting FVIII 

inhibitor development, with >40% of patients with large deletion mutations (>greater 

than 100bp) in the FVIII gene eventually forming inhibitors. This is compared to an 

inhibitor risk of ~5% in patients with missense mutations, and ~15% with small deletion 

mutations (<100 bp) (22). A family history of inhibitor is also a significant risk factor,  
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Table 1.1. Genetic and environmental risk factors that contribute to FVIII inhibitor 

formation. 

 

 

 

 

 

 

 

 

  

Genetic Risk Environmental Risk 
FVIII genotype Few FVIII exposure days 

Family history of inhibitor Type of FVIII product 
Immunogenotype 

(TNF, IL-10, CTLA-4, 
MHC-II haplotype) 

Trauma or Surgery with 
concomitant FVIII exposure 

 Age at first exposure 
 Intense FVIII exposure 
 Ethnicity 
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and this risk decreases with decreased relatedness between family members (eg. a 

cousin with an inhibitor brings a lower risk than a sibling with an inhibitor). The 

immunogenotype of the hemophilia A patient, including polymorphisms in the genes 

encoding CTLA-4, TNF-α, and IL-10, as well as the MHC-II haplotype, also influences 

inhibitor development. For example, polymorphisms in the IL-10 gene that enhance the 

production of IL-10 are associated with an increased risk of inhibitor development (9). 

Finally, some ethnic groups such as African Americans and Hispanics have an 

increased likelihood of inhibitor development. Whether this is the consequence of 

“mismatched” coding sequence FVIII polymorphisms or to differences in their 

immunogenotypes is unknown (46). While genetic influences are valuable for predicting 

inhibitor formation, environmental influences are also important considerations in the 

management of hemophilia patients 

Environmental factors that influence inhibitor formation include the type of FVIII 

product (recombinant versus plasma-derived), age of the patient (higher risk in younger 

patients), less than 20 exposure days to FVIII, intensity of FVIII treatment, and 

inflammation concomitant with FVIII infusion (45). In addition to these, surgery is also 

considered an important risk factor for inhibitor development (45, 47). The clinical 

hypothesis suggests that surgery induces a proinflammatory state that enhances the 

immunogenicity of FVIII. Additionally, at the time of surgery, hemophilia A patients 

usually (depending on the invasiveness of surgery) require intensive exposure to FVIII. 

It is believed that these two conditions, a proinflammatory state and intensive FVIII 

exposure during the peri-operative time, can lead to a loss of FVIII tolerance. In a very 

similar way to surgery, patients experiencing significant trauma, typically coupled with 
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uncontrolled bleeding and/or tissue damage, are very likely to be in a highly pro-

inflammatory state. Furthermore, to control bleeding in this pro-inflammatory setting, the 

patient is administered large amounts of FVIII. The idea of a pro-inflammatory 

microenvironment leading to enhanced FVIII immunogenicity is only theoretical, and 

there is currently no literature describing this phenomenon at the basic science or 

clinical levels. There are however two conflicting clinical studies that have evaluated the 

outcome of surgery in hemophilia A patients: A retrospective study showed that there 

was an association between surgery and inhibitor formation (48), and in a case-

controlled cohort study, in contrast, no association was found (49).  

Even though these are the only studies that have evaluated the role of surgery in 

inhibitor formation, the hemophilia community at large strongly believes that surgery is 

the most important environmental risk factor for inhibitor formation (47). Because of this 

disconnect between belief and evidence, the influence of surgery in the immunogenicity 

of FVIII is considered in detail in this thesis. 

 
1.7 Immunological Tolerance. 

In the 1970s and early 80s there were a significant number of studies that described the 

presence of a suppressor T cell in the mammalian immune system (50). However, 

toward the end of the 1980s, research on the suppressor T cell became unpopular due 

to a lack of distinct markers that could be used to differentiate suppressor cells from 

conventional effector T cells. In 1995, a seminal paper described a unique population of 

CD4+ T cells expressing the high affinity α chain of the IL-2 receptor, known as CD25, 

and this CD4+CD25+ population possessed potent immunosuppressive capabilities 

(Figure 1.4A) (51). Indeed, if the CD4+CD25+ population is depleted in vivo, pathogens 
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are cleared more quickly, clearance of tumor antigens is enhanced, and localized 

autoimmunity occurs (52, 53). Since this discovery, it has been recognized that, while 

the mammalian immune system has evolved a vast antigen recognition specificity to 

protect the host from infection and disease, it has also simultaneously developed an 

important regulatory (suppressive) component of the immune system. This is in part 

because the process of central tolerance is not exhaustive, as some T cells with high-

affinity for self-peptide can escape deletion in the thymus, populating the peripheral 

tissues as effector cells. The existence of a regulatory component is also important to 

control the magnitude of the immune response to pathogens, as it is essential to 

shutdown the immune response once a pathogen has been cleared. These T 

suppressor cells are now commonly referred to as T regulatory cells (Tregs). 

 The Treg field was further advanced by the discovery of FoxP3, a transcription 

factor belonging to the forkhead family, a key regulator in the development and function 

of Tregs, and perhaps the most important marker expressed by CD4+CD25+ Tregs (54).  

The role of FoxP3 in immune regulation was first identified in patients that have 

mutations in the FoxP3 gene. These individuals develop the disorder IPEX (Immune 

Dysregulation Polyendocrinopathy Enteropathy X-linked syndrome), which is 

characterized as a fatal autoimmune disease where patients develop diabetes, eczema, 

food allergies and enlargement of the secondary lymphoid organs (55). A similar 

lymphoproliferative disorder occurs in the “Scurfy” mouse, which also has a mutated 

FoxP3 gene (56). These mice have uncontrolled proliferation of CD4+ T cells leading to 

multiorgan infiltration of these lymphocytes, and systemically elevated cytokine levels, 

resulting in lethality at 3-4 weeks of age. 
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 There are two main types of Tregs, those that are naturally occurring Tregs 

(nTreg) and those that are inducible (iTregs), and these are principally differentiated 

based on their developmental site (24, 27, 50). iTregs develop from naïve conventional 

CD4+ effector T cells in the peripheral tissues, and are converted from an effector to 

regulatory phenotype. In contrast, nTregs develop in the thymus, during the process of 

positive and negative selection, in parallel with conventional effector T cells. It is clear 

that T cells with suppressive activity importantly contribute to normal immune functions 

by preventing autoimmune disease and limiting the immune response once pathogens 

have been cleared. Indeed, many more functions have been attributed to Treg cells 

such as suppressing allergy and asthma, induction of tolerance against dietary 

antigens, and protection of the normal bacterial flora from removal by the immune 

system. 

 
1.7.1 Naturally Occurring and Inducible T Regulatory Cells. 

CD4+ nTregs develop in the thymus alongside CD4+ effector T cells and comprise 

approximately 5-10% of the peripheral CD4+ T cell pool (50). They exit the thymus as 

CD4+CD25+FoxP3+ T cells with immunosuppressive capabilities (Figure 1.4A). The 

mechanisms that determine whether a CD4+ cell acquires a regulatory or effector 

phenotype are not well understood, although it may be related to the sensitivity to the 

nTreg TCR for self antigen, which in humans tends to be responsive to 10- to 100-fold 

lower concentrations of antigen than effector T cells (27). There are no markers that  

specifically identify nTregs, although they do express high levels of CD25. CD25 is not  
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Figure 1.4. The development of Tregs, some common Treg markers and 
mechanisms of Treg-mediated effector T cell suppression. (A) nTregs are 
generated in and leave the thymus as FoxP3+ cells and in the peripheral tissues 
express the listed markers. iTregs leave the thymus and enter the peripheral tissues as 
FoxP3- effector T cells. In the periphery, effector T cells can undergo induction (eg. 
Mucosal antigen exposure, mucosal tolerance) to become an iTreg. iTregs will express 
some, but not all, of the listed markers. (B) Tregs suppress effector T cell activation and 
proliferation through cell-to-cell dependent mechanisms, or mediate suppression via 
soluble factors that act on effector T cells. Adapted from (50). 
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unique to nTregs, as this marker is expressed on all CD4+ T cells immediately following 

activation, although the role of CD25 in maintaining and preventing autoimmunity is 

clear (51). The most important and specific marker for nTregs is FoxP3, which is first 

expressed in the thymus by developing nTregs. It is the expression of FoxP3 at this 

point that leads the T cell to a regulatory phenotype. nTregs also express CTLA-4 

(cytotoxic T lymphocyte-associated antigen 4), GITR (glucocorticoid-induced tumor 

necrosis factor receptor family-related gene), LAG-3, CD39, CD62L and CD73, yet not 

one of these markers is entirely restricted to nTregs (Figure 1.4A) (50). 

 While nTregs develop in the thymus and exit directly as immunosuppressive 

cells, in contrast, iTregs develop from naïve effector CD4+ T cells in the peripheral 

tissues (Figure 1.4A) (27). Following their induction, iTregs can acquire CD25 and 

FoxP3 expression, although not all iTregs express FoxP3. Because of their inducible 

nature, iTregs are an extremely important cell type for immune tolerance induction 

therapies. There are two primary subtypes of iTregs that are differentiated based on the 

cytokines required for their induction. Type 1 regulatory T cells (Tr1) are iTregs that are 

induced by IL-10, and T helper 3 regulatory cells are induced by TGF-β, both of these 

cytokines are secreted by DCs or macrophages. Both of these subsets mediate 

suppression, at least in part, by secreting the cytokines required for their induction. 

While Th3 cells express FoxP3 following induction by TGF-β, Tr1 cells do not express 

FoxP3. Both subsets of iTegs, like nTregs, express CD25, CTLA-4, GITR, and CD62L, 

therefore it is very difficult to differentiate between these cell types (Figure 1.4A) (50). 
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1.7.2 Mechanisms of Treg-Mediated Immune Suppression. 

Tregs have a broad arsenal of suppression mechanisms, some of which require direct 

cell-to-cell contact, while some other mechanisms are mediated through soluble factors 

(Figure 1.4B) (27, 50, 57). Tregs that mediate suppression by direct cellular contact can 

kill effector T cells through a granzyme and perforin-dependent manner. In this manner, 

Tregs interact with the target T cells, releasing perforin which, in turn, permeates the 

target cell membrane to granzyme, which induces caspase cleavage leading to 

apoptosis. Some Tregs can also mediate suppression in a contact-dependent manner 

through the expression of membrane-bound TGF-β, or through CTLA-4. CLTA-4 binds 

to and is the negative regulator of CD28, which is required for T cell activation and 

proliferation. Rather than directly inhibiting effector T cells, Tregs can also interact with 

and modulate DC function. For example, CTLA-4 expressed by Tregs can interact with 

CD80/CD86 on DCs, reducing the ability of DCs to induce the activation of naïve T 

cells. Furthermore, Tregs can induce DCs to produce IDO (indoleamine 2,3-

dioxygenase), an enzyme that degrades the essential amino acid tryptophan. These 

IDO-expressing DCs are then either incapable of subsequently activating naive effector 

T cells, or their interaction with naïve T cells may result in the generation of more Tregs. 

 There are several soluble factors, mainly cytokines, that Tregs utilize to mediate 

immunosuppression. IL-10, TGF-β, and the newly discovered IL-35 are produced and 

secreted by Tregs and have suppressive effects on effector T cells. In a different way, 

through the high-level expression of CD25, Tregs can sequester soluble IL-2 that is 

required for effector T cell activation and proliferation. In this way, Tregs deprive or 

essentially starve effector T cells, ultimately suppressing the immune response. 
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1.8 The Objectives of This Thesis. 

In 2010, the greatest limitation in the successful treatment of hemophilia A patients is 

the development of neutralizing Abs to the infused therapeutic FVIII protein. Related to 

this is an additional problem: an incomplete understanding of the immunobiology of 

FVIII, which if our knowledge of FVIII in the immunological context is more complete, 

will contribute invaluably to the creation of novel and robust immunological tolerance 

induction therapies. Therefore, the research presented in this thesis is focused on these 

two issues, novel FVIII tolerance induction strategies and understanding the 

immunobiology of FVIII. 

 
Objective 1: To evaluate a novel and robust therapy to prevent FVIII inhibitors by 

induction of immunological tolerance to FVIII in hemophilia A mice. 

There is no therapy to prevent the development of FVIII inhibitors in young boys with 

hemophilia A. When a young boy is born with hemophilia A, we currently only evaluate 

the risk for inhibitor formation (eg. FVIII genotype, family history of inhibitor) and hope 

that the child does not develop an inhibitor. Anti-CD3 has been studied in several 

different autoimmune models (eg. type 1 diabetes, experimental autoimmune 

encephalomyelitis) as an effective and robust method to induce immune tolerance in 

these settings. To induce tolerance to FVIII, hemophilia A mice were treated 

intravenously with anti-CD3 at an optimized dose prior to immune system challenge with 

FVIII. We evaluated inhibitor formation, and characterized the cellular and molecular 

immune response to FVIII following this therapy. 
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Objective 2: To evaluate the association between surgery and FVIII inhibitor 

formation. 

In 2010, the hemophilia community widely believes that hemophilia A patients who 

undergo surgery have an extremely high risk of developing a FVIII inhibitor. However, 

there is no basic science data to support this clinical hypothesis and only two clinical 

studies that are divergent in their findings on the role of surgery on inhibitor formation. 

To evaluate the influence of surgery on inhibitor formation, we developed a novel 

surgical model in hemophilia A mice and assessed the immunogenicity of FVIII when 

administered in the context of surgery. We measured FVIII inhibitor formation and 

studied the immune response following surgery and FVIII infusions. 

 
Objective 3: To determine if there is a possible role for central tolerance to FVIII. 

Our current understanding of some of the most basic aspects of FVIII immunobiology is 

incomplete. An important example of this deficit of knowledge is whether there is a role 

for central tolerance to FVIII in shaping the peripheral T cell repertoire. There is 

significant indirect evidence of central tolerance to FVIII yet no basic science that 

directly demonstrates this phenomenon. To determine if there may be a role for central 

tolerance to FVIII, we studied FVIII gene and protein expression in the normal murine 

thymus. We have also begun to generate animals that are deficient for FVIII and AIRE 

and present preliminary data of the immunogenicity of FVIII in these mice. 
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CHAPTER 2 
 
 
 
 
 

Anti-CD3 Prevents Factor VIII Inhibitor Development in Hemophilia A 
Mice by a Regulatory CD4+CD25+ - Dependent Mechanism and by 

Shifting Cytokine Production to Favour a Th1 Response. 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter has been published in the journal Blood 
2009 Jan 1;113(1):193-203. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I performed all of the experiments. Most of the animal experiments were performed by 
Erin Burnett and Andrea Byant.  
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2.1 Abstract  
 

Non-Fc-Receptor binding anti-CD3 Ab therapy, in the setting of several different 

autoimmune disorders, can induce antigen-specific and long-lasting immunological 

tolerance. As FVIII inhibitor formation is the most serious treatment-related complication 

for hemophilia A patients, we tested the efficacy of anti-CD3 to prevent FVIII inhibitor 

formation in hemophilia A Balb/c and C57Bl/6 mice.  A short course of low-dose anti-

CD3 significantly increased expression of CD25 and the proportion of CD4+CD25+ 

regulatory T cells in the spleen and potently prevented the production of inhibitory and 

non-neutralizing anti-FVIII Abs in both strains of mouse. Depleting the CD4+CD25+ cells 

during anti-CD3 therapy completely ablated tolerance to FVIII. Further phenotypic 

characterization of regulatory cells in tolerant mice showed a consistently higher 

number of CD4+GITR+ and CD4+FoxP3+ cells in both strains of mouse. Additionally, in 

tolerant C57Bl/6 mice we observed an increase in CD4+CD25+CTLA-4+ and 

CD4+CD25+mTGF-β1+ cells. Finally, in vitro cytokine profiling demonstrated that 

splenocytes from tolerant Balb/c and C57Bl/6 were polarized toward a Th1 immune 

response. Taken together, these findings indicate that anti-CD3 induces tolerance to 

FVIII, and that the mechanism(s) regulating this response almost certainly occurs 

through the generation of several distinct regulatory T cell lineages and by influencing 

cytokine production and profile. 
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2.2 Introduction  

Hemophilia A is the most common severe inherited bleeding disorder. Patients with this 

disease are treated with recombinant or plasma-derived FVIII, which allows them to 

lead relatively normal lives (58). In approximately 25% of treated patients, however, the 

development of anti-FVIII antibodies (FVIII inhibitors) severely complicates FVIII 

replacement therapy and significantly increases morbidity within the hemophilia 

population (14-16, 59). These antibodies neutralize the procoagulant cofactor activity of 

FVIII or enhance its clearance from plasma (59). 

In developed countries, there are two approaches to the clinical management of 

FVIII inhibitors: the treatment or prevention of bleeding and long-term immune tolerance 

induction (ITI). Bleeding is controlled with variably effective and expensive FVIII 

bypassing agents such as rFVIIa and FEIBA (FVIII inhibitor by-passing agent). In 

contrast, ITI is usually attempted through the administration of FVIII at a dose and 

frequency that depends on the ITI protocol (18). This treatment approach is practically 

challenging, costly, and can take months to years to be effective. In light of the 

significant limitations of the current treatment options, the development of effective, 

rapid and economical ITI strategies is a clinical priority.  

Currently, the most consistent model to study FVIII inhibitors is the hemophilia A 

mouse (FVIII-/-) (60-62). Repeated intravenous infusion of human FVIII into hemophilia 

A mice results in high titer inhibitor formation. This is a CD4+ T cell-dependent process 

that requires costimulation (32, 33, 62, 63). The dependance on CD4+ T cells for 

inhibitor formation also occurs in humans. Evidence of this first came from hemophilia A 

patients with FVIII inhibitors who were also HIV+: as patient CD4+ levels declined, there 
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was concomitant disappearance of FVIII inhibitors (30). Therefore, therapies that 

blocked T cell activation seemed to be promising candidates to prevent inhibitor 

formation. 

Indeed, Qian et al. demonstrated that FVIII-/-B7.2-/- double knockout mice will not 

develop anti-FVIII Abs following repeated immunization with FVIII, and that blocking the 

CD80-CD28 costimulatory interaction with soluble CTLA-4-Ig in FVIII-/- mice also 

prevented inhibitor formation (33). Additional studies in FVIII-/- mice showed that 

blockade of the CD40-CD40L interaction with anti-CD40L mAb also protects against 

FVIII inhibitor formation (32, 63). However, costimulatory blockade must be applied with 

each FVIII administration to maintain tolerance, and once the blockade is removed, the 

protective effect is lost. As the potential health risks of long-term costimulatory blockade 

has not yet been determined, and because many hemophilia A patients are treated 

frequently with FVIII, and would most likely need to co-administer blockade with each 

infusion, this therapy is not a viable option. 

In order to reach the clinic, a therapy that induces tolerance to FVIII should be of 

short duration, have long lasting therapeutic benefit, and allow the patient to develop a 

normal immune response against pathogens. One therapeutic agent that meets these 

criteria is the non-Fc-receptor-binding anti-CD3ε Ab (anti-CD3), generated as F(ab)’2 

fragments for animal studies, or as a humanized Ab with a mutated Fc region for clinical 

use (64-66). Anti-CD3 modifies the CD3-TCR complex, causing incomplete immune 

synapse formation and partial T cell signalling, which together can lead to T cell anergy 

or apoptosis, or to the expansion of regulatory CD4+CD25+ T cells (64, 67, 68). 
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Anti-CD3 has been studied as a tolerance-inducing agent for a number of 

autoimmune and inflammatory disorders. To date, the most extensive clinical and 

preclinical data on anti-CD3 have been generated from studies of type 1 diabetes (T1D) 

(64). In NOD mice, which spontaneously develop overt T1D, low doses of anti-CD3 (eg. 

40µg/d for 5 consecutive days) will suppress the onset of diabetes in 50-90% of the 

treated animals (69-72). The mechanism mediating this tolerance, at least in part, 

depended on a transient decease in the pathogenic effector CD4+ and CD8+ T cell 

levels concomitant with an increased CD4+CD25+ T regulatory cell population following 

anti-CD3 therapy (69, 72).  

Based on these potential benefits, and because the immune response to FVIII, 

similar to T1D, is highly dependent on CD4+ T cells, we have assessed the efficacy of 

anti-CD3 as a preventative therapy for FVIII inhibitors in hemophilia A mice. We 

hypothesized that anti-CD3 would transiently increase the CD4+CD25+ Treg population 

(69, 72), and decrease the frequency of FVIII-specific CD4+ effector cells. Together, 

these conditions would establish a tolerogenic therapeutic window, within which FVIII 

administration would result in FVIII tolerance as opposed to immunity. 

Here, we report that very small doses of anti-CD3 (10 µg/d) can prevent the 

generation of FVIII inhibitors in hemophilia A mice. We studied the efficacy of this 

treatment on two genetic backgrounds, and herein provide evidence of the cellular and 

molecular immunological mechanisms that regulate this response. 

 

 

 



35 
 

2.3 Materials and Methods 

2.3.1 Mice 

Hemophilia A mice on a C57Bl/6 background were generated by targeted disruption of 

exon 16 in the FVIII gene (60),(61) (generously provided by Dr. H. H. Kazazian). 

Congenic hemophilia A mice were generated by crossing the hemophilia A phenotype 

onto the Balb/c background for 10+ generations. A mix of age-matched male and 

female mice, between 8-16 weeks old, were used in all experiments. All animal 

procedures were reviewed and approved by the Queen’s University Animal Care 

Committee. Blood was taken by orbital plexus bleeding and was mixed with a 1/10 

volume of 3.2% sodium citrate, and plasma was separated by centrifugation of citrated 

blood at 10,000 g for 5 minutes at 4°C. Plasma was stored at -86°C for analysis at a 

later time. 

 
2.3.2 Effect of anti-CD3 on splenic T cell populations 

Hemophilia A Balb/c mice (n = 15) were treated intravenously (IV) with non-FcR-binding 

anti-CD3ε F(ab’)2 (anti-CD3, clone 145-2C11) (Bioexpress, Lebanon, NH) at 50 µg/d for 

5 consecutive days. At 1, 8 and 15 days after the final anti-CD3 injection, 5 mice per 

time point were sacrificed and single-cell suspensions were prepared from their 

spleens. Untreated and age-matched mice (n = 6) were included to determine basal T 

cell levels. Cells were incubated with Abs to CD4-PE, CD8-PE and CD25-FITC 

(eBioscience, San Jose, CA). The staining protocol is detailed in the materials and 

methods under “Antibodies and Flow Cytometry”. 
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2.3.3 Treatments 

Prior to FVIII immunizations, mice were treated with anti-CD3 diluted in HBSS daily for 5 

consecutive days at 10, 25, 50, 100 or 200 µg/d. Control mice received a volumetric 

equivalent of HBSS, in place of anti-CD3, daily for 5 d. Three days after the final anti-

CD3 or HBSS injection, mice received the first of 4 weekly IV immunizations with 0.2 µg 

recombinant human FVIII, ~50 U/kg (Kogenate FS, Bayer, Elkhart, IN). This dose of 

FVIII is equivalent to that given to bleeding hemophilia A patients, and, in the absence 

of immunomodulation, results in FVIII inhibitor formation in all mice that receive this 

immunization regimen. 

 
2.3.4 Antibodies and Flow Cytometry 

Antibodies specific for CD4-PE-Cy5, CD25-FITC (clone 7D4) (BD Biosciences, San 

Jose, CA), CD4-PE, CD8-PE, CD25-FITC (clone PC61), CTLA-4-PE, GITR-PE, CD62L-

PE, FoxP3-PE (eBioscience) and TGF-β1-PE (IQ Products, Rozenburglaan, The 

Netherlands) were used. Single-cell suspensions were pooled from the spleens of 

“protected” anti-CD3-treated animals (mice that did not develop FVIII inhibitors following 

4 FVIII immunizations), HBSS-treated (HBSS instead of anti-CD3), or untreated mice (n 

= 2-3/group). Cells were incubated with Fc Blocker (CD16/32, eBioscience) for 15 

minutes and then stained for expression of surface markers for 30 minutes at 4°C. To 

detect FoxP3 expression, cells were permeabilized with the cytofix/cytoperm kit (BD 

Biosciences), incubated with Fc Blocker as before, and stained with anti-FoxP3-PE for 

30 minutes at 4°C. The cells were fixed with 1% paraformaldehyde, the data acquired 

on an EPICS Altra HSS flow cytometer (Beckman Coulter, Fullerton, CA) and analyzed 

using FLOWJO software (Tree Star Inc., Ashland, OR).  
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2.3.5 Bethesda assay 

Inhibitory FVIII Abs were measured using the Bethesda assay and were reported as 

Bethesda units per mL (BU/mL) (73), where one BU/mL is defined as the dilution of 

plasma containing FVIII inhibitory activity that results in 50% inhibition of FVIII activity 

(FVIII:C) after a 2 hr incubation at 37ºC. Mouse plasma was serially diluted in buffer (50 

mM Hepes, 100 mM NaCl, 0.1% BSA w/v, pH 7.4), such that the residual FVIII:C for 

each sample was between 25-75%, mixed 1:1 with pooled normal human plasma 

(Precision Biologics, Dartmouth, NS), and incubated for 2 hours at 37°C. The remaining 

FVIII activity was quantified by a one-stage FVIII coagulation assay on a Coag-A-Mate 

MAX (Biomerieux, Durham, NC) automated coagulometer. For all samples, to reduce 

error in the assay and inconsistency between samples, the reported inhibitor titer in 

BU/mL was calculated from the dilution of plasma that yielded a residual FVIII:C of 

approximately 50%. 

2.3.6 ELISA experiments 

Anti-FVIII isotype measurement: 

96-well microtiter plates were coated with FVIII (0.05 µg/well) in 50 mM carbonate buffer 

(pH 9.6) overnight at 4°C. Plates were washed with 0.1% Tween-20 in HBSS and 

blocked for 2 hours in blocking buffer (2% BSA w/v in HBSS) at room temperature (RT). 

Plasma from “protected” anti-CD3-treated or HBSS-treated mice was serially diluted in 

blocking buffer and incubated on the plate for 2 hours at RT. Secondary antibodies 

(Southern Biotech, Birmingham, AL), specific for the heavy chain region of mouse IgM, 

IgG1, IgG2a and IgG2b, and conjugated to horse radish peroxidase, were added and 

incubated for 1 hour at RT. Colour was generated by the addition of 3,3’,5,5’ 
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tetramethlybenzidine substrate reagent (BD Biosciences) for 15 minutes, and the 

reaction was stopped with 1 M H2SO4. Optical density was read at 490 nm on a VERSA 

max microplate reader (Molecular Devices, Sunnyvale, CA). The antibody titre that is 

reported was the highest dilution of mouse plasma that showed a positive signal (optical 

density >0.1). 

 
Cytokine measurements: 

Single-cell suspensions were prepared from the spleens of “protected” anti-CD3-

treated, HBSS-treated, or untreated mice (n = 2-3/group) 1 week after the final FVIII 

immunization. Splenocytes (5 x 106 cell/mL) were cultured in vitro with an anti-CD3/anti-

CD28 mixture (1 µl of each, BD Biosciences) to generate non-specific activation, with 

1.0 µg/mL FVIII to generate antigen-specific activation, or were not stimulated, for 72 

hours at 37°C (the optimal concentration of FVIII for restimulation was determined by 

adding 0.01, 0.1 or 1.0 µg/mL FVIII to splenocytes, and sandwich ELISA for IL-2 was 

performed (Figure S1)). Sandwich ELISA was performed on culture supernatants to 

determine levels of IL-2, IL-4, IL-5, IL-10, IFN-γ (eBioscience), and TGF-β1 (BD 

Biosciences). Data acquisition and analysis was performed using a VERSA max 

microplate reader (Molecular Devices) and analyzed with Softmax Pro software. 

 
2.3.7 Depletion of CD4+CD25+ cells 

Hemophilia A Balb/c mice were injected intraperitoneally with 1 mg anti-CD25 (clone 

PC61) or an isotype control antibody (Rat IgG1) (Bioexpress) on day 0 and 5, and on 

days 3-7, mice received 10 µg/d of anti-CD3 (Figure 2.4A). Three days after the final 

anti-CD3 injection, mice were sacrificed and splenocytes were analyzed for expression 
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of CD4 and CD25, using anti-CD4-PE and anti-CD25-FITC clone 7D4. An identical 

treatment regimen was performed as described above (Figure 4A), but at 3 days after 

the anti-CD3 injections (day 10), the mice received the first of 4 weekly FVIII 

immunizations (the time point at which the first FVIII immunization was administered for 

the previous inhibitor experiments). The subsequent immune response to FVIII was 

determined 1 week after the final FVIII immunization by the Bethesda assay. 

 
2.3.8 Anti-CD3 transwell experiment 

Sex and age-matched hemophilia A Balb/c mice were treated with anti-CD3 (10 µg/d) 

and immunized with FVIII as described in the “Treatments” section. Spleens were 

pooled from tolerized anti-CD3-treated animals and CD4+CD25+ cells were isolated 

using the CD25+ Treg isolation kit (Miltenyi Biotech), and CD4+CD25- cells were 

collected as the cellular fraction that did not bind to the magnetic column. Total 

splenocytes (5 X 106 cell/mL) from HBSS control animals (FVIII immunized but no anti-

CD3 therapy) were cultured with CD4+CD25+ or CD4+CD25- cells (2 X 105) in the same 

well (coculture, CC) or were separated by a 0.4 µm transwell membrane (Corning Inc, 

Corning NY) and were restimulated with 1.0 µg/mL FVIII for 72 hours at 37°C. Sandwich 

ELISA was performed on culture supernatants to determine IFN-γ and IL-10 levels. 

Reduction of cytokine secretion was calculated by dividing cytokine levels in the 

coculture media (i.e., total splenocytes + CD4+CD25+ or CD4+CD25- cells from tolerant 

animals) by HBSS control splenocytes alone (i.e., not cultured with CD4+CD25+ or 

CD4+CD25- cells). 
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2.3.9 Statistics 

The data are expressed as the mean ± S.E.M. or ± S.D. In all experiments, statistical 

comparisons were calculated using a 2-tailed Student’s t test. The data were considered 

statistically significant at p < 0.05. 
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2.4 Results 

2.4.1 Increase in the splenic CD4+CD25+ T cell compartment following treatment 

with anti-CD3. 

In the NOD mouse, a short-course of treatment with anti-CD3 will increase the 

CD4+CD25+ regulatory T cell population in the peripheral blood (72), mesenteric and 

pancreatic lymph nodes (69). Since the immune response to FVIII in humans and mice 

probably occurs in the spleen (42, 62), we first determined the effect of anti-CD3 (at 

suboptimal doses of 50 µg/d for 5 consecutive days, the standard dose used in NOD 

mice) on splenic CD4+, CD8+ and CD4+CD25+ populations 1, 8 and 15 days after anti-

CD3 injections in Balb/c hemophilia A mice (Figure 2.1A). In addition to this, T cell 

populations were studied in naïve (untreated) hemophilia A Balb/c mice to establish 

their basal levels. At 1 day after anti-CD3 therapy there was a greater than 2-fold 

decrease in the effector CD4+ (p = 0.00009) and CD8+ (p = 0.000008) populations 

compared to untreated mice. At the same time point, the CD4+CD25+ T cell population 

in anti-CD3-treated mice increased by greater than 2.2-fold (p = 0.00021). The absolute 

CD4+CD25+ T cell levels (i.e., not gated on CD4+ cells) also increased (please refer to 

supplementary material online (74)). This increased CD4+CD25+ population was 

maintained until 8 days post anti-CD3 injections, but by 15 days, the CD4+, CD8+ and 

CD4+CD25+ populations returned their pre-treatment levels. Together, these data 

suggest that anti-CD3 treatment creates a transient therapeutic window, where effector 

CD4+ levels are low and relative levels of CD4+CD25+ cells are high. These conditions 

are sustained for at least 8 days following anti-CD3 treatment, and represent a time 

during which FVIII administration may be more tolerogenic. 
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Figure 2.1. Anti-CD3 treatment increases CD25 expression and prevents FVIII 
inhibitor formation in a dose-dependent manner. The mice (n = 5 - 8/group) were 
treated with 10, 25, 50, 100 or 200 µg/d of anti-CD3 for 5 d. Three days after the final 
anti-CD3 treatment, mice were immunized with 0.2 µg human FVIII weekly for 4 
consecutive weeks. The control mice (n = 8) received HBSS, in place of anti-CD3, 
followed by 4 FVIII immunizations. One week after the final FVIII immunization, plasma 
was collected and the immune response to FVIII was assessed by the Bethesda assay. 
Each point in the figure represents the inhibitor titer in an individual animal and the 
horizontal bars indicate the mean inhibitor titer in each group. Data are presented as 
mean ± S.E.M.   
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2.4.2 Anti-CD3 therapy protects hemophilia A mice from FVIII inhibitor formation. 

To determine if there was an effect on inhibitor formation, we administered anti-CD3 at 

various doses to hemophilia A Balb/c mice (n = 5-8/group), while control mice (n = 8) 

received HBSS rather than anti-CD3, and three days later, all mice were immunized 

with the previously described FVIII infusion schedule (Figure 2.1B). The FVIII inhibitor 

titres were determined via the Bethesda assay 1 week after the 4th and final FVIII 

immunization. All doses of anti-CD3 protected mice from inhibitor formation compared 

to the HBSS-treated controls, however, low anti-CD3 doses provided the greatest level 

of protection, with the lowest dose of 10 µg/d (p = 0.002) being most protective.  

In four separate experiments this optimal dose (10 µg/d) was administered to 

Balb/c hemophilia A mice, and three days later these mice were immunized with FVIII 

as before (Figure 2A, B). By 1 week after the final FVIII immunization, 98% of the 

HBSS-treated control (n = 30) and 22% of anti-CD3-treated mice (n = 33) were inhibitor 

positive. Twenty-seven of 33 anti-CD3-treated mice were inhibitor negative (p = 

0.000065) (Figure 2.2B). Importantly, at the same time, the mean inhibitor titre in the 

anti-CD3-treated mice was 1.6 ± 1.1 BU/mL compared to the HBSS-treated mice at 

50.1 ± 14.9 BU/mL (p = 0.0014) (Figure 2.2B). Tolerance was maintained for as long as 

the animals were studied (12 weeks, data not shown), and the tolerant animals did not 

show a memory response when re-challenged with FVIII 6 weeks after the final FVIII 

immunization (74). Collectively, these data demonstrate that the protective effect of anti-

CD3 is highly reproducible and extremely robust.  

The Bethesda assay is a functional assay that strictly measures the titre of the 

anti-FVIII Abs that inhibit the procoagulant cofactor activity of FVIII, yet provides no  
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Figure 2.2. Anti-CD3 prevents anti-FVIII Ab formation in Balb/c hemophilia A mice. 
(A) In four separate experiments using the optimized dose of anti-CD3 (10 µg/d for 5 d), 
the incidence of FVIII inhibitor formation was determined in HBSS-treated mice (n = 30) 
and anti-CD3-treated mice (n = 33). The incidence of FVIII inhibitor formation shown 
was determined 1 week after the final FVIII immunization. Data are presented as mean 
± S.D. (B) The FVIII inhibitor titer in BU/mL in the mice from (A) is shown at 1 week after 
the final FVIII immunization. (C) The anti-FVIII Ab isotypes were analyzed in the plasma 
of “protected” anti-CD3-treated (n = 5) (anti-CD3-treated mice that did not form inhibitors 
after 4 FVIII immunizations) and HBSS-treated mice (n = 8) 3 weeks after the final FVIII 
immunization. Data are presented as mean ± S.E.M.  (D) The effect of anti-CD3 at 10 
µg/d for 5 d (the optimized dose) on T cell populations in hemophilia A Balb/c mice  (n = 
5) is shown at 3 days after the final anti-CD3 injection, and is compared to untreated 
and age-matched animals (n = 5).  
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information regarding the total Ab titre, which includes both inhibitory and non-inhibitory 

Abs. Thus, we studied the spectrum of anti-FVIII Ab isotypes in “protected” anti-CD3 

mice (anti-CD3-treated Balb/c mice that remained inhibitor negative following FVIII 

immunizations) and the HBSS-treated mice by ELISA (Figure 2.2C). The HBSS-treated 

control mice predominately produced anti-FVIII Abs of the type IgG1 and IgG2a, while in 

contrast, the anti-CD3-treated mice did not produce significant levels of any of the 

isotypes (IgM, IgG1, IgG2a and IgG2b). These results, taken together with the Bethesda 

data, suggest anti-CD3 protects mice from total anti-FVIII Ab formation. 

We initially studied the effect of anti-CD3 on T cell populations at a dose of anti-

CD3 (50 µg/d) previously used in T1D studies (70). Additionally, FVIII was administered 

3 days after anti-CD3 injections, and we did not study T cell levels at this time point. 

Thus, we studied the effect of the optimal dose (10 µg/d) of anti-CD3 on T cell 

populations (CD4+, CD8+ and CD25+) in Balb/c hemophilia A mice 3 days after the final 

anti-CD3 injection, and this was compared to untreated mice (Figure 2.2D). At 3 days 

after the 10 µg/d anti-CD3 treatment, the CD4+ and CD8+ levels decreased by 1.6-fold 

compared to the untreated mice, while the CD4+CD25+ population increased by 1.8-fold 

(p = 0.0018). These data are consistent with those using 50 µg/d anti-CD3 (70), and 

indicate that the increased CD4+CD25+ and decreased effector CD4+ populations, at 

least in part, may be responsible for the reduced immune response to the FVIII 

immunizations. 

In two independent experiments, hemophilia A mice on the C57Bl/6 background 

were treated to determine if this therapy could be generalized to another genetic 

population. These mice received the dose of anti-CD3 optimized in the Balb/c model (10 
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µg/d for 5 d), and 3 days later, were immunized with FVIII as before (Figure 2.3). One 

week after the final FVIII immunization all HBSS-treated C57Bl/6 hemophilic mice (n = 

11) were inhibitor positive, while only 50% of the anti-CD3-treated mice (n = 18) had 

inhibitors (Figure 2.3). Furthermore, the mean inhibitor titer in the HBSS-treated mice 

was 60.2 ± 36.7 BU/mL compared to the anti-CD3 group at 29.0 ± 37.2 BU/mL (p = 

0.034). Taken together, these data indicate that anti-CD3 therapy is effective at 

preventing inhibitor formation on two distinct genetic backgrounds, albeit to lesser 

extent, at a non-optimized dose, in the C57Bl/6 mice than in the Balb/c model. 

 
2.4.3 CD4+CD25+ Tregs from tolerant anti-CD3-treated mice are suppressive in 

vivo and in vitro and require cellular contact. 

Since anti-CD3 treatment increased CD4+CD25+ T cells (Figure 2.1A and 2.2D), we 

depleted this population to test its importance in the FVIII tolerogenic process. Anti-

CD25 (clone PC61) is highly effective at depleting murine CD4+CD25+ cells in vivo (53, 

69, 75-77). To determine the extent of depletion of the CD4+CD25+ compartment with 

anti-CD25 in anti-CD3-treated mice, we injected hemophilia A Balb/c mice 

intraperitoneally with anti-CD25 (PC61, n = 3) or isotype control (Rat IgG1, n = 3) on 

days 0 and 5 (Figure 2.4A). Mice were then treated with 10 µg/d anti-CD3 on days 3-7 

and on day 10 splenocytes were analyzed for expression of CD4 and CD25 by flow 

cytometry using anti-CD25 clone 7D4, which binds to a different epitope on the CD25 

complex than the depleting anti-CD25 mAb (clone PC61) (Figure 2.4B, C). Importantly, 

there was nearly complete ablation of the CD4+CD25+ compartment in anti-CD25/anti-

CD3-treated mice (1.4% ± 0.6%) compared to the isotype control/anti-CD3-treated mice 

(15.2% ± 0.6%, p = 0.0009) (Figure 2.4C). Furthermore, as expected, due to anti-CD3  



 

               

 

 

      

                 

 

 

 

Figure 2.3. Anti-CD3 prevents FVIII inhibitor formation in C57Bl/6 hemophilia A 
mice. In two independent experiments, anti
model (10 µg/day for 5 d), was administered to C57Bl/6 hemophilia A mice (n = 16). The 
C57Bl/6 control mice (n = 11) received HBSS rather than anti
three days later were immunized with FVIII as outlined for Balb/c hemophilia A mice. 
Data are presented as mean ± S.E.M.
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CD3 prevents FVIII inhibitor formation in C57Bl/6 hemophilia A 
In two independent experiments, anti-CD3, at the dose optimized in the Balb/c 

g/day for 5 d), was administered to C57Bl/6 hemophilia A mice (n = 16). The 
C57Bl/6 control mice (n = 11) received HBSS rather than anti-CD3 daily for 5 d, and 

ays later were immunized with FVIII as outlined for Balb/c hemophilia A mice. 
± S.E.M. 

CD3 prevents FVIII inhibitor formation in C57Bl/6 hemophilia A 
CD3, at the dose optimized in the Balb/c 

g/day for 5 d), was administered to C57Bl/6 hemophilia A mice (n = 16). The 
CD3 daily for 5 d, and 

ays later were immunized with FVIII as outlined for Balb/c hemophilia A mice. 
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Figure 2.4. CD4+CD25+ cells are required in vivo and in vitro for anti-CD3-

mediated tolerance and mediate suppression through a contact-dependent 

mechanism. (A) Experimental outline for the in vivo depletion of CD4+CD25+ cells. Anti-

CD25 was administered intraperitoneally on days 0 and 5, while anti-CD3 was given 

intravenously on days 3-7. On day 10 mice were sacrificed or were immunized with 

FVIII. (B) Raw data demonstrating that the spleen was completely depleted of 

CD4+CD25+ cells after injection of anti-CD25 (clone PC61, n = 3) or isotype control 

(IgG1, n = 3) during anti-CD3 treatment (10 µg/d for 5 d). Splenocytes from untreated 

aged-matched mice are shown for reference (n = 3). (C) Quantification of the effect of 

anti-CD3/anti-CD25 on CD4+ and CD4+CD25+ populations as shown in (B). Anti-CD3, 

as shown in previous experiments, can deplete CD4+ cells, and this is clearly evident in 

the isotype control and anti-CD25 group compared to untreated mice. An increase in 

CD4+CD25+ cell levels is also evident in the anti-CD3-treated isotype control mice. 

However, despite anti-CD3 treatment, which increases CD4+CD25+ cell levels, anti-

CD25 almost completely depleted this population. (D) Evaluation of FVIII inhibitor 

formation following depletion of CD4+CD25+ cells. During anti-CD3 treatment (10 µg/d 

for 5 d), mice were treated with anti-CD25 (n = 6) or isotype control antibody (n = 6), 

which was followed with 4 FVIII immunizations as previously described. The subsequent 

immune response to FVIII was analyzed by the Bethesda assay 1 week after the final 

FVIII immunization. Tolerance to FVIII was completely abrogated in the anti-CD25 mice, 

but not in the isotype controls. (E) CD4+CD25+ or (F) CD4+CD25- cells isolated from 

tolerant anti-CD3-treated mice were cocultured, in the presence of FVIII, with total 

splenocytes from FVIII-immunized, HBSS control animals (no anti-CD3 therapy) in the 

same well (coculture, CC), or were separated by a transwell membrane (transwell, TW). 

Data are presented as mean ± S.E.M. 
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treatments, the CD4+ T cell levels in both the anti-CD25/anti-CD3 and isotype 

control/anti-CD3 mice were reduced by approximately 2-fold compared to the untreated 

mice (Figure 2.4C, compare to Figures 2.1A and 2.2D). Also, the isotype control/anti-

CD3 mice showed an increase in the CD4+CD25+ population consistent with that of all 

mice previously treated with anti-CD3 (Figure 2.4C). 

 We repeated the above experiment (Figure 2.4A), but on day 10, mice received 

the first of 4 weekly FVIII immunizations. One week after the 4th and final FVIII 

immunization, plasma was assessed for FVIII inhibitor formation by the Bethesda assay 

(Figure 2.4D). Tolerance to FVIII was completely ablated in the anti-CD25/anti-CD3-

treated mice (mean titer 110 ± 36 BU/mL, p = 0.00003), while the isotype control/anti-

CD3-treated mice remained tolerant (1.2 ± 1.9 BU/mL), at a level consistent with that of 

mice previously treated with anti-CD3 (Figure 2.1, 2.2A, B).  

 To further study the function of CD4+CD25+ T cells we performed a transwell 

experiment (Figure 2.4E, F). CD4+CD25+ and CD4+CD25- cells were isolated from 

tolerant anti-CD3-treated mice and cocultured with total splenocytes from HBSS control 

mice (FVIII immunized but no anti-CD3) in the same well (coculture, CC), or in the same 

well separated by a transwell membrane (Transwell, TW). When CD4+CD25+ cells were 

cultured in the same well as total splenocytes there was a 31% and 20% suppression of 

IFN-γ and IL-10 production, respectively. In contrast, when these cell populations were 

separated by a transwell membrane, there was only a 13% and 10% suppression of 

IFN-γ and IL-10 secretion, respectively. Additionally, when CD4+CD25- cells were 

cocultured in the same well as total control splenocytes, the IFN-γ and IL-10 production 

increased by 6.5- and 1.5-fold, respectively. Together, these data indicate that the 
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CD4+CD25+ population is immunosuppressive both in vivo and in vitro and require 

cellular contact to maximize suppression. 

 
2.4.4 Analysis of T regulatory cell phenotypes in anti-CD3-treated C57Bl/6 and 

Balb/c hemophilia A mice. 

To further investigate the mechanisms regulating the suppressed immune response to 

FVIII we studied the T cell phenotypes to search for Treg markers 1 week after the 4th 

and final FVIII immunization (Figure 2.5 and 2.6). The spleens were pooled from 

“protected” anti-CD3-treated, HBSS-treated or untreated Balb/c and C57Bl/6 mice, and 

we studied total CD4+ T cell levels and expression of six Treg markers: the alpha chain 

of the IL-2 receptor (CD25), GITR, the homing receptor CD62L, the transcriptional 

repressor FoxP3, CTLA-4 and membrane-bound transforming growth factor-β1 (mTGF-

β1). We also studied the expression of these markers in C57Bl/6 mice that were treated 

with anti-CD3, but were not tolerant after 4 FVIII immunizations (anti-CD3-nt). 

In the Balb/c animals, 1 week after FVIII immunizations, the total CD4+ levels in 

the spleen were significantly less in anti-CD3 mice (17.1 ± 0.7%) compared to the 

untreated (25.3 ± 0.3%) and HBSS-treated control mice (23.9 ± 1.7%) (Figure 2.5A). 

Additionally, the level of CD4+CD25+ cells in anti-CD3 mice was significantly increased 

compared to the other groups, but this increase was modest (Figure 2.5B). 

 Furthermore, in the C57Bl/6 mice, the total number of CD4+ cells was slightly 

decreased in the tolerant anti-CD3 mice (17.9 ± 0.2%) compared to HBSS-treated (19.4 

± 1.2%, p = 0.01) and non-tolerant anti-CD3 mice (18.9 ± 0.4%, p = 0.005), but not 

untreated mice (18.1 ± 0.5%) (Figure 2.5C). In contrast, the CD4+CD25+ population in  
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Figure 2.5. Evaluation of CD4
+
 and CD4

+
CD25

+
 populations in Balb/c and C57Bl/6 anti-CD3-treated 

mice after FVIII immunizations. Splenocytes were pooled and analyzed from anti-CD3-treated, HBSS-
treated or untreated animals (n = 2-3/treatment group) 1 week after the final of 4 FVIII immunizations (1 of 
3 and 1 of 2 representative experiments for the Balb/c and C57Bl/6 mice, respectively, is shown). The 
number of CD4

+
 cells is significantly reduced in the anti-CD3-treated Balb/c (A) and C57Bl/6 (C) mice 

after FVIII immunizations, while the CD4
+
CD25

+
 populations are increased in both the Balb/c (B) and 

C57Bl/6 (D) mice, although to a much greater extent in the latter. Anti-CD3 (tol.) and anti-CD3 (nt) refer to 
anti-CD3-treated C57Bl/6 mice inhibitor negative or positive, respectively, 1 week after FVIII 
immunizations. ns, not significant.  
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Figure 2.6. Treatment with anti-CD3 increases the number of CD4+ cells 
expressing FoxP3 and GITR. Splenocytes were pooled and analyzed from anti-CD3-
treated, HBSS-treated or untreated animals (n = 2-3/treatment group) 1 week after the 
final of 4 FVIII immunizations (1 of 3 and 1 of 2 representative experiments for the 
Balb/c and C57Bl/6 mice, respectively, is shown). There is a significant increase in the 
number of CD4+ cells expressing GITR and FoxP3 from anti-CD3-treated Balb/c (A, B) 
and C57Bl/6 (C, D) mice. Additionally, the C57Bl/6 anti-CD3-treated mice produced 
significantly more CTLA-4 (I) and membrane-bound TGF-β (J) on CD4+CD25+ cells than 
the HBSS-treated and untreated mice, but this did not occur in tolerant Balb/c mice (F, 
G). Furthermore, there was a significant reduction in CD62L on CD4+CD25+ cells from 
both the Balb/c (E) and C57Bl/6 (H) mice. Anti-CD3 (tol.) and anti-CD3 (nt) refer to anti-
CD3-treated C57Bl/6 mice inhibitor negative or positive, respectively, 1 week after FVIII 
immunizations. ns, not significant. 
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tolerant anti-CD3 C57Bl/6 mice was significantly increased compared to all other groups 

(Figure 2.5D). Based on these data, the ratio of CD4+CD25+ to total CD4+ cells in both 

strains of tolerant mice was greater than all other groups (data not shown).  

Anti-CD3 therapy in the Balb/c mice correlated with a significant increase in the 

CD4+GITR+ and CD4+FoxP3+ cells compared to the untreated and HBSS-treated 

control mice (Figure 2.6A, B). However, all groups of mice produced high levels of GITR 

and FoxP3 in the CD4+CD25+ population (70). Furthermore, tolerant Balb/c mice had 

reduced numbers of CD4+CD25+CD62L+ cells compared to untreated and HBSS-

treated controls (Figure 2.6E). Similar to the Balb/c mice, anti-CD3 therapy in tolerant 

C57Bl/6 mice was correlated with a higher number of CD4+GITR+ and CD4+FoxP3+ 

cells (Figure 2.6C, D), and there was a significant decrease in CD4+CD25+CD62L+ cells 

(Figure 2.6H). However, CD4+CD25+ cells from tolerant anti-CD3-treated C57Bl/6 mice 

expressed significantly higher levels of CTLA-4 and mTGF-β1 compared to all other 

groups (Figure 2.6I, J). 

2.4.5 Shift to an in vitro Th1 cytokine profile in tolerant anti-CD3-treated Balb/c 

and C57Bl/6 mice 

We evaluated the production of T helper 1 (IL-2 and IFN-γ) and Th2 (IL-4, IL-5 and IL-

10) cytokines by splenocytes from both strains of hemophilic mice (Figure 2.7A, B). 

Splenocytes from untreated, HBSS-treated, tolerant or non-tolerant anti-CD3-treated 

mice were restimulated in vitro with a mixture of anti-CD3/CD28 Abs (to mediate non-

specific activation), with FVIII (to mediate antigen-specific activation) or were not 

stimulated. Interestingly, splenocytes from tolerant anti-CD3-treated Balb/c and C57Bl/6 

mice were polarized toward a Th1 cytokine profile (Figure 2.7A). Splenocytes from  
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Figure 2.7. Tolerant anti-CD3-treated Balb/c and C57Bl/6 mice are polarized 
toward a Th1 cytokine profile. Splenocytes were pooled from anti-CD3-treated, 
HBSS-treated or untreated animals (n = 2-3/treatment group) 1 week after the final of 4 
FVIII immunizations (1 of 3 and 1 of 2 representative experiments for Balb/c and 
C57Bl/6 mice, respectively). Cells were restimulated in vitro with a combination of anti-
CD3 and anti-CD28 mAbs, FVIII, or were not stimulated (unstimulated). Both the Balb/c 
and C57Bl/6 mice treated with anti-CD3 (in vivo) were able to produce Th1 cytokines in 
vitro (IL-2 and IFN-γ) (A), but were limited in their ability to secrete Th2 cytokines (IL-4, -
5 and –10) compared to HBSS-treated and untreated animals following antigen-specific 
restimulation (B). “Anti-CD3 (tol.)” and “anti-CD3 (nt)” refer to anti-CD3-treated C57Bl/6 
mice inhibitor negative or positive, respectively, 1 week after FVIII immunizations. *p < 
0.01, **p < 0.00001 for anti-CD3 compared with FVIII control; +p < 0.02, ++p < 0.002, 
+++p < 0.0001 for anti-CD3 (tol.) compared with anti-CD3 (nt). 
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these animals produced detectable levels of IL-2 and IFN-γ, yet failed to produce 

significant amounts of IL-4, -5, and -10 compared to untreated or HBSS-treated mice 

(Figure 2.7B). In contrast, splenocytes from both the Balb/c and C57Bl/6 HBSS-treated 

mice secreted both Th1 and Th2 cytokines, both of which to a higher level than the anti-

CD3-treated mice. Also of note, the anti-CD3-treated C57Bl/6 mice that were not 

tolerant following FVIII immunizations were not Th1-shifted (their cytokine profile was 

nearly identical to the HBSS-treated control mice). TGF-β secretion was also studied, 

but there was no difference in production by anti-CD3-treated mice compared to the 

controls (data not shown). 
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2.6 Discussion 

For some hemophilia A patients, with ready access to FVIII products free of viral 

contamination, the formation of FVIII inhibitors is now the most serious complication of 

their FVIII infusion therapy. In this study, we have demonstrated that modulating the 

TCR/CD3 complex with a non-FcR-binding anti-CD3 Ab can prevent anti-FVIII Ab 

formation in two different murine models of hemophilia A. Importantly, we found the 

efficacy of this treatment was greatest with very small doses of anti-CD3, and that 

tolerance was dependent on splenic CD4+CD25+ cells. In addition, we observed several 

different Treg phenotypes and a polarization to a Th1 cytokine profile in both strains of 

tolerant animals. 

We optimized the dose of anti-CD3 in the hemophilia A Balb/c model because 

these mice consistently produce a robust humoral immune response following repeated 

intravenous immunization with human FVIII. The optimal dose of anti-CD3 in these mice 

was very low: 10 µg/d for 5 d, administered prior to FVIII immunizations. This is 

consistent with a recent suggestion that a low dose of anti-CD3 (<50 µg/d) favours the 

survival and expansion of Tregs while destroying effector T cells (64, 69, 72, 76). This 

clearly has significant implications for clinical translation.  

This optimal dose of anti-CD3 protected both the Balb/c and C57Bl/6 hemophilic 

mice from FVIII inhibitor formation. However, inhibitors developed less frequently and at 

a lower level in anti-CD3-treated Balb/c mice compared to C57Bl/6 mice. It is most likely 

that the difference in efficacy in the C57Bl/6 mice was due to the lack of dose 

optimization in this strain. Interestingly, the magnitude of the immune response to FVIII 

was greater in C57Bl/6 than in Balb/c control animals (this study and unpublished 
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observations). Thus, the C57Bl/6 mice might be less responsive to the very low dose 

anti-CD3 therapy used here. 

In this and other studies (69, 72, 78), anti-CD3 treatment promoted the 

generation of several different Treg phenotypes. For example, an increase in 

CD4+CD25+ cells following anti-CD3 therapy was shown in the NOD model (69, 72). 

Additionally, in mice with experimental autoimmune encephalomyelitis, anti-CD3 

protected mice from developing multiple sclerosis-like symptoms, and depleting 

CD4+CD25+ cells with anti-CD25 reversed anti-CD3-mediated tolerance (76). Similarly, 

we demonstrated expansion of CD4+CD25+ cells through anti-CD3 therapy, and when 

these cells were depleted during anti-CD3 treatment, using an anti-CD25 mAb, 

tolerance to FVIII was completely abrogated. Thus, in three different animal models, 

including now the hemophilia A mouse, anti-CD3-mediated tolerance is strongly 

dependent on a population of CD4+CD25+ cells. Additionally, CD4+CD25+ cells from 

tolerant animals inhibited cytokine secretion by total splenocytes from FVIII immunized 

control mice, while removing the CD25+ population (i.e., CD4+CD25- cells) completely 

abrogated this suppression, and significantly enhanced cytokine production. 

Furthermore, suppression was most effective when the T regs were in cellular contact 

with the effector cells from control animals, since there was less suppression when the 

cells were physically separated with a transwell membrane. 

Interestingly, when hemophilia A mice are depleted of CD4+CD25+ cells and 

repeatedly immunized with FVIII, they develop much higher FVIII inhibitor levels 

compared to mice immunized with FVIII but with an intact CD4+CD25+ population 

(compare Figure 2.4D to 2.2B). This finding would perhaps indicate that the CD4+CD25+ 
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compartment might have an important role in limiting the immune response to FVIII in 

the absence of anti-CD3 therapy. 

Previous studies have shown that tolerant anti-CD3 treated NOD mice are 

capable of rejecting skin or heart allografts and clearing viral infection, suggesting that 

tolerance mediated through anti-CD3 was antigen-specific (70, 71, 79). The question of 

whether the regulatory CD4+CD25+ cells induced in our tolerant hemophilia A mice were 

antigen-specific remains unclear. However, it has recently become clear that anti-CD3 

increases CD25 levels by inducing its expression on peripheral effector CD4+CD25- 

cells, rather than by expanding thymically-derived CD4+CD25+ T regs (69, 78). This is 

an important observation because effector CD4+ T cells specific for FVIII in the 

periphery may have been converted to regulatory cells in this study. In addition to 

enhancing the suppressive capacity of the splenic lymphocyte population, this would 

concomitantly decrease the number of effector T cells available to respond to the 

subsequent FVIII immunizations that followed anti-CD3 therapy.  

In addition to this, total CD4+ cell levels were reduced at the time of FVIII 

immunization in anti-CD3-treated mice. Furthermore, after 4 FVIII immunizations, 

tolerant animals still had decreased total CD4+ levels and increased numbers of 

CD4+CD25+ cells compared to the HBSS-treated controls. Therefore, the ratio of 

regulatory to effector cells was higher in anti-CD3-treated mice both before and after 

FVIII immunizations, and this ratio is very likely to be an important component of 

tolerance in this setting. 

Recent studies have also shown that anti-CD3 can increase expression of GITR 

and FoxP3 by CD4+ cells (72, 78). We observed an expansion in CD4+GITR+ and 
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CD4+FoxP3+ cells in both the tolerant anti-CD3-treated Balb/c and C57Bl/6 strains of 

hemophilia A mice following repeated immunizations with FVIII. Recent studies have 

clearly demonstrated that FoxP3, and not CD25 expression, correlates with Treg 

function in mice (80) and humans (81), and that CD4+FoxP3+ cells are considered a 

Treg population (54, 82). We would thus propose that the increase in FoxP3, and 

perhaps GITR expression, are also in part, responsible for tolerance to FVIII in both 

mouse models. 

In the tolerant C57Bl/6 mice, anti-CD3 treatment also correlated with an increase 

in the number of CD4+CD25+ cells expressing the Treg markers CTLA-4 and mTGF-β1, 

but this did not occur in the tolerant Balb/c mice. Indeed, Bresson et al. demonstrated a 

similar increase in CTLA-4 expression in the CD4+CD25+ population in diabetic mice 

treated with anti-CD3 and intranasal insulin peptides, while Belghith et al. showed that a 

blocking Ab to CTLA-4 prevented anti-CD3-mediated tolerance in the same model 

(69),(72). To our knowledge, however, the current study is the first to show that anti-

CD3 can correlate with an increase in mTGF-β1 in tolerant animals. From these data we 

can speculate that populations of CD4+CD25+CTLA-4+ and CD4+CD25+mTGF-β+ Tregs 

may contribute to tolerance induction for FVIII in the C57Bl/6, but not the Balb/c mice. 

 In this and previous studies, splenocytes from FVIII immunized hemophilia A 

mice cultured in vitro with FVIII produce both Th1 and Th2 cytokines (63, 69, 83, 84). 

However, in the current study, only tolerant C57Bl/6 and Balb/c mice treated with anti-

CD3 were polarized toward a Th1 cytokine profile (IL-2 and IFN-γ), and this response 

was reduced by approximately 2-fold compared to the HBSS controls. In addition, 

C57Bl/6 mice that were anti-CD3-treated, but did not remain tolerant following 4 FVIII 
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vaccinations, were not Th1-shifted. These results indicate that cytokine shifting, to 

favour a Th1 response, may play a role in anti-CD3-mediated tolerance. 

  Polarization of cytokine production in anti-CD3-treated mice has been extensively 

documented in the diabetic mouse (67, 69, 70, 72, 85). In these instances, a robust Th1 

mediated immune response that is associated with disease progression develops, but 

when treated with anti-CD3, the response is polarized to an IL-4-dominant (i.e., Th2-

shifted) immune response that is associated with tolerance (67, 69, 70, 72, 85). Our 

transwell experiment demonstrated that CD4+CD25+ cells from tolerant animals can 

reduce both Th1 (IFN-γ) and Th2 (IL-10) cytokines, and it may be that this population is 

suppressing cytokine secretion in the tolerant animals, thereby reducing the overall 

immune response to FVIII. 

This shift in T helper responses to FVIII also shares some similarity with a study 

by Reding et al (86). These authors analyzed the isotype of anti-FVIII Abs in hemophilia 

A patients undergoing ITI and found that following successful ITI, patients mainly 

produced Th1-driven IgG1 and IgG2 isotypes, while patients in whom ITI was 

unsuccessful, primarily had Th2-driven IgG4 Abs.  

Currently, there are two non-FcR-binding anti-CD3 mAbs that bind to the human 

CD3 complex (65, 66). Both of these mAbs have been successfully tested in phase I 

clinical trials to prevent the onset of T1D. Based on the present study, there may be 

significant benefits to using anti-CD3 as a preventative therapy for FVIII inhibitor 

formation. Young boys at high risk for inhibitor development can be identified through 

the consideration of a number of factors including a family history of inhibitors, ethnicity, 

and high risk immunomodulatory and FVIII genotypes (23, 45, 87-89). In these patients, 
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a short course of low dose anti-CD3 treatment with subsequent exposure to FVIII under 

prophylactic “non-inflammatory” conditions may significantly reduce the likelihood of 

inhibitor development. 
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CHAPTER 3 
 
 
 
 
 
 
 
 
 
 
 
 

A Novel Surgical Model Using Hemophilia A Mice Induces a Systemic 
Proinflammatory Response, But Does Not Enhance the 

Immunogenicity of Human FVIII. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I performed all experiments and wrote the paper. Animal procedures were performed by 
Kate Sponagle. 
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3.1 Abstract 

An important and widely accepted clinical hypothesis is that hemophilia A patients who 

undergo surgery have an increased risk of developing FVIII inhibitors. It has been 

postulated that this increased risk of inhibitor formation is related to inflammation 

induced by the surgery itself, and/or by intense perioperative FVIII exposure, but this 

has not yet been investigated at the basic science level. Therefore, we wanted to 

determine the association between surgery and FVIII inhibitor formation. First, we 

performed a retrospective literature review to assess the incidence of surgery-related 

inhibitor formation in hemophilia A patients. To evaluate this clinical finding, we 

developed a novel surgical procedure using the hemophilia A mouse. A literature review 

showed that 413 surgeries in 354 hemophilia A patients resulted in a 3.87% incidence 

of inhibitor formation, and almost unanimously these cases involved other risk factors, 

particularly intense perioperative FVIII exposure, and/or very few FVIII exposure days 

prior to surgery. In hemophilia A mice, surgery enhanced CD80 levels on splenic 

dendritic cells (DCs) and induced a massive hypersecretion of IL-6 in plasma (>150-fold 

upregulation). However, neither major surgery, nor intense exposure to FVIII during this 

highly proinflammatory perioperative environment, enhanced the immunogenicity of 

FVIII. These findings in the hemophilia A mouse combined with the data generated in a 

retrospective literature review provide new insight into the immunogenicity of FVIII. We 

conclude that major surgery is not a significant risk factor for enhanced FVIII 

immunogenicity in this well-characterized animal model, and that the risk of surgery-

related inhibitor formation in the clinic may be over-estimated by other independent 

environmental risk factors. 
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3.2 Introduction 
 
 Economically developed countries have ready-access to virus-inactivated FVIII 

products, making the generation of inhibitory anti-FVIII antibodies (inhibitors) the most 

serious treatment-related complication for hemophilia A patients. The manifestation of 

an inhibitor invariably means, for the hemophilia A patient, a life that is significantly 

heightened in its morbidity relative to the rest of hemophilia population (14, 16). It is 

therefore an extremely important endeavour to evaluate the contribution of various risk 

factors influencing inhibitor development in hemophilia patients.  

 Among the numerous risk factors involved in inhibitor formation, surgery is a 

prominent and widely accepted environmental trigger for de novo FVIII inhibitor 

development (45, 47, 90). The clinical hypothesis suggests that surgery elicits tissue 

damage causing systemic inflammation that enhances the immunogenicity of FVIII, or at 

least somehow lowers the threshold required to break FVIII tolerance. In addition to this, 

at the perioperative time, hemophilia A patients undergo an increase in the intensity of 

FVIII exposure, in order to manage surgical bleeding. This increased intensity (either 

through bolus or continuous injection) has also been associated with inhibitor formation 

in some cases of mild and moderate hemophilia (91, 92). Therefore, it has also been 

suggested that this can play a role in the loss of tolerance to FVIII in the surgical setting. 

 Surgery is frequently cited as a trigger for FVIII inhibitor formation (22, 45, 90), 

and in two very recent global surveys, hemophilia treatment centres almost 

unanimously agree that avoiding early elective surgery will protect against inhibitor 

formation (93), and also ranked surgery as the most important environmental risk factor 

for inhibitor development (47). However, the very limited clinical data that are presently 
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available demonstrates that the association between surgery and inhibitor formation is 

not clear. For example, a case-controlled Italian study, although only having a small 

sample population available for analysis, concluded that there was no association 

between surgery and inhibitor formation (49). In contrast, data from the retrospective 

European CANAL study showed a small association between surgery and inhibitor 

formation (Adjusted Relative Risk, RR = 1.3). This study also found that the association 

was greater if surgery was the reason for the patient’s first exposure to FVIII (RR = 2.6), 

although similarly to the Italian study, there were very few patients for this latter analysis 

in previously untreated patients (48). All patients in the CANAL study, it is noteworthy to 

mention, were exposed to FVIII for fewer than 50 days, which in itself may be a risk 

factor for inhibitor formation.  

 Although it appears generally accepted within the hemophilia treatment 

community, that surgery and/or intensive FVIII exposure at the perioperative time are 

risk factors for enhanced FVIII immunogenicity (47, 90, 93), clinical studies on this topic 

are divergent in their outcomes (48, 49), and therefore do not clearly demonstrate an 

association between surgery and inhibitor formation. Furthermore, there is no basic-

science data demonstrating a relationship between inhibitor formation, nor a laboratory 

model to study the effect of surgery on FVIII immunogenicity under controlled 

conditions, such that cannot be undertaken in the clinic for ethical and/or economical 

considerations. 

 For these reasons, we set out to study the effects of surgery on FVIII inhibitor 

formation more closely. First, we performed a retrospective literature review to semi-

quantitatively assess the incidence of surgery-related inhibitor formation in hemophilia A 
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patients. In this search, we found reports of 413 surgeries on 354 hemophilia A patients. 

These reports indicated that 3.87% of surgeries (16 patients in total) were associated 

with inhibitor formation. Almost all patients (14/16) that developed inhibitors 

postoperatively were minimally treated prior to surgery (<20 EDs), and underwent 

intense perioperative FVIII exposure, which are two additional and independent 

environmental risk factors for inhibitor development. 

 In light of the data generated from this literature review, and because in contrast 

to these data, surgery is considered a significant risk factor for inhibitor formation, we 

used the well-established hemophilia A mouse (60, 61) to develop the first surgical 

model to study FVIII immunogenicity. Based on the results of the literature review, we 

hypothesized that major surgery in hemophilia A mice, accompanied by a short, 

intensive exposure to human FVIII at the perioperative time, would not enhance the 

immunogenicity of FVIII. 

 To test this hypothesis, mice underwent laparotomy and small liver resection, 

and were exposed to FVIII at clinically relevant (80 U/Kg for 4 consecutive days) or 

supraphysiological (240 U/Kg x 4 days) doses during the perioperative time. This 

surgery induced a massive systemic proinflammatory response, but surprisingly did not 

enhance the immunogenicity of human FVIII. 

 These findings in the hemophilia A mouse combined with the data generated in a 

retrospective literature review provide new insight into the immunogenicity of FVIII. We 

conclude that major surgery is not a significant risk factor for enhanced FVIII 

immunogenicity in this well-characterized animal model, and suggest that other 

environmental factors may over-estimate the role of surgery in inhibitor formation. 
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3.3 Materials and Methods 

3.3.1 Literature Review 

The literature review was conducted during January of 2010, and subsequently updated 

in late April of 2010 using the Pubmed and Google Scholar databases. The key search 

terms used included “surgery AND hemophilia OR haemophilia” and “factor VIII inhibitor 

OR fviii inhibitor AND surgery”. For inclusion in the literature review, articles must have 

reported the inhibitor status of all patients before and after surgery, so the influence of 

surgery on the outcome of inhibitor development could be evaluated. If an article did not 

report the inhibitor status prior to surgery (this was the case in at least several reports), 

it was excluded from the review. In these excluded articles, however, there was no 

indication of de novo inhibitor development after surgery. The following is a non-

exhaustive list of the type of surgeries that were reported in the literature review: 

cholecystectomy, appendectomy, total knee and hip replacements, cardiac surgery, 

dental surgery. 

 
3.3.2 Mice 

The hemophilia A mice on the Balb/c background were generated as previously 

described (74). Sex-mixed and age-matched hemophilic Balb/c mice, between 8-12 

weeks old, were used in these experiments. All animal procedures were reviewed and 

approved by the Queen’s University Animal Care Committee. Blood was taken by orbital 

plexus bleeding or by cardiac puncture and was mixed with a 1/10 volume of 3.2% 

sodium citrate, and plasma was separated by centrifugation of citrated blood at 10,000 

g for 5 minutes at 4°C. Plasma was stored at -86°C for analysis at a later time. 
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3.3.3 Surgical Procedure 

Mice were anesthetized with 4% isoflurane (0.8L/min O2), the abdomen was sterilized 

and a midline abdominal incision, ~2 cm in length, was made through the skin just 

below the sternum. This was followed by a ~2 cm incision through the abdominal 

muscle layer. The liver was taken outside of the abdominal cavity, and a 5 mg portion of 

the most caudal lobe was resected using a cautery tool (Gemini Cautery System, 

Roboz, Gaithersburg, MD) to incise and cauterize the liver. The abdomen was closed 

using an absorbable suture material (4-0 Monocryl, Ethicon, Cornelia, CA). The surgical 

procedure required approximately 18-22 minutes to complete, after which the mouse 

was removed from anesthesia and recovered in the sternal position under a warming 

lamp. 

 
3.3.4 Analgesics 

The day of surgery (day 0), and the day after surgery (day 1), mice received 3.0 µg 

subcutaneously (SC) the opiate buprenorphen in the morning and evening to manage 

pain. Pain was further managed with 8 mg of acetaminophen on days 2 and 3 in the 

morning and evening. To further manage pain, some mice received the opiate-like 

molecule tramadol (500 µg) SC on days -1, 0 and 1. 

 
3.3.5 FVIII infusions  

There were 5 distinct protocols (Protocols 1, 2, 3A-C below) that differed based on the 

FVIII dose and dosing regimen, and a different control group, which received an 

identical FVIII dose and dosing regimen, but did not undergo surgery,  was used to 

match each protocol (Figure 3.1):  
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Figure 3.1. Five different FVIII doses and dosing protocols. 5 protocols (Protocol 1, 
2 and 3A-C) were used to assess the immunogenicity of FVIII in the context of major 
surgery. 2U FVIII/day for 4 consecutive was the standard perioperative dose in Protocol 
1 and 2, and this dose was tripled to 6U/day for 4 consecutive days in Protocols 3A-C. 
Protocol 1 represents previously untreated mice, where the first exposure to FVIII is 
given in the surgical context. Mice in Protocol 2 and 3A-C were all pre-treated (referred 
to as FVIII “primed” throughout) with FVIII. These priming FVIII infusions were given in 
order to represent the previous FVIII exposure that many patients have prior to surgery. 
Protocol 3A represents a tripling of the perioperative FVIII dose given in Protocols 1 and 
2. Protocol 3B is a control group in which laparotomy is performed without liver 
resection. Protocol 3C is an additional control group that received anesthesia and 
analgesics used in surgery, but did not undergo surgery themselves.  

  



75 
 

Protocol 1. No FVIII priming: This cohort, prior to surgery, was not treated with FVIII (to 

represent previously untreated patients, PUPs). Mice underwent surgery as described 

above. Approximately 1 hour prior to surgery (day 0), mice received 2U (~80 U/Kg) 

human rFVIII (Kogenate, FS) to manage bleeding. Mice received 3 additional 2U 

infusions of FVIII on days 1, 2 and 3 (for a total of 4 perioperative FVIII injections) (Fig. 

1). Control mice received the same FVIII immunization schedule, but did not undergo 

surgery. These control groups are referred to as “FVIII controls” throughout the 

manuscript. 

Protocol 2. FVIII priming: Since most hemophilia A patients have had at least some 

FVIII exposure prior to surgery, this cohort was treated with FVIII prior to surgery to 

recapitulate this clinical scenario.  Mice received 2 weekly infusions of 2U of FVIII prior 

to surgery (days -14 and -7). One week after these “priming” FVIII infusions (day 0), 

mice underwent surgery and perioperative FVIII as in Protocol 1 (Figure 3.1).  

Protocol 3A. FVIII priming, intense FVIII exposure. These mice received priming 

infusions of FVIII identically to Protocol 2 (2U FVIII on days -14 and -7). However, 

because hemophilia A patients usually experience an increase in the intensity of FVIII 

exposure at the perioperative time, we tripled the 4 consecutive daily perioperative FVIII 

doses to 6U (~240 U/Kg) per infusion (Figure 3.1).  

Protocol 3B. FVIII priming, intense FVIII exposure, no liver resection: There is some 

indication in the literature that liver regeneration, following liver damage induced by 

certain drugs, can lead to immunological tolerance (94). Therefore, Protocol 3A was 

repeated with identical FVIII infusion schedule, and the laparotomy was performed 

without resecting the liver.  
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Protocol 3C. Anesthesia and analgesic control group (FVIII priming, intense FVIII 

exposure, no surgery, only analgesic and anesthesia). This protocol was employed, as 

a control study, to determine the effect, if any at all, of the anesthesia and analgesics on 

FVIII immunogenicity. Mice were anesthetized on day 0 with isofluorene for 20 minutes 

(approximately the same length as surgery mice) and received FVIII as in Protocol 3A & 

B. Analgesics were administered as indicated under “Analgesics” above. In all 

Protocols, blood was sampled 2 weeks after the final FVIII infusion and anti-FVIII Abs 

measured by the Bethesda assay or by ELISA. 

 
3.3.6 Anti-FVIII Isotype Measurement: 

ELISA experiments were performed as previously described (74). 96-well microtiter 

plates were coated with FVIII (0.05 µg/well) in 50 mM carbonate buffer (pH 9.6) 

overnight at 4°C. Plates were washed with 0.1% Tween-20 in PBS and blocked for 2 

hours in blocking buffer (2% BSA w/v in PBS) at room temperature (RT). Plasma from 

surgery or FVIII control mice was serially diluted (half log10 dilutions) in blocking buffer 

and incubated on the plate for 2 hours at RT. Secondary rabbit anti-mouse antibody 

(Dako, Denmark), specific for the heavy chain region of mouse IgG, and conjugated to 

horse radish peroxidase, was added and incubated for 1 hour at RT. Colour was 

generated by the addition of 3,3’,5,5’ tetramethlybenzidine substrate reagent (BD 

Biosciences, San Jose, CA) for 15 minutes, and the reaction was stopped with 1 M 

H2SO4. Optical density was read at 490 nm on a VERSA max microplate reader 

(Molecular Devices, Sunnyvale, CA). The antibody titre that is reported was the highest 

dilution of mouse plasma that showed a positive signal (optical density >0.1). 
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3.3.7 Cytokine Measurements: 

Sandwich ELISA was performed on plasma collected from surgery and FVIII control 

mice 6, 24 and 48 hours after surgery or FVIII infusions to determine systemic levels of 

IL-1 and IL-6, according to instructions provided by the manufacturer (eBioscience, San 

Diego, CA). Plasma from naïve mice (n = 12) was used to establish basal cytokine 

levels. In mice, unlike in humans, C-reactive protein (CRP) is not an acute-phase 

reactant (95), however, CRP ELISA (Innovative Research, Novi, Michigan) was 

performed to test the role, if any, of CRP in this surgical setting. Data acquisition and 

analysis was performed using a VERSA max microplate reader (Molecular Devices, 

Sunnyvale CA) and analyzed with Softmax Pro software. 

  
3.3.8 DC Isolation and Flow Cytometry 

Antibodies specific for CD4-PE-Cy5, CD19-PE, CD11c-FITC, CD40-PE, CD86-PE (BD 

Biosciences), CD11b-FITC and CD80-PE (eBioscience) were used in these 

experiments. To determine absolute levels of DCs (CD11c), macrophages (CD11b), T 

cells (CD4) and B cells (CD19), single-cell suspensions were prepared from individual 

spleens of surgery and FVIII control mice (n = 3/group, n = 2 experiments). To ascertain 

the levels of maturation markers on the surface of DCs (CD40, CD80/86), spleens from 

surgery and FVIII control mice were separately pooled (n=3 spleens/pool, n=2 

experiments). The CD11c+ population was enriched using CD11c microbeads (Miltenyi 

Biotech, Auburn, CA), according to the manufacturer’s protocol. Cells were incubated 

with Fc Blocker (CD16/32, eBioscience) for 15 minutes and then stained for expression 

of surface markers for 30 minutes at 4°C. The cells were fixed with 1% 

paraformaldehyde, the data acquired on an EPICS Altra HSS flow cytometer (Beckman 
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Coulter, Fullerton, CA) and analyzed using FLOWJO software (Tree Star Inc., Ashland, 

OR). 

 
3.3.9 Bethesda Assay 

Inhibitory FVIII Abs were measured using the Bethesda assay and were reported as 

Bethesda units per mL (BU/mL), where one BU/mL is defined as the dilution of plasma 

containing FVIII inhibitory activity that results in 50% inhibition of FVIII activity (FVIII:C) 

after a 2 hr incubation at 37ºC. Mouse plasma was serially diluted in buffer (50 mM 

Hepes, 100 mM NaCl, 0.1% BSA w/v, pH 7.4), such that the residual FVIII:C for each 

sample was between 25-75%, mixed 1:1 with pooled normal human plasma (Precision 

Biologics, Dartmouth, NS), and incubated for 2 hours at 37°C. The remaining FVIII 

activity was quantified by a one-stage FVIII coagulation assay on a Coag-A-Mate MAX 

(Biomerieux, Durham, NC) automated coagulometer. For all samples, to reduce error in 

the assay and inconsistency between samples, the reported inhibitor titre in BU/mL was 

calculated from the dilution of plasma that yielded a residual FVIII:C as close to 50% as 

possible. 

  
3.3.10 Statistics  

The data are expressed as the mean ± S.D. In all experiments, statistical comparisons 

were calculated using a 2-tailed Student’s t test. The data were considered statistically 

significant at p < 0.05. Values of p > 0.05 are given to demonstrate the lack of statistical 

difference among treatment groups. 
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3.4 Results 

3.4.1 Very low incidence of surgery-related inhibitor formation in the clinic 

We performed a retrospective review of the literature (15, 22, 47, 92, 96-105), using the 

criteria described in the Materials and Methods (Table 3.1). This search returned reports 

of 413 surgeries on 354 hemophilia A patients, which included 149 cases of severe 

hemophilia A, 11 moderate, 48 mild, while the remaining 146 cases were of either 

moderate or severe disease. In total, there were 16 new inhibitor cases following major 

surgery. The total incidence of de novo inhibitor formation was therefore only 3.87%, 

with 2.18% (9/16) of these cases in mild or moderate hemophilia (at least 5 cases with 

the Arg593Cys in the FVIII A2 domain), and only 1.69% (7/16) with severe disease. 

Furthermore, almost all patients (14/16) that developed inhibitors postoperatively were 

minimally treated prior to surgery (<20 EDs), which by itself is an important inhibitor risk 

factor. Furthermore, all patients had intensive exposure to FVIII at the perioperative 

time, another independent risk factor. The 2 previously treated patients (PTP) had peak 

inhibitor titres of <1.6 BU/mL postoperatively, which quickly resolved to undetectable 

levels in both patients. Cumulatively, these reports indicated that de novo inhibitor 

formation postoperatively is a very rare occurrence that almost exclusively occurs in 

minimally treated patients (MTP) that undergo intense FVIII exposure. 
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Table 3.1. Incidence of postoperative FVIII inhibitor development in hemophilia A 
patients is very low. The frequency of de novo inhibitor development per surgery was 
3.87%. For mild or moderate hemophilia A this rate was 2.18%, while only 1.69% for 
severe disease. Pts,  patients. MTP, minimally treated patients. PTP, previously treated 
patients. pd- or rFVIII, plasma-derived or recombinant FVIII. ED, exposure days. 
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3.4.2 A novel surgical model in the hemophilia A mouse induces a systemic 

proinflammatory response 

We performed laparotomy and liver resection on hemophilia A mice, and determined the 

effectiveness of this procedure at evoking an inflammatory response both locally (in the 

spleen) and systemically (plasma cytokine levels). Mice were primed with 2 weekly FVIII  

infusions (Protocol 3A, Figure 3.1), and received 6 U FVIII daily for 4 consecutive days 

at the perioperative time. At 6, 24 and 48 hours after surgery, plasma was evaluated for 

acute phase response proteins IL–1 and IL–6 by ELISA (Figure 3.2). IL–1 was slightly 

elevated in surgery mice at 6 hours after surgery compared to FVIII controls (p = 0.005), 

and basal level in naïve hemophilia A mice (not detected, n = 12) (Figure 3.2). In 

contrast, there was a >150-fold increased IL–6 in the surgery mice compared to FVIII 

controls and basal levels (Figure 3.2). The level of IL-6 at 6 hours after surgery in the 

surgery mice was 166 ± 83pg/mL compared to FVIII controls (1.05 ± 0.3pg/mL, p = 

0.000002) and naïve mice (1.9 ± 1.7 pg/mL, n = 12, p = 0.0000002). The IL-6 level in 

surgery mice rapidly declined, but was still significantly elevated above FVIII controls 

and basal level 48 hours postoperatively. 

 Interestingly, unlike in humans, CRP is not considered to be a classical acute 

phase reactant (95). To be certain of this, we measured CRP in mouse plasma 48 hours 

after surgery (data not shown). The CRP levels in surgery and FVIII control mice were 

identical to that found in naïve mice, demonstrating that CRP is not involved in this 

inflammatory response to surgery. To evaluate peritoneal inflammation, the spleen was 

harvested 48 hours after surgery, the DC cell population was enriched and levels of the 

co-stimulatory markers.         
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Figure 3.2. Plasma IL-6 levels increase more than 150-fold after surgery. (A) At 6, 24 and 48 hours 
after surgery (“surgery”) or FVIII injection (“FVIII controls”) or saline infusion (“naïve”), blood was 
harvested by cardiac puncture and IL-6 and IL-1 were measured. Data are mean ± S.D. *** = 0.000023;   
** = 0.000037; * = 0.021. (B) IL-1 levels were measured in the peripheral blood isolated from surgery mice 
and FVIII controls 6 and 24 hours after surgery or FVIII infusion (n=4 mice/time point), and naïve mice (n 
= 12) to establish basal IL-1 level Data are mean ± S.D.  
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CD40, CD80 and CD86 were determined. DCs from surgery mice had significantly 

increased levels of CD80 (p = 0.005, n = 6) and slightly elevated CD86 (p = 0.10, n = 6) 

compared to FVIII control mice (Figure 3.3). The level of CD40 was elevated in surgery 

and FVIII control mice compared to naïve mice, but this increase was caused by FVIII 

infusions, which has been shown to induce CD40 upregulation on DCs (35)Additionally, 

we determined the complete blood count (CBC) in surgery, FVIII control and naïve 

mice. However, there was no significant difference in any of the blood variables, 

including white blood cell count (WBC) or platelet levels in any of these groups (data not 

shown). Taken together, these data suggest that this surgical protocol induces a local 

and systemic proinflammatory response in hemophilia A mice. 

  
3.4.3 Neither major surgery nor intense FVIII exposure enhance the 

immunogenicity of FVIII during the primary immune response 

To assess the immunogenicity of FVIII in the context of this proinflammatory surgery, 

surgical Protocol 1 was performed (4 daily perioperative FVIII infusions, 2U per infusion, 

Figure 3.1), and inhibitor levels measured 2 weeks after the final FVIII infusion (Figure 

3.4A). Despite undergoing a major proinflammatory surgical procedure, the 

immunogenicity of FVIII was unaltered in the surgery group (11.6 ± 6.9 BU/mL, n = 8) 

compared to the FVIII control mice (19.6 ± 13.3 BU/mL, n = 5, p = 0.27). This result was 

surprising given the invasive nature of the surgical procedure.  

 In the clinical setting, hemophilia A patients who undergo surgery have been 

routinely exposed to FVIII prior to surgery (for either prophylaxis or on-demand 

treatments), and therefore may have an immune system that is “primed” to recognize 

FVIII. To replicate this clinical scenario, mice received 2 priming doses of 2U of FVIII  
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Figure 3.3. Surgery increases expression of CD80 on splenic DCs. At 48 hours 
after surgery, CD11c+ DCs were enriched from the spleens of surgery mice (n = 6), 
FVIII controls (n = 6), and naïve mice (n = 6). The CD11c+ population was gated and 
expression levels of the costimulatory markers CD40, CD80 and CD86 were evaluated. 
Data are mean ± S.D.  
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Figure 3.4 Surgery does not enhance the immunogenicity of FVIII. (A) Mice were 
exposed to FVIII only at the perioperative time (2U FVIII/d for 4 consecutive days). 
Blood was sampled 2 weeks after the final perioperative FVIII infusion. Surgery mice 
(solid circles, n = 8) and the FVIII control mice (open squares, n = 5). (B) Mice were 
primed with 2U FVIII/week for 2 consecutive weeks, underwent surgery and were 
treated with 2U FVIII/d for 4 consecutive days as in (A). Blood was sampled 2 weeks 
after the final perioperative FVIII infusion. Surgery (open triangles, n = 7) and FVIII 
controls (open circles, n = 9). Horizontal bars represent the mean inhibitor titre in each 
group.  
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weekly, prior to surgery (Protocol 2, Figure 3.1). As in Protocol 1, mice received 2U of 

FVIII daily for 4 consecutive days to manage bleeding during the perioperative time. 

Despite this highly invasive procedure, surgery mice (35 ± 23 BU/mL, n = 7) did not  

show an increased immune response to FVIII compared to the controls (31 ± 20 BU/mL, 

n = 9, p = 0.66) (Figure 3.4B). 

In hemophilia A patients, FVIII exposure is often intensified during a surgical 

procedure. To replicate this, we next primed mice with FVIII as before, but tripled the 4 

perioperative FVIII infusions to 6U (240 U/Kg). While there was an overall increase in 

inhibitor levels due to a triple dosing of FVIII, there was no significant difference in 

inhibitor levels between surgery (52 ± 27 BU/mL, n = 17) and FVIII control animals (60.3 

± 30 BU/mL, n = 17, p = 0.40) who received a tripled perioperative dosing (Figure 3.5). 

 There is evidence that drug-induced liver damage (eg. with conconavalin A), can 

lead to immunological tolerance (15). To exclude the possibility that some form of liver-

related tolerance was limiting the immunogenicity of FVIII due to the liver resection, we 

removed this procedure from Protocol 3B (Protocol 3A was repeated, except that the 

liver was not resected) (Figure 3.5). While slightly elevated, inhibitor levels in surgery 

mice (68.7 ± 31.3 BU/mL, n = 6) were not significantly increased compared to controls 

(60.3 ± 30 BU/mL, n = 17, p = 0.57). 

 Anesthesia as well as analgesics may have immunomodulatory effects (106). In 

these studies, surgery mice were anesthetized with isoflurane, and received the opiate 

buprenorphen and/or tramadol, as well as acetaminophen to control postoperative pain. 

In order to control for any potential immunomodulatory effects of these materials, 

Protocol 3C was performed. In this experiment, the mice were anesthetized with  



88 
 

 

 

 

 

 

 

 

Figure 3.5. Surgery and intense exposure to FVIII at the perioperative time does not enhance the 
immunogenicity of FVIII (Protocols 3A-C). All mice were primed with 2U FVIII/week for 2 consecutive 
weeks and received 6U FVIII/d at the perioperative time. Data was pooled from 4 separate experiments. 
Surgery mice (solid circles, n = 17) and FVIII controls (open squares, n = 17). To control for any potential 
immunomodulatory effects of liver resection, mice underwent laparotomy but the liver was not resected 
(open triangles). However, there was no difference in surgery mice with (solid circles, n = 17) or without 
(open triangles, n = 6) liver resection compared to FVIII controls (n = 17, p = 0.57) To control for any 
potential immunomodulatory effects of anesthesia and analgesics used during surgery and at the 
perioperative time, the anesthesia/analgesic controls (open circles) received anesthesia and analgesics 
but did not undergo surgery. There was no difference in inhibitor titres in FVIII controls without (open 
squares, n = 17) or with (open circles, n = 10, p = 0.76) anesthesia and analgesics. All inhibitor levels 
were measured 2 weeks after the final perioperative FVIII infusion. Horizontal bars represent the mean 
inhibitor titre in each group.  
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isoflurane for 20 minutes (the length of the surgical procedure), and received an 

identical dose and dosing regimen of FVIII and analgesics as mice in Protocol 3A & B, 

but did not undergo surgery. Two weeks after the “perioperative” FVIII (in this case, 

“perioperative” refers to the time at which mice were under anesthesia), blood was 

sampled and inhibitor levels measured by the Bethesda assay (Figure 3.5). Inhibitor 

levels in this anesthesia/analgesic group (64 ± 33 BU/mL, n = 10) were nearly identical 

to the FVIII control mice, which did not receive anesthesia or analgesics (60.3 ± 30 

BU/mL, n = 17, p = 0.76). 

 
3.4.4 Total anti-FVIII Abs levels are unaffected by surgery  
 
The Bethesda assay only measures anti-FVIII Abs that inhibit (neutralize) the 

procoagulant function of FVIII, and gives no information regarding the total number of 

anti-FVIII Abs, which includes both inhibitory and non-inhibitory Abs. Therefore, ELISA 

was used to evaluate total anti-FVIII Ab levels in surgery and FVIII control animals from 

Protocol 3A (Figure 3.6). However, major surgery did not enhance the immunogenicity 

of FVIII compared to the FVIII controls, as the level of total anti-FVIII Abs in the two 

groups was nearly identical. These results, taken together with the Bethesda data, 

suggest that a proinflammatory surgery, and an intensified exposure to FVIII at the 

perioperative time, does not enhance the immunogenicity of FVIII during the primary 

immune response in this animal model. 

  
3.4.5 The secondary immune response to FVIII is not enhanced by surgery  

While FVIII immunogenicity was unaltered when administered at the perioperative time, 

in the setting of the primary immune response, we wanted to determine if surgery  



90 
 

 

 

 

 

 

 

 

Figure 3.6. Surgery has no effect on total anti-FVIII Abs measured by ELISA. 
Bethesda assay and anti-FVIII ELISA was performed on plasma samples from surgery 
(n = 6) and FVIII control mice (n = 6) 2 weeks after perioperative FVIII infusions. The 
Bethesda assay and ELISA were performed on identical plasma samples. Horizontal 
bars represent the mean inhibitor titre or mean ELISA titre in each group.  
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affected the secondary immune response to FVIII. Therefore, 4 weeks after the final 

perioperative FVIII infusion, blood was sampled from surgery and FVIII control mice, 

and the mice were then immediately re-challenged with 2U FVIII after sampling. The 

secondary response to FVIII was evaluated by the Bethesda assay 1 week after FVIII 

re-challenge (Figure 3.7A, B). There was no significant difference in the secondary  

immune response to FVIII in surgery mice, who experienced a 201% ± 116% (n = 17) 

increase in their mean inhibitor titres, compared to the FVIII controls, who experienced a 

213% ± 156% (n = 15) increase in mean Bethesda titres. 

  
3.4.6 Surgery decreases T cell and dendritic cell levels 

There is a significant amount of literature demonstrating that surgery, while having an 

initial proinflammatory burst (such as increased IL-6 levels) is followed by an 

immunosuppressive period once proinflammatory cytokines level drop (107, 108). This 

includes a decline in T cell levels and function, and a decrease of MHC-II expression by 

monocytes (107, 108).  Since IL-6 levels were nearly restored to basal level at 48 hours 

after surgery, we harvested spleens from surgery and FVIII control mice and measured 

absolute levels of T cells (CD4), B cells (CD19), DCs (CD11c) (Figure 3.8) and 

macrophages (CD11b) (not shown). Naïve mice were also studied to establish basal 

leukocyte levels. Interestingly, there was a significant decrease in the absolute CD4+ T 

cell (Figure 3.8A) and CD11c+ DC (Figure 3.8C) levels in the spleen in the surgery mice 

compared to FVIII control mice and naïve mice. There was a small increase in the 

CD19+ B cell levels in both the surgery and FVIII control mice compared to naïve mice, 

consistent with the expansion of B cells following the FVIII infusions these mice 

received. No change was observed in the CD11b+ macrophage levels (not shown).  
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Figure 3.7. Surgery does not enhance the secondary immune response to FVIII. 
(A) 4 weeks after the final perioperative FVIII infusion, blood was collected from surgery 
mice (solid circles, n = 17) and FVIII controls (solid squares n = 15) from Protocol 3A, 
and these animals were then immediately re-challenged with 2U FVIII. One week after 
this FVIII re-challenge, blood was again collected, and inhibitors levels before and after 
FVIII re-challenge were measured. Horizontal bars represent the mean inhibitor titre. (B) 
The mean percent increase in inhibitor levels in surgery and FVIII controls following re- 
challenge are shown. Data are mean ± S.D. 
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Figure 3.8. Surgery decreases splenic CD4 and CD11c levels. At 48 hours after surgery or FVIII 
infusions, splenocytes were harvest from surgery mice, FVIII controls, or naïve animals (n = 6/treatment 
group). There was a significant decrease in the absolute number of CD4

+
 T cells (A) from surgery mice 

compared to FVIII controls and naïve mice. There was a significant increase in absolute CD19+ B cell 
levels (B) in surgery mice and FVIII controls compared to naïve levels. Additionally, there was a 
significant decrease in absolute number CD11c

+
 dendritic cells (C) in the surgery mice compared to FVIII 

controls and naïve mice. Data are mean ± S.D. ns = not statistically significant. 
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These immunological data indicate surgery-induced immune suppression, which is well-

documented in humans, may also take place in hemophilia A mice that undergo 

surgery. 
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3.5 Discussion 

Despite there being limited clinical investigations (48, 49), and no basic scientific data, 

surgery in hemophilia A patients is considered to be very strongly associated with FVIII 

inhibitor development (45, 47, 90, 93). This is understandable given that surgery can 

bring other risks such as bleeding and infection, which can play important roles in the 

balance between tolerance and immunity. In this study, we carried out a semi-

quantitative literature review, which suggested that the incidence of de novo FVIII 

inhibitor formation after surgery is very infrequent (3.87%). To evaluate this finding and 

to study the immunogenicity of human FVIII under well-controlled conditions, we 

developed a novel model of surgery in the hemophilia A mouse. We demonstrated that 

this surgery, despite inducing a significant proinflammatory response, did not enhance 

the immunogenicity of FVIII.  

This novel surgical model in hemophilia A mice induced a hypersecretion of 

plasma IL-6, which increased IL-6 levels more than 150-fold compared to FVIII controls, 

and increased expression of the maturation marker CD80 on splenic DCs. The central 

involvement of IL-6 in the inflammatory process, and in the innate immune response, is 

elaborated by IL-6-deficient mice, which are resistant to numerous experimental 

autoimmune conditions (eg. experimental autoimmune encephalomyletis, antigen-

induced arthritis (109)), and susceptible to bacterial infections such as pneumococcal 

pneumonia (110). Given the proinflammatory properties of IL–6, and the increased 

maturation of splenic DCs, was it therefore surprising that FVIII immunogenicity was not 

enhanced by surgery.  
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However, it has been extensively documented that, although the initial 

postoperative period (48-72 hours post-op) in humans is proinflammatory, this is only a 

transient response that is followed by an immunosuppressed state. This 

immunosuppression is interestingly established, at least in part, by elevated IL–6. For 

example, high IL–6  levels attenuate inflammatory IL–1β and TNF–α production, and 

induce release of prostaglandin E2, which stimulates release of anti-inflammatory 

cytokines such as IL-10 (107, 108, 111-113). Additionally, surgery reduces both 

monocyte and peripheral T cell counts (108), and decreases expression of MHC-II on 

monocytes postoperatively (107, 108, 111, 114). Similarly in our surgical model, at 48 

hours postoperatively, IL–6 levels had nearly returned to basal level, and CD4+ T cells 

and CD11c+ DCs were significantly reduced compared to FVIII controls. This 

paradoxical immunosuppression might account for the very low level of de novo 

inhibitors seen in hemophilia A patients revealed in our literature review, and more than 

likely plays an important role in the lack of an enhanced FVIII immune response in this 

mouse model. It would be very interesting to study the immune system in hemophilia A 

patients postoperatively; a general immunosuppressed state in these patients may be 

expected and would indicate a mechanism for the lack of inhibitor formation following 

surgery. 

The CANAL study revealed that there is a greater association between surgery 

and inhibitor formation if first exposure to FVIII is prophylaxis for surgery (48). 

Additionally, in the literature review, almost all patients that developed inhibitors were 

MTPs. Therefore, we assessed the immunogenicity of FVIII by operating on mice 

previously untreated with FVIII. However, despite FVIII infusions within this 
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proinflammatory context (>150-fold increased IL-6 and DC CD80 upregulation), surgery 

had no effect on the immunogenicity of FVIII compared to FVIII controls (Bethesda 

assay and anti-FVIII ELISA). These results suggest that surgery does not influence 

FVIII immunogenicity in this model. This may potentially indicate that other risk factors, 

particularly the naïve immunologic nature of PUP and MTP, plays a more significant role 

in inhibitor formation than does surgery. 

As many hemophilia A patients have at least some FVIII exposure prior to 

surgery, mice were treated with FVIII prior to surgery, and underwent moderate (~80 

U/Kg) or intense (~240 U/Kg) perioperative FVIII exposure. However, FVIII pretreatment 

prior to surgery, nor intense perioperative FVIII exposure, enhanced the immunogenicity 

of FVIII relative to the FVIII control groups. In addition to the primary FVIII immune 

response, subsequent FVIII re-challenge 1 month after the perioperative FVIII 

administration, demonstrated that the secondary immune response to FVIII in the 

surgical setting was also unaltered. These results support the findings in the literature 

review presented in this study, and also the findings uncovered in the case-controlled 

Italian study on inhibitor risk factors (49). 

There were several modifiable factors, such as damage to the liver (94) through 

resection, as well as anesthesia and analgesics (106, 115), that could have 

immunomodulatory or immunosuppressive effects in the mouse. However, two separate 

control groups (Protocol 3B and C) revealed that liver resection had no 

immunomodulatory effect, and this was also true of the anesthesia and analgesics used 

in this study. 
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The extremely strong response to human FVIII in the hemophilia A mouse may 

represent the limitations of this surgical model. These mice, when immunized with 

human FVIII, all develop inhibitors, unlike in the hemophilia population, where only 25-

30% of patients develop inhibitors. Therefore, the magnitude of the immune response to 

FVIII in these mice may overshadow any subtle difference in FVIII immunogenicity that 

was induced by surgery. To this end, we hope to further evaluate the association of 

surgery with inhibitor formation in a different hemophilia A mouse model, one in which 

some animals will remain tolerant to repeated FVIII immunizations (116). In these 

tolerant mice, surgery and/or an intense perioperative exposure to FVIII may break FVIII 

tolerance.  

 Studies in humans have shown that major uncomplicated surgery induces a 

transient proinflammatory response (2-3 days post-op), followed by a significantly longer 

(1-2 weeks post-op) immunosuppressed state (107, 108, 111-114). Given these data, it 

is difficult to imagine that surgery will enhance FVIII immunogenicity. However, if 

patients require surgery in emergency settings, such as in trauma cases, there may be 

excessive uncontrolled bleeding unlike that seen in a controlled surgical setting, and it is 

under these conditions where FVIII tolerance may be broken. This possibility, coupled to 

the fact that almost all patients that develop inhibitors postoperatively are MTP or PUP, 

may significantly over-estimate the risk of surgery in de novo inhibitor formation. 

 Currently, surgery is considered one of the most important environmental risk 

factors for inhibitor formation (47, 90, 93). However, contrary to this, we present data 

from a detailed literature review and extensive preclinical testing in a model of 

hemophilic surgery, suggesting that surgery does not enhance the immunogenicity of 



100 
 

FVIII, or play a significant role in inhibitor formation. Based on this, in a controlled 

setting in PTPs, surgery may not be a significant risk factor for inhibitor formation. 

However, in PUPs or MTPs who undergo surgery, or in patients who undergo surgery 

with uncontrolled bleeding or trauma, these factors may function independently or in 

combination with surgery, to break FVIII tolerance.  

This study sheds new light on the immunogenicity of FVIII by questioning the 

significance that has been placed on surgery in the context of inhibitor formation. 

Therefore, additional pre-clinical testing in a different animal model, as well as 

prospective immunological studies in hemophilia A patients during the perioperative 

time will be necessary to fully evaluate this important treatment reaction. 
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CHAPTER 4 

 

 

 

 

 

 

 

 

 Central Tolerance to FVIII: Detecting FVIII in Mouse  
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4.1 Abstract 

Approximately 25% of treated hemophilia A patients develop neutralizing anti-FVIII Abs, 

and these Abs significantly increase the risk of life-threatening bleeding in this patient 

population. Therefore, developing novel immune tolerance induction strategies, and 

furthering our understanding of the immunobiology of FVIII is very important to the 

health of these patients. For these reasons, we set out to evaluate mucosal tolerance as 

a potential preventative therapy for inhibitor formation. A previous study in our lab 

demonstrated that oral or nasal exposure to the FVIII-C2 domain could induce systemic 

tolerance to C2. In these studies, we exposed mice to the A2 domain of FVIII and found 

that, interestingly, hemophilia A mice are naturally tolerant to the A2 domain without 

need for prior oral or nasal antigen exposure. These mice express, approximately 60% 

of the full-length FVIII protein, including the A2 but not the C2 domain. This led us to 

hypothesize that these mice possess central tolerance to the A2 domain.  

 Gene expression analysis of the thymus showed that normal and hemophilic 

Balb/c mice produce FVIII mRNA in this organ. However, Western blotting to analyze 

thymic lysates revealed that FVIII protein is not detected in the thymus, regardless of 

the age of the animal. In order to study FVIII mRNA expression in the thymus in more 

detail, we developed a protocol to enrich and subsequently purify thymic epithelial cells, 

which are well-established as potent regulators of central tolerance. In addition, thymic 

CD11c+ DCs were also purified and analyzed by PCR. FVIII mRNA expression was 

readily detected in both the thymic epithelium and thymic DCs. To test the role of AIRE, 

a transcription factor that regulates a significant proportion of ectopic gene expression in 

the thymus, we crossed the FVIII-/- and AIRE-/- mice. Double knockout animals are still in 
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the breeding process, however, we were able to assess the immunogenicity of FVIII in 

FVIII-/-AIRE+/- animals. FVIII-/-AIRE+/- mice developed a similar immune response when 

immunized with FVIII as FVIII-/-AIRE+/+, suggesting that AIRE may not be involved in 

ectopic FVIII expression in the thymus. This study increases our understanding of FVIII 

immunobiology by further implicating a possible role for central tolerance to FVIII. 

However, additional testing of FVIII-/-AIRE-/- mice is required, as well as quantitative 

assessment of FVIII mRNA and protein within the thymus. 
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4.2 Introduction 

Approximately 25-30% of treated hemophilia A patients develop neutralizing anti-FVIII 

Abs (inhibitors) that make the current FVIII infusion therapy ineffective (14). These 

patients experience a life with increased morbidity relative to the rest of the hemophilia 

A population. Therefore, developing therapies that induce immunological tolerance to 

FVIII, and understanding the immunobiology of FVIII, are therefore very important 

endeavours. 

 The gut and nasal mucosal immune systems are tolerant to food antigens and 

the intestinal normal flora (117). This phenomenon is referred to as mucosal tolerance, 

and this process has been used for some years in pre-clinical models to re-establish 

immunological tolerance in various autoimmune disorders (eg. diabetes, multiple 

sclerosis). In these studies, the immunogenic antigen is administered nasally or orally, 

usually for several days, and the same antigen is then given via an immunogenic route 

(usually subcutaneously). Indeed, our lab has shown that partial immune tolerance to 

the FVIII-C2 (C2) domain can be induced in hemophilia A mice by oral or nasal 

exposure to C2 (118).  

In the initial studies presented in this chapter, we extended the previous FVIII-C2 

domain study to include the FVIII-A2 domain (A2), also an immunodominant component 

of the mature FVIII protein (8), followed by a clinically relevant intravenous (IV) 

immunization protocol with A2 (rather than subcutaneously as with C2). In these 

studies, we found that, while full length FVIII or the C2 domain elicits inhibitory anti-FVIII 

Abs when administered IV, surprisingly, the A2 domain did not elicit a significant 

immune response in the control group (nasal buffer, IV A2). It was therefore not 
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possible to further pursue mucosal A2 exposure as a mechanism for tolerance induction 

without a positive immune response in the control group. However, this finding led us to 

consider a possible role for central tolerance in the immunobiology of FVIII.  

The process of central tolerance has evolved to eliminate self-reactive T cells 

during the development of the vertebrate immune system (27). This occurs through the 

ectopic expression of tissue-restricted antigens (TRAs) in the thymus. TRAs are 

expressed in the thymus by the thymic epithelium, primarily by medullary thymic 

epithelial cells (mTECs) and to a lesser extent also by cortical thymic epithelial cells 

(cTECs) (25). The thymic epithelium, particularly mTECs, use a potent transcription 

activator known as AIRE (autoimmune regulator) to ectopically express TRAs within the 

thymus (26). mTECs and cTECs express TRAs and transfer these antigens to thymic 

DCs, which subsequently present these antigens in the context of MHC class I and II 

molecules to developing T cells. In this way, the thymic epithelium functions as an 

antigenic “reservoir”, producing antigen for presentation by DCs. It was recently 

discovered that the epithelium also has the capacity of present antigen to immature T 

cells (119). When an immature T cell expresses a T cell receptor that reacts to self-

antigen in the thymus, the T cell will not receive the necessary survival signals and will 

therefore undergo apoptosis. This ensures that the T cell repertoire in the peripheral 

tissues recognizes foreign and not self antigens (a similar process occurs in the bone 

marrow to eliminate self-reactive B cells but this is not the focus of this chapter). 

Considering a role for central tolerance to FVIII came from understanding the 

hemophilia A mouse model used in these studies (60, 61). This mouse was generated 

by targeted disruption of exon 16 in the FVIII gene. Studies have subsequently 
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demonstrated that this mouse has FVIII heavy chain (A1-A2-B domains), but not the 

FVIII light chain (A3-C1-C2 domains), circulating in its plasma (120). Therefore, it is 

possible that the thymus is capable of ectopically expressing the FVIII heavy chain in 

the thymus, a phenomenon that could lead to central tolerance to the heavy chain. This 

may also explain the lack of immunogenicity of A2, and apparent immunogenicity of the 

C2 domain. 

Based on these data, we hypothesized that FVIII is expressed in the thymus of 

normal and hemophilic mice, and that this FVIII expression may be localized to the 

thymic epithelium for the purpose of inducing central T cell tolerance to FVIII. 
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4.3 Materials and Methods  

4.3.1 Animals  

Hemophilia A mice (FVIII-/-) on the Balb/c background were generated as previously 

described (74). Sex-mixed and age-matched FVIII-/- Balb/c and C57Bl/6 mice, as well as 

normal Balb/c, all between 2-14 weeks old, were used in these experiments. The 

younger mice were used to determine if there is a relationship between age and ectopic 

antigen expression.  

 AIRE deficient mice (AIRE-/-) on the C57Bl/6 background were purchased from 

Jackson Laboratories and crossed with FVIII-/- C57Bl/6 mice. The following primer 

sequences were used to genotype the AIRE mice (26):  FVIII-/-AIRE+/- C57Bl/6 mice 

were used in these experiments. Mutant AIRE forward:  5' GTC ATG TTG ACG GAT 

CCA GGG TAG AAA GT 3';  Mutant AIRE reverse:  5' AGA CTA GGT GTT CCC TCC 

CAA CCT CAG 3';  Wild type AIRE forward:  5' TCC GTC TGA AGG AGA AGG AA-3';  

Wild type AIRE reverse: 5' AAG CCG TCC AGG ATG CTA T 3'. All animal procedures 

were reviewed and approved by the Queen’s University Animal Care Committee. Blood 

was taken by orbital plexus bleeding or by cardiac puncture and was mixed with a 1/10 

volume of 3.2% sodium citrate, and plasma was separated by centrifugation of citrated 

blood at 10,000 g for 5 minutes at 4°C. Plasma was stored at -86°C for analysis at a 

later time. 

 

4.3.2 Antigens (FVIII and FVIII-A2) 

The recombinant human FVIII A2 domain (A2) was generously provided by Dr. Phil Fay 

(University of Rochester), and was expressed and purified as described in the following 
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reference (121). The human FVIII (Kogenate, FS) used in these studies was a gift from 

Bayer. 

 
4.3.3 Nasal Antigen Instillation 

Mice were lightly anesthetized with isofluorane and received 1 µg of A2 in 20 µL PBS 

(10 µL was instilled into each nostril) daily for 5 consecutive days. Control mice received 

20 µl of PBS intranasally. 72 hours after nasal antigen or buffer administration, mice 

were immunized with the first of 8 weekly infusions (IV) of 200 ng A2 or 2 U FVIII (~100-

200 ng FVIII, dependent on the lot number from Bayer). Blood was sampled 1 week 

after the 4th and 8th infusions. 

 
4.3.4 Bethesda Assay 

Inhibitory FVIII Abs were measured using the Bethesda assay and were reported as 

Bethesda units per mL (BU/mL), where one BU/mL is defined as the dilution of plasma 

containing FVIII inhibitory activity that results in 50% inhibition of FVIII activity (FVIII:C) 

after a 2 hr incubation at 37ºC. Mouse plasma was serially diluted in buffer (50 mM 

Hepes, 100 mM NaCl, 0.1% BSA w/v, pH 7.4), such that the residual FVIII:C for each 

sample was between 25-75%, mixed 1:1 with pooled normal human plasma (Precision 

Biologics, Dartmouth, NS), and incubated for 2 hours at 37°C. The remaining FVIII 

activity was quantified by a one-stage FVIII coagulation assay on a Coag-A-Mate MAX 

(Biomerieux, Durham, NC) automated coagulometer. For all samples, to reduce error in 

the assay and inconsistency between samples, the reported inhibitor titre in BU/mL was 

calculated from the dilution of plasma that yielded a residual FVIII:C as close to 50% as 

possible. 
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4.3.5 Western blotting analysis 

Single-cell suspensions from the thymuses of 2, 4 and 6 week old normal Balb/c mice 

were lysed (100mM K2PO4, 2% Triton X-100, pH 7.8). Single-cell suspensions from the 

liver and skeletal muscle from 6 week old animals were lysed and used as positive and 

negative controls for FVIII expression, respectively. 60 µg of liver and muscle, and 300 

µg of thymic lysate were reduced with 1 M dithiothreitol (DTT) at 95°C for 5 minutes, 

and were resolved on a 10% polyacrylamide gel. Protein was transferred from the gel to 

nitrocellulose paper by electroblotting. The blot was blocked with 4% skim milk in TBS 

(tris-buffered saline) at room temperature for 1 hour. Primary anti-mouse FVIII mAb 4A4 

(A2-domain specific) and/or mAb I54 (C2-domain-specific) was diluted in 4% skim milk-

TBS to 0.7 µg/µl and incubated over night at 4°C with shaking (anti-FVIII mAbs were a 

kind gift from Dr. Pete Lollar, Emory University). Primary Ab was removed by washing 

the blot in TBS-Tween-20 (0.5%) for 20 minutes at RT with shaking, for a total of 3 

washes. Secondary rabbit anti-mouse Ab, conjugated to horseradish peroxidise (Dako, 

Carpinteria, CA, USA) was diluted 1/5000 in 4% skim milk and incubated with shaking 

for 2 hours at RT. Secondary Ab was washed identically to the primary Ab. A 

chemoluminescent signal was generated using the WesternLighting PLUS-EC 

Enhanced Chemiluminescence substrate (PerkinElmer, Weltham, MA), and the blot was 

exposed on CL-XPosure film (Thermo Fisher Scientific, USA) and developed. 

 
4.3.6 Purification of thymic stromal cells 

The process for purification of the thymic epithelium was adapted from the following 

references (122, 123). Whole thymuses from 3 to 5 week old normal Balb/c mice were 

harvested and meticulously cleaned of fat and connective tissues. The thymic lobes 
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were separated, and each lobe was nicked with fine scissors several times. 8 to 10 

thymuses were placed in 50 mL of media (RPMI 1640, 5% FBS) at 4°C and agitated 

with a stir rod for 30 minutes to remove the bulk of immature thymocytes. The media 

was discarded and replaced with fresh media and this was repeated for 15 minutes for 2 

more rounds of agitation. The remaining thymus fragments were then perfused with 

collagenase (1.25 mg/mL, Roche) diluted in media using a 3 mL syringe with a 25 g 

needle. Thymuses were finely minced with scissors into evenly sized fragments and 

incubated for 15 minutes at 37°C. The collagenase suspension was decanted and 

replaced with fresh media containing collagenase for a total of 3 rounds of digestion. 

Finally, the remaining thymic fragments were digested in a mixture of collagenase (1.25 

mg/mL) and dispase (1.25 mg/mL, Gibco) for 30-45 minutes or until complete 

disaggregation of the thymic fragments was observed. This cellular material was 

centrifuged at 1000 g for 8 minutes, and resuspended in 10 mL media containing 5 mM 

EDTA, and was incubated at 4°C for 10 minutes. The suspension was then filtered 

through a 70 µm nylon strainer.  

To enrich the thymic epithelium, CD45+ cells were depleted using CD45 

microbeads and two passages through magnetic columns, according to manufacturer’s 

instructions (Miltenyi Biotech, Auburn, CA). Enrichment of large stromal cells following 

magnetic depletion of CD45+ cells was confirmed using a Nikon TE-2000 inverted 

microscope at 10 × magnification and by flow cytometry. For DC enrichment, the 

CD11c+ population was positively selected using CD11c microbeads (Miltenyi Biotech). 

After magnetic enrichment, cell populations were purified by FACS. Fc receptors were 

blocked with anti-CD16/32 for 10 minutes at 4°C, and surface markers were 
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subsequently stained for 30 minutes at 4ºC. Debris was gated and mTECs were purified 

as CD45-/loCDR1-EpCAM+, cTECs as CD45-/loCDR1+EpCAM+, and DCs were purified as 

CD11c+. 

 
4.3.7 Analysis of Gene Expression 

RNA was isolated from whole tissue (liver, muscle, thymus) using the QIAgene 

blood/tissue extraction kit as per manufacturer’s instructions. Contaminating DNA was 

removed by digestion with DNase 1 (Invitrogen, Carlsbad, CA, USA), and cDNA was 

generated by gene-specific priming using the reverse primers listed below, 100 ng of 

template RNA and Superscript III reverse-transcriptase (Invitrogen). RNA from mTECs, 

cTECs and DCs was isolated using the RNAqueous Micro kit (Ambion, Foster City, CA), 

which included a DNase 1 digestion step. cDNA was subsequently generated using 1-

Step RT-PCR kit (Qiagen), with 100 ng total RNA as template. The primer sequences 

(forward, reverse) were as follows: β-actin 5’ ACA GGC ATT GTG ATG GAC TC 3’, 5’ 

ACT GTG TTG GCA TAG AGG TC 3’; Ep-CAM 5’ ATT TGC TCC AAA CTG GCG TC 

3’, 5’ GCA AGC TCT GAT GGT CGT AG 3’; FVIII-HC 5’ GGA CTG AGG TTC ATG ACA 

CAG 3’, 5’ TTC ACC AGA TCC ACA TGAG AC 3’; FVIII-LC 5’ CAT GGG CAA CAA 

TGA GAA C 3’, 5’ TGC GAA GAG TAC TAC GGA TG 3’; FVIII-LC nested primers 5’ 

GCT GGA ATA TGG CGA GTA GAA TG 3’, 5’ CTG ACG AGC ACC CTG AGT CTT G 

3’; α 1 anti-trypsin 5’ GGC GCA GAA GGT TAG CCC AG ‘3,  5’ CTG TAG CAT CAG 

GCA CGA GC  3’; AIRE 5’ GGTTCCTCCCCTTCCATC 3’, 5’ 

AGCATCTCCAGAGGCCAC 3’. The following PCR conditions were used for all primer 

sets: 3 minute start at 94°C, with denaturation (94°C) and annealing (60°C) for 30 and 



112 
 

45 seconds, respectively followed by an extension period of 45 seconds at 72°C for 40 

cycles. PCR products were resolved by electrophoresis on 1.5% agarose gels. 

 
4.3.8 Statistics 

In all experiments, statistical comparisons were calculated using a 2-tailed Student’s t 

test. The data were considered statistically significant at p < 0.05.
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4.4 Results 

4.4.1 A failed attempt at induction of immunity to the A2 domain reveals a 

possible role for central tolerance to FVIII. 

One µg of human A2 domain in 20 µl of buffer was instilled into the nasal passage of 

hemophilia A mice daily for 5 consecutive days. Control mice received 20 µl of buffer 

intranasally. Three days later, mice were immunized IV at weekly intervals for 8 

consecutive weeks with 200 µg human A2. An additional group of mice that received 

intranasal A2 were immunized with 2 U of full-length FVIII weekly for 8 weeks, to 

determine if mucosal A2 could confer tolerance to the full-length molecule (Figure 4.1). 

Surprisingly, in the control group (receiving intranasal buffer) after 4 weekly A2 domain 

immunizations, FVIII inhibitors were not detected. This is in contrast to intravenous C2 

immunizations, which at a similar dose consistently lead to the generation of inhibitory 

anti-FVIII Abs (Mohammad Qadura, personal communication). To further test the 

immunogenicity of A2, mice were immunized for a total of 8 weeks. One week after the 

8th and final immunization, only 1 mouse out of 4 that were immunized had developed a 

very low-level inhibitor. In contrast, all mice immunized with FVIII developed high-

responding inhibitors at this final time point. This result suggested that the human A2 

domain is only minimally immunogenic in hemophilia A mice. 

 
4.4.2 The human FVIII-A2 domain is only minimally immunogenic in hemophilia A 

mice. 

While the dose of A2 used to immunize mice in the previous study was high (at 200 ng 

of A2, at a molar ratio to 2 U FVIII, there are approximately 5 times more A2 domain  
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Figure 4.1. Apparent lack of immunogenicity of human FVIII-A2 domain in 
hemophilia A mice undergoing mucosal tolerance. Hemophilia A mice were treated 
with A2 domain or buffer (control) intranasally every day for 5 consecutive days. Three 
days after nasal antigen administration mice were subsequently immunized 
intravenously with full-length FVIII (n = 10, “FVIII immunized”) or A2 domain only (n = 
10, “A2 immunized” and n = 4 “control”) weekly for 8 weeks. FVIII inhibitor levels were 
measured 1 week after the 4th immunization and 1 week after the 8th immunization. 
Each point on the graph represents the inhibitor titre in an individual animal.  
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molecules present in 200 ng pure A2 than in 2 U of FVIII), the dose was escalated to try 

and elicit an inhibitory immune response to FVIII. Mice were infused with either 500 ng, 

1 or 2 µg A2 weekly for 4 consecutive weeks (n =3 mice/dose). Blood was sampled 2 

weeks after the final infusion and inhibitor levels were measured by the Bethesda assay 

(Figure 4.2A). Again, A2 was only weakly immunogenic in 1 of 3 mice that, surprisingly, 

received the lower (500 µg/infusion) dosage, while no mice receiving the higher doses 

developed inhibitors.  

Generally, the intravenous route is considered only weakly (if at all) immunogenic 

(FVIII appears to be a rare exception to this rule). Our main goal was to maintain clinical 

relevance with these studies, so we avoided immunizing mice with A2 via the SC route 

(which never takes place in the clinic). However, the intraperitoneal route was an ideal 

alternative since the movement of antigen following IP administration is into the blood 

and spleen (as opposed to the SC route where antigen drains into the regional lymph 

nodes). Therefore, we used a combined IV and IP immunization protocol: mice were 

treated with an initial 500 ng A2 IV, followed by 2 x 250 ng IP infusions at 5 day 

intervals, and a final 250 ng IV infusion an additional 5 days later (n=4). Control mice 

received 2 U FVIII at the same intervals (n=2). Again, however, while control mice 

receiving full-length FVIII developed inhibitors, none of the mice treated with A2 

developed positive Bethesda results (Figure 4.2B). 

 
4.4.3 FVIII mRNA, but not protein, is expressed in the murine thymus. 

To begin to study a role for central tolerance to FVIII, we searched for ectopic 

expression of FVIII in the thymus of normal and FVIII-deficient mice. FVIII is primarily 

expressed in the liver (8), which was used as a positive control for FVIII mRNA (and  
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Figure 4.2. The human FVIII-A2 domain is only minimally immunogenic in hemophilia A mice. (A) 
A2 domain dose escalation. Hemophilia A mice were immunized with 500 ng, 1 µg or 2 µg of FVIII-A2 
domain weekly for 4 successive weeks (n = 3 mice/dose). Inhibitor levels were measured 2 weeks after 
the final A2 immunization. (B) Alteration of A2 domain immunization method. The intraperitoneal 
immunization route is considered more immunogenic than IV administration. Therefore, to maintain 
clinical relevance, mice underwent a mixed IV/IP immunization protocol. A2 or FVIII was administered at 5 
day intervals in the following order IV (500 ng), IP (250 ng), IP (250 ng), and IV (250 ng). Inhibitor levels 
were measured 2 weeks after the final A2 immunization. Each point on the graph represents the inhibitor 
titre in an individual animal.  
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protein) expression throughout this chapter. Skeletal muscle contains very low levels of 

FVIII mRNA (124) and no FVIII protein, therefore muscle was used as a negative 

control throughout the chapter. We performed reverse-transcriptase PCR (RT-PCR) and 

found that FVIII mRNA is readily detected in whole thymus from 2 and 4 week old 

normal mice (Figure 4.3A) as well as hemophilic mice (data not shown), with primers 

that amplify both the FVIII light chain and heavy chain regions. EpCAM was used as a 

positive control for thymic RNA. 

Using mAbs specific for either the FVIII heavy chain (anti-A2 mAb) or FVIII light 

chain (anti-C2 mAb), we analyzed FVIII protein expression in lysates from normal 

mouse livers (positive control), skeletal muscle (negative control) and thymus by 

Western blotting. Liver and muscle lysates were from 6 week old animals, and thymic 

lysates were made from 2, 4 and 6 week old mice to determine if age influenced protein 

expression. The mAbs used in this experiment were specific for mouse FVIII as 

demonstrated by binding to liver lysates, and did not show reactivity toward other 

antigens as demonstrated by a lack of binding to muscle lysates. Interestingly, despite 

readily detecting FVIII mRNA in murine thymus, FVIII protein could not be detected at 

any age (using either the anti-A2 or C2 or both the anti-A2 and C2-specific mAbs), even 

after extended exposure times (Figure 4.3B). This result was surprising given the ready 

detection of FVIII mRNA in the thymus, therefore, we next focused on gene expression 

in the thymic epithelium and thymic DCs, the principal cell populations involved in 

mediating central tolerance. 
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Figure 4.3. FVIII mRNA, but not FVIII antigen, is readily detectable in the mouse thymus. (A) 
Expression of FVIII mRNA by the thymus and liver. Total RNA was extracted from 2 and 4 week old 
thymus and from 4 week old livers (positive control for FVIII expression) of normal, Balb/c mice. EpCAM, 
epithelial cellular adhesion molecule, is a positive control for the thymus. FVIII-LC and FVIII-HC, 
represent primers that amplify the light chain or heavy chain regions of FVIII mRNA, respectively. This is 
one of at least 10 representative experiments, and similar results were obtained using hemophilia A 
Balb/c mice. (B) Expression of FVIII protein by the thymuses (2, 4 and 6 2 weeks old), liver and skeletal 
muscle. 300 µg of total protein from thymuses and muscle, and 150 µg from liver lysates were 
electrophoresed in parallel. The electroblot was over-exposed to detect trace amounts of FVIII antigen in 
the thymus. A slightly less exposed example of liver blotting is shown at the far right. This is one of at 
least five representative experiments.  
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4.4.4 Isolation of thymic dendritic cells and thymic epithelial cells. 

We were primarily concerned with isolating the thymic DCs and epithelium, the latter of 

which includes medullary thymic epithelial cells (mTECs) and cortical thymic epithelium 

(cTECs), as these cell populations are well-established with a capacity for ectopic 

antigen expression (25). However, the thymus is mainly composed of immature T cells, 

expressing CD4 and/or CD8 and CD45hi (Figure 4.4A), whereas the thymic epithelium is 

CD45-/lo, with the thymic cortex staining positive for CDR1 (CD45-/loEpCAM+CDR1+), 

and the thymic medulla negative for CDR1 (CD45-/loEpCAM+CDR1-). Therefore, it was 

necessary to develop a protocol to eliminate a significant proportion of the 

contaminating immature T cell population. This was performed through several rounds 

of agitation in media and multiple rounds of enzymatic digestion to release the 

lymphocytes. This was followed by magnetic depletion of the CD45+ thymic population 

prior to fluorescent cell sorting. After magnetic separation, the larger stromal cells were 

apparent microscopically (Figure 4.4B) and this was confirmed by flow cytometry 

showing that magnetic depletion resulted in a larger (forward scatter) and more complex 

(side scatter) population of cells (Figure 4.4C). Importantly, this resulted in an 

enrichment of CD45- cells (Figure 4.4D). Finally, the CD45-depleted cells were further 

enriched and subsequently purified on a cell sorter (Figure 4.4E). While it was possible 

to isolate individual populations of pure mTECs (CD45-/loEpCAM+CDR1-) and cTECs 

(CD45-/loEpCAM+CDR1+), we subsequently pooled isolated mTECs and cTECs (as 

CD45-/loEpCAM+) in order to have significant cell numbers for RNA extraction (Figure 

4.4F). Finally, thymic DCs were isolated as CD11c+ cells (Figure 4.4G). 
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Figure 4.4. Enrichment and purification of the thymic epithelium and thymic DCs. 
(A) The thymus contains mostly T cells. A single-cell suspension from the whole thymus 
of normal mice was examined for T cell markers by flow cytometry. (B) Microscopy (10X 
magnification) and flow cytometry of whole thymus and the thymus following magnetic 
depletion of CD45+ cells. (C) Flow cytometry demonstating the enrichment of the CD45- 

population following magnetic depletion of CD45+ cells, and compared to CD45 
expression in the whole thymus. (D) Overlay showing CD45 expression in the CD45-
depleted thymus (“CD45-“) versus the whole thymus (E) Sorting of mTECs and cTECs 
by flow cytometry following magnetic depletion of CD45+ cells. Large, granular cells 
were first gated to eliminate some of the contaminating T cell population. Next, the 
CD45lo/- population was gated and epithelial cells were selected based on expression of 
EpCAM, while mTECs and cTECs were differentiated based on the absence or 
presence of CDR1, respectively. (F) Due to the difficulty in obtaining significant cell 
numbers, rather than differentiating between mTECs and cTECs, a total population of 
CD45lo/-EpCAM+ cells were collected and used in subsequent gene expression studies. 
(G) Isolation of thymic DCs as CD11c+ cells.  
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4.4.5 Gene expression from thymic DCs and epithelium. 

While RT-PCR of whole thymus demonstrated that FVIII is ectopically expressed here, 

RNA was extracted from thymic DCs (CD11c+), DC (CD11c)-depleted thymus, and the 

thymic epithelium (CD45-/loEpCAM+), and gene expression in these subpopulations was 

analyzed (Figure 4.5). Interestingly, FVIII mRNA expression was detected in all of these 

thymic subpopulations. As a positive control for thymic epithelial gene expression, the 

liver-specific gene α-1 anti-trypsin was used, which has been shown to be ectopically 

expressed in the thymic epithelium (25). This RNA was indeed expressed by the thymic 

epithelium (CD45-/loEpCAM+) in normal mice. Expression of the transcriptional regulator 

AIRE (autoimmune regulator) was also used as a control for thymic RNA expression. 

This marker was readily detected in the thymic subpopulations, and in the whole 

thymus, with some off-target expression detected in the liver, which has been reported 

previously in the literature (27). 

 
4.4.6 Immunogenicity of FVIII in FVIII-/-AIRE+/- mice. 

Ectopic expression of tissue restricted antigens in the thymus occurs, in large part, 

through the effects of the potent transcription activator, AIRE. Animals with AIRE 

deficiency lose tolerance to a large number of antigens and experience significant 

lymphocytic infiltration into multiple organs. We are currently in the process of breeding 

the AIRE-/- mouse with our FVIII-/- mouse, and have not yet produced double knockout 

animals. However, C57Bl/6 FVIII-/-AIRE+/- mice (n = 9) and C57Bl/6 FVIII-/-AIRE+/+ mice 

(n = 11) were immunized with FVIII (2 U) weekly for 4 consecutive weeks, and 1 week 

after the final FVIII infusion blood was sampled and FVIII inhibitor levels were measured  
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Figure 4.5. Gene expression by the thymic epithelium and by thymic DCs. 
Comparison of gene expression in thymic subpopulations and whole tissues. Liver and 
muscle represent positive and negative (or low level) controls, respectively, for FVIII 
mRNA expression. α1-anti-trypsin is a positive control for ectopic expression of a liver-
restricted gene in the thymus. RT-PCR was run in parallel for all tissues and all thymic 
subpopulations. This is one of at least 3 separate and representative experiments. 
AIRE, autoimmune regulator. FVIII-LC, factor VIII light chain.  
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by the Bethesda assay (Figure 4.6). FVIII-/-AIRE+/+ mice had a mean inhibitor level of 57 

BU/mL while FVIII-/-AIRE-/+ mice had a mean inhibitor level of 32 BU/mL (p = 0.25). 

These results have been obtained in mice in which one AIRE allele is still expressed, 

and thus, there may still be sufficient AIRE present in the thymus to mediate synthesis 

and subsequent central tolerance to ectopically expressed antigens such as FVIII. This 

issue relates to potential threshold levels of AIRE that are required for antigen 

expression and tolerance induction, and this influence may vary for different tissue- 

specific proteins. In the total absence of AIRE, and if AIRE is involved in facilitating 

central tolerance to FVIII, one would expect that the FVIII inhibitor levels would be 

significantly higher.   
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Figure 4.6. Immunogenicity of human FVIII in FVIII-/-AIRE+/- mice. Genotyping of 
mice was confirmed by at least 2-3 repeats of PCR. Mice were immunized weekly for 4 
consecutive weeks with 2 U human FVIII. One week after the final FVIII immunization, 
blood was collected and FVIII inhibitor levels were measured. Each point on the graph 
represents the inhibitor titre in an individual animal. Horizontal bars represent the mean 
inhibitor titre in each group. 
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4.5 Discussion 

There has been a significant increase in our understanding of the immunobiology of 

FVIII in the past 15 years, however, very few of these investigations, if any at all, have 

focused on a possible role for central tolerance to FVIII. Given that FVIII inhibitor 

formation is still a very significant clinical problem, and that the increasing frequency of 

replacement therapy in developing countries means that inhibitors will represent an 

even greater dilemma in the near future, it is important that we gain an even greater 

understanding of the immunobiology of FVIII. To this end, in this study we have 

demonstrated for the first time that FVIII is expressed in the thymic epithelium of normal 

mice, and that this population of epithelial cells are well-known as key players in the 

process of central tolerance (25, 27, 119). Further to this, we have begun to develop a 

novel hemophilia A mouse with a complete loss of AIRE, a potent transcription activator, 

used by the thymic epithelium to ectopically express a broad range of tissue-restricted 

antigens in order to mediate central tolerance (26). 

Mucosal tolerance has shown promise to limit the immunogenicity of FVIII and 

FIX in mice (118, 125). However, because the exon 16 KO hemophilia A mouse is not 

completely deficient in the FVIII antigen, it is likely not the best model in which to study 

mucosal tolerance. Indeed, the presence of the FVIII heavy chain in the exon 16 KO 

hemophilia A mouse plasma (120) is most likely the reason that the human A2 domain 

was minimally immunogenic when administered intravenously to these mice. That the 

A2 domain was immunogenic in a very small number of mice was most likely through a 

species-specific, heterologous antigen mechanism (the human and murine A2 domains 

share approximately 80% amino acid sequence identity). While this finding made further 
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investigations into mucosal tolerance impossible, it initiated a new set of questions 

relating to the mechanisms underlying the induction of central tolerance to FVIII. 

While there is no direct evidence for central tolerance to FVIII, some indirect 

evidence exists. For example, humans that are cross-reactive material negative (i.e., 

FVIII Ag negative), are at a greater risk for developing FVIII inhibitors than CRM+ 

patients (126). This clinical outcome is very similar to the hemophilia A mice used in this 

study, that have circulating FVIII heavy chain (A1-A2-B domains), and could therefore 

be characterized as “CRM+”. Indeed, following this line of reasoning, these mice are 

therefore “CRM-” for the FVIII light chain (A3-C1-C2 domains). In addition, patients with 

large deletion mutations of the FVIII gene are at a significantly greater risk for inhibitor 

development than patients with small deletions or point mutations (22, 23). These 

clinical experiences, coupled to our findings regarding the immunogenicity of the A2 and 

C2 domains in hemophilia A mice, led us to believe that central tolerance to FVIII was a 

possible explanation for the lack of immunogenicity of intravenous and intraperitoneally 

administered A2. 

 We began investigating a role for central tolerance by studying FVIII mRNA and 

protein in the normal murine thymus. Gene expression studies revealed that FVIII 

message is readily detected in the normal and hemophilic mouse thymuses. Detection 

of FVIII mRNA in the thymus has been shown by at least one other group (124). In 

order to study FVIII expression in the thymus in greater detail, we developed a method 

to purify the thymic epithelium, which includes both mTECs and cTECs, with these cell 

types being integral components for the induction and maintenance of central tolerance 

(27, 119). 



129 
 

Once a reproducible method for obtaining these cells was established, we 

isolated the thymic epithelium (CD45lo/-EpCAM+) and discovered that this subpopulation 

of cells readily expresses FVIII mRNA. Additionally, FVIII mRNA expression was also 

detected in thymic DCs (CD11c+ population) as well as in the CD11c-depleted thymus. 

Based on these findings, it appears that FVIII expression in the thymus is largely 

promiscuous, and this further suggests that central tolerance to FVIII may indeed occur. 

In contrast to FVIII mRNA, however, even at very long exposures with anti-A2- and/or 

C2-domain-specific mAbs, Western blotting did not reveal FVIII protein expression in 

mouse thymic lysates. Previous immunofluorescence studies in the human fetal thymus 

had already indicated that FVIII expression in this organ was doubtful (127). 

Furthermore, a study focusing on the vascular endothelial cells within the human 

thymus also demonstrated a lack of FVIII Ag expression in this tissue(128). A well 

recognized practical challenge in working with FVIII is the very low levels of the protein 

in any tissue and body compartment (only present at 1 nM levels in the plasma). Thus, 

definitive identification of FVIII protein requires highly sensitive and specific (not 

detecting VWF) immunodetection methodologies. In addition, it could be that FVIII 

expressed in the thymus is degraded and loaded on to MHC molecules for presentation 

to T cells, and that we lack the proper antibodies to detect FVIII in this format. As well, 

ectopic expression of FVIII (i.e., outside of the liver) is quite common, and it is possible 

that FVIII mRNA expression in the thymus is not required for central tolerance to FVIII. 

That is to say, FVIII could reach the thymus by other means: either directly from the 

circulation (129, 130), or FVIII could be endocytosed by circulating DCs that traffic to the 

thymus (131), since DCs are indispensible for central tolerance (132). Indeed, a recent 
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study showed that intrathymic injection of FVIII protein in neonatal hemophilia A mice 

can induce long-term FVIII tolerance to repeated FVIII immunizations in the adult mouse 

(133), indicating that a source of FVIII from outside of the thymus is sufficient to induce 

tolerance. Therefore, based on these observations, lack of direct detection of FVIII Ag in 

the thymus by Western blotting does not rule out the possibility of central tolerance to 

FVIII. 

The transcription factor AIRE is a potent regulator of central tolerance (26). 

Indeed, a significant proportion of genes ectopically expressed in the thymus by the 

thymic epithelium require AIRE for transcriptional activation(26, 134). To determine if 

AIRE is responsible for FVIII expression in the thymus, we crossed FVIII-/- mice with 

AIRE-/- mice. While double knockout animals are not yet mature, we tested the 

immunogenicity of FVIII in FVIII-/-AIRE+/- mice. Previous studies demonstrate that the 

effect of this AIRE mutation is co-dominant in nature, and that the heterozygous animals 

(AIRE+/-) have approximately 15% AIRE activity, and subsequently express significantly 

lower levels of TRAs (135). However, there was no significant difference in the immune 

response to FVIII in FVIII-/-AIRE+/- compared to FVIII-/- mice. These data appear to 

suggest that AIRE may not influence central tolerance to FVIII. However, little is known 

about the critical threshold levels of AIRE expression required to attain central tolerance 

for tissue-restricted antigens and whether this threshold may vary for different antigens. 

Overall, this initial study in FVIII-/-AIRE+/- mice needs confirmation in FVIII-/-AIRE-/- once 

these animals have been bred to sufficient numbers. 

Currently, FVIII inhibitor formation is the most significant problem in the effective 

management of hemophilia, yet in 2010 our understanding of some of the most basic 



131 
 

aspects of FVIII immunobiology remains to be elucidated. We present data in this study 

demonstrating some of the first direct evidence of a possible role for central tolerance to 

FVIII in the thymus. This study therefore introduces a new area of FVIII immunobiology: 

the involvement of the thymus in shaping the FVIII-specific T cell repertoire in peripheral 

tissues. Further testing is required to quantitatively assess FVIII mRNA expression from 

the thymic epithelium, as well as additional mechanistic studies in FVIII-/-AIRE-/- to 

understand the nature of ectopic FVIII gene expression and its importance in FVIII T cell 

tolerance. 
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CHAPTER 5 

 

General Discussion and Perspectives 
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5.1 General Discussion 

Living with severe hemophilia is very challenging. If the patient is following an optimized 

prophylaxis schedule, every day he must calculate his FVIII level based on the time of 

his most recent infusion (136). This is particularly important prior to any activity that 

involves an impact on joints and muscles that might precipitate bleeding. In 2010, it is 

possible to prevent long-term musculoskeletal problems if vigilant FVIII infusion 

schedules are established at a very early age, and the patient adheres to this therapy 

for an extended period of time (137). If the patient goes on to develop inhibitors to FVIII 

however, the FVIII infusion therapy becomes useless, and in this clinical setting, the 

control of bleeding episodes becomes a major challenge (138).  

Although FVIIa and other bypassing products such as FEIBA (FVIII inhibitor by-

passing agent) are available to manage bleeding as on-demand therapies (i.e. 

administered after the bleeding ensues), until recently, their use as prophylactic agents, 

to prevent bleeding, has not been recommended. Because of this, patients will 

experience uncontrolled spontaneous bleeding that almost always results in severe, 

chronic joint disease. In fact, many inhibitor patients are often wheelchair-bound for 

periods of time until the initiation of immune tolerance induction with repetitive FVIII 

infusions. This therapy can sometimes span a period of several years. For patients in 

whom ITI fails, the likelihood of living life free of a wheelchair, crutches or cane is very 

unlikely, and the greatest reality is likely that of severe joint disease and joint 

replacement surgery in early adulthood. Therefore, it is a clinical and research 

imperative to 1. develop novel therapies that induce tolerance to FVIII, and 2. to develop 

a more complete understanding of the immunobiology of FVIII. 
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 In this thesis, we have carried out one study that explores a novel approach to 

the induction of immunologic tolerance to FVIII: the evaluation of the efficacy of anti-

CD3 as a therapy to prevent FVIII inhibitor formation (74). This therapy was extremely 

effective at preventing an immune response to repeated FVIII immunizations in two 

different inbred strains of hemophilia A mouse. However, this approach was not 

effective in 20% of animals and was only evaluated as a preventative therapy, not a 

therapy that could be used to reverse established inhibitors to FVIII. Therefore, we 

wanted to increase our understanding of the immunobiology of FVIII, and performed two 

studies addressing this issue. First, we evaluated the immunogenicity of FVIII in the 

context of a proinflammatory surgical procedure, and second, we studied the 

immunobiology of FVIII at its earliest time point in immune system recognition, that of 

central tolerance in the thymus. 

 
5.2 Tolerance induction to FVIII: Generating T regulatory cells and shifting the 

immune response away from humoral immunity. 

Prior to our use of anti-CD3 in hemophilic mice, this mAb was well established in 

several autoimmune disorders, in both pre-clinical studies and in clinical trials, as a 

robust therapy for tolerance induction (139). In mice prone to developing experimental 

allergic encephalitis or type 1 diabetes, for example, a short course of low-dose anti-

CD3 treatment was capable of preventing or reversing these autoimmune conditions 

(140, 141). Indeed, anti-CD3 is also a potent immune tolerance induction therapy for 

FVIII (74, 142). Not only was anti-CD3 extremely effective as a preventative therapy for 

FVIII inhibitors, this study also contributed several other important pieces of information 

about FVIII immunobiology. 
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Perhaps the three most important pieces of information that came from this study 

were that 1. T regulatory cells with suppressive activity toward FVIII can be generated in 

vivo 2. that shifting the immune response against FVIII away from a Th2-dominated 

reaction is an effective way to limit the immunogenicity of FVIII, and 3. CD4+CD25+ 

Tregs are involved in the normal immune response to FVIII. This last piece of 

information implies that central tolerance to FVIII may develop, in part, through the 

generation of natural Tregs (nTregs). 

 
5.2.1 Generating Tregs that suppress the immune response to FVIII. 

 Within one day after anti-CD3 was infused into hemophilia A mice, there was an 

upregulation of CD4+CD25+ T cells by greater than 2.2-fold above Treg numbers in 

naïve mice. This essentially established a therapeutic window within which we began to 

immunize mice with FVIII. Clearly the CD4+CD25+ compartment was integral in 

achieving tolerance to FVIII, since depleting these cells in vivo completely ablated 

tolerance. In FVIII-tolerant anti-CD3-treated mice, there was an upregulation of 

CD4+FoxP3+ and CD4+GITR+ cells compared to the non-tolerant anti-CD3-treated mice 

and naïve mice. While the antigen-specificity of these Tregs was not tested, their 

presence suggests that Tregs can be generated to control the immune response to 

FVIII.  

Prior to the publication of this study, the generation of Tregs capable of 

suppressing the immune response to FVIII had been documented in other studies, but 

not to the same extent (77, 118, 143). Here the ablation studies with anti-CD25 clearly 

demonstrated the requirement of the CD4+CD25+ population, and moreover, the 

transwell studies showed a direct immunosuppressive phenotype attributed to these 
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cells. Importantly, more recent studies conducted in the context of gene therapy for both 

FVIII and FIX deficiencies, have demonstrated that Tregs with antigen specificity to 

FVIII and FIX can indeed be generated (75, 142). In fact, anti-CD3 can be used to 

induce tolerance to FVIII expressed through plasmid-mediated gene transfer, where it 

induces the upregulation of both CD4+CD25+FoxP3+ and CD4+CD25-FoxP3+ Tregs. 

Indeed, in our model of anti-CD3-induced tolerance, the absence of CD25 expression 

on the CD4+FoxP3+ population was a common event. This implies that the CD25 

compartment may be required for the establishment of tolerance but not for its 

maintenance. 

 
5.2.2 Shifting the FVIII immune response away from Th2 cytokines. 

The balance or contribution of Th1 and Th2 cells plays an important role in the outcome 

of an immune response (144). For example, the so called “hygiene hypothesis” 

suggests that the relative increase in allergy and asthma in developed countries is 

caused in part by fewer Th2 infections (usually associated with fewer pathogens in a 

modern living environment), and more Th1 responses (145). This is because Th1 and 

Th2 cells negatively regulate one another: cytokines produced by Th1 cells inhibit Th2 

cells, and vice verse (146). It is well-recognized that both Th1 and Th2 cells are 

involved in the immune response to FVIII (35, 74, 83, 84). Indeed, it is becoming 

apparent that the balance between Th1 and Th2 responses contributes to tolerance to 

FVIII. For example, Reding et al. studied the anti-FVIII immunoglobulin isotypes that are 

produced by inhibitor patients, and also looked at Th1- or Th2-driven Ig subclasses 

before and after ITI (86). They learned that in patients with high titre inhibitors, and in 

patients that underwent ITI unsuccessfully, there was a greater abundance of Th2-
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driven anti-FVIII Abs. In contrast, patients that had their inhibitor eradicated through ITI, 

or patients who have low-titre inhibitors, generally had anti-FVIII from a Th1-driven 

response. This is understandable given that Th2 immune responses are generally 

associated with robust humoral immune responses, and Th1 responses with cellular 

immunity (144, 146).  

Related to this, we showed a potent FVIII-specific Th1-shift in splenocyte cultures 

from tolerant anti-CD3-treated mice (74). Not only did the tolerant mice show a shift 

toward a Th1 response, they also produced fewer cytokines in general. This shift in T 

helper cell phenotypes appears to be an important part of achieving anti-CD3-mediated 

tolerance. For example, in type 1 diabetic mice (NOD mice), islet cell destruction 

strongly favours a Th1-mediated response (72). However, after treatment with anti-CD3, 

tolerant animals experience a shift toward a less pathogenic Th2 response. Thus, it 

appears that anti-CD3 does not shift immune responses specifically in a Th1 or Th2 

direction, but rather directs responses away from the T helper cell pattern that is 

associated with disease pathogenesis. 

 
5.2.3 CD25+CD4+ Tregs are involved in the normal immune response to FVIII. 

When the CD25+ compartment was depleted in vivo, and mice were simultaneously 

immunized with FVIII, the mice developed very high FVIII inhibitor titres. In fact, the 

inhibitor titre in these mice was greater than 2-fold higher than in mice that are 

immunized with FVIII, but did not receive anti-CD25. This was a very interesting finding 

which implies that the CD25+CD4+ compartment has an immunosuppressive function in 

the context of FVIII-specific immune responses. This does not answer whether or not 

there are CD4+CD25+ Tregs that express TCRs specific for FVIII, however, since there 
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is significant evidence that these and other Tregs are capable of bystander immune 

suppression. In these instances, Tregs with differing TCR specificity can suppress 

immune reactions to antigens that do not bind their cognate TCR (50, 147). 

 
5.2.4 The origin of CD25+CD4+ Tregs in anti-CD3-treated mice 

Previous studies have shown that anti-CD3 expands the CD25 compartment by 

inducing expression of CD25 on CD4+CD25- effector cells (69). Because of this, it is 

possible that FVIII-specific CD4+ effector T cells were converted into a regulatory 

phenotype. However, is it also possible that through bystander suppression, effector T 

cells specific for antigens other than FVIII were converted to a regulatory phenotype 

(50, 147).  

In the CD25-depletion study with anti-CD25 (Figure 2.4), these mice received 

anti-CD3 after ablation of the CD25+ population, meaning that all CD25+ cells were 

removed at the initiation of anti-CD3 therapy. Therefore, if anti-CD3 was capable of 

inducing expression of CD25 in CD4+CD25- cells, we would likely have observed CD25 

expression after these mice were treated with anti-CD3, but this did not happen (Figure 

2.4). Therefore, it is possible that tolerance was not established by induction of CD25 

expression on CD4+CD25- cells. However, the dose of anti-CD25 used to ablate the 

CD25+ compartment was high in these studies (53), and any new CD25 expression 

induced by anti-CD3 may have been saturated with this high-level of anti-CD25.   

As mentioned, in a recent study, anti-CD3 was used to generate tolerance to 

FVIII that was delivered by plasmid-mediated gene therapy in hemophilia A mice (142). 

These authors also depleted the CD25 population in vivo using anti-CD25. However, in 

contrast to our findings, depletion of the CD25 compartment in these studies did not 
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ablate tolerance. This could be due to a difference in protocols used. In our study, we 

administered anti-CD3 prior to FVIII immunizations, while they infused anti-CD3 

concomitantly with the FVIII-plasmid. Our protocol would favour the enrichment of Tregs 

in a non-antigen-specific way, while their protocol would likely favour FVIII-specific Treg 

production due to the concurrent persistent presence of FVIII at the time of Treg 

enrichment. Although the CD4+CD25+ T cells from tolerant anti-CD3-treated mice in our 

study were directly capable of suppressing FVIII-specific cytokine responses (Figure 

2.4E, F), the abrogation of tolerance with anti-CD25 in this setting could mean that our 

protocol expanded non-antigen-specific Tregs, and that the tolerance observed  may be 

due to bystander suppression (50, 147). 

 
5.2.5 Potential clinical translation of anti-CD3 

While anti-CD3 works as an excellent preventative therapy for FVIII inhibitor 

formation in a well-established pre-clinical model of hemophilia A, translation to clinical 

practice may be a significant challenge. A major reason for this is the age of the patient 

population that could benefit from this therapy. As a preventative therapy, anti-CD3 

would need to be administered to young boys prior to their first exposure to FVIII. In 

developed countries this is usually prior to 18 months of age (137). In anti-CD3 clinical 

trials conducted on type 1 diabetic patients in both North American and Europe, the 

youngest patient enrolled was 7 years old (65, 66). Having no experience with 

immunomodulation of this nature in infants, it is difficult to justify a clinical trial of this 

nature. Thus, this study represents a proof-of-principle, demonstrating that TCR 

signalling can be modified to mediate tolerance to FVIII; that tolerance to FVIII can be 
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mediated by Treg cells, and that shifting the immune reactivity to FVIII away from a Th2-

driven response plays an important role in FVIII tolerance. 

 
5.3 Environmental contributions to FVIII inhibitor formation: reconsidering the 

role of surgery. 

Within the hemophilia community the role of surgery in inhibitor formation has never 

been questioned at the basic science level, and has only undergone incomplete 

assessment in two clinical studies, one of these showing an association between 

surgery and inhibitor formation (148), and the other study showed no association (49). 

After performing a detailed literature review, we concluded that surgery is only very 

rarely associated with de novo (new) FVIII inhibitor formation. In fact, in 413 surgeries 

on 354 hemophilia A patients there was only a 3.87% incidence of new FVIII inhibitors 

post-operatively. In total, there were 16 new patients with inhibitors, and at least 5 of 

these were in mild hemophilia A patients carrying the Arg593Cys mutation. With such a 

low occurrence of de novo inhibitor formation, it seems unusual that the hemophilia 

community would consider surgery as such a significant risk factor (47). 

 
5.3.1 Surgery, inflammation and danger signals: why is FVIII immunogenic? 

In hemophilia A patients, there may be circulating FVIII-specific CD4+ T cells and FVIII-

specific B cells. This is especially likely in patients with large deletion mutations in the 

FVIII gene, >40% of whom develop inhibitors (22). The reason why the majority of 

patients with large deletion mutations do not develop inhibitors is unknown, but it could 

be related to the context in which FVIII is first exposed to the naïve immune system. For 

example, if the patient receives FVIII for the first time in a prophylactic setting, there 
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should be no inflammatory processes taking place that will be involved in activating the 

immune system. Presumably the patient’s immune system will not respond to the FVIII 

because of the absence of “danger signals” (149). This is a key point as to why the 

hemophilia treatment community believes that surgery is an important risk factor for 

inhibitor formation: surgery is an invasive process that is accompanied by bleeding, 

tissue damage and the risk of infection, all of which are associated with inflammation 

(150). 

The term “danger signal” refers to an advancement of the self vs. non-self theory 

of immunological tolerance (149). Based on the self vs. non-self theory, the immune 

system should react to all material which is non-self or foreign. However this is not the 

case as many foreign proteins when administered intravenously or subcutaneously, for 

example, do not elicit an immune response unless an adjuvant is concomitantly 

administered. Adjuvants often contain components of the bacterial cell wall or some 

other material that the immune system will recognize as a potential threat. In this way, 

the adjuvant contains “danger signals” that stimulate the immune system to respond, 

thereby evoking a response to the foreign antigen mixed in with the adjuvant. In this 

way, the danger hypothesis states that immune system responds not to foreign or non-

self, but rather only responds to material that represents a danger to the host. 

Indeed, foreign proteins administered intravenously are typically the most weakly 

immunogenic, with immunogenicity usually increasing with the use of different 

immunization routes (subcutaneous > intraperitoneal > intravenous). Why FVIII, a 

protein that is administered intravenously, even if considered a foreign protein in 

patients with large deletions or null mutations to the FVIII gene, evokes an immune 
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response, has been an elusive question to answer (151). For some time, many FVIII 

immunologists believed that the FVIII protein itself could perhaps have molecular 

patterns that would elicit danger and stimulate the innate immune system (18, 151). 

Perhaps FVIII could bind to toll-like receptors (TLRs), or other evolutionarily conserved 

receptors that bind to molecular features that are unique to certain pathogens. However, 

recent work has demonstrated that FVIII does not elicit an immune response through 

TLR-binding (D. Lillicrap personal communication with S. Lacroix Desmazes).  

Nevertheless, recently a very important connection between coagulation and 

inflammation was discovered (38). In this paper, the authors showed that coagulation 

amplified inflammation through protease-activated receptor 1 (PAR1), PAR1 being a 

target of serine proteases such as thrombin. Importantly, PAR1 is expressed on DCs, 

and the authors found that DCs control inflammation through PAR1 signalling, and that 

inflammation could be attenuated by directly inhibiting PAR1 signalling in DCs. Based 

on these findings, the apparent “danger” elicited by FVIII may lie in its biological function 

and therapeutic objective in hemophilia therapy: the generation of thrombin.  

When FVIII is infused into mice or humans, it will undoubtedly participate in the 

coagulation cascade and thus the production of thrombin. At the same time, some FVIII 

molecules will be endocytosed by DCs (28). In this way, thrombin may amplify 

inflammation through the cleavage of PAR1 expressed on the surface of FVIII-loaded 

DCs, and thereby generate “danger” as FVIII is being presented to CD4+ T cells (Figure 

5.1). This could significantly alter the immunological context within which FVIII is 

recognized by the immune system. Interestingly, a recent study described a role for 

thrombin in the immunogenicity of FVIII (37). In this study, hemophilia A mice were  
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Figure 5.1. Coupling of coagulation and inflammation: a new model to explain the 
inherent immunogenicity of FVIII. FVIII is infused and is 1. endocytosed by DCs and 
presented on MHC class II molecules and/or participates in the coagulation cascade, 
which results in 2. the generation of thrombin. Thrombin cleaves PAR1 expressed on 
DCs thereby 3. initiating PAR1 signalling that induces 4. an upregulation of inflammation 
at the time of FVIII presentation to CD4+ T cells. The DC might upregulate production of 
proinflammatory cytokines or increase expression of costimulatory markers, but this is 
unknown. The concomitant coupling of coagulation and inflammation, however, may 
explain the intrinsic immunogenicity of FVIII.  
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simultaneously infused with FVIII and a thrombin inhibitor. FVIII inhibitor levels were 

significantly reduced in the mice receiving the thrombin inhibitor compared to the 

controls. Therefore, it may be that FVIII potentiates its own “danger signal” not through 

virtue of its molecular structure as was previously thought, but rather through virtue of 

its function in coagulation. Because inhibiting thrombin will also inhibit coagulation and 

prevent normal hemostasis, it is not possible to use a thrombin inhibitor in hemophilia A 

patients. However, a direct PAR1 signalling inhibitor may be effective at limiting the 

immunogenicity of FVIII while still allowing normal coagulation to take place. 

 
5.3.2 Why surgery does not enhance FVIII immunogenicity  

Surgery can elicit an inflammatory response. Indeed, surgery has been shown to 

increase proinflammatory cytokines IL-1, IL-6 and TNF-α (107, 152). Similarly, surgery 

in hemophilia A mice induced a modest upregulation of IL-1 and a >150-fold increase in 

IL-6 in the plasma. Proinflammatory cytokines such as these are important for initiating 

the innate host defense and later for modulating adaptive immune responses (107). 

Therefore, if the patient’s first exposure to FVIII is in this proinflammatory context, based 

on the danger hypothesis (149), we would expect that the immunogenicity of FVIII 

would be enhanced. It was thus surprising that, given the increase in proinflammatory 

cytokines in the surgery mice, the immunogenicity of FVIII was not increased.  

It is possible however, that the hemophilia A mouse model used in these studies 

was not ideal. All hemophilia A mice develop inhibitory anti-FVIII Abs when immunized 

repeatedly with FVIII (74, 84, 153). This is significantly different from the human 

hemophilia population in which only about 25% of patients develop FVIII inhibitors (15). 

Therefore, it was possible that the increased proinflammatory cytokine production was 
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insufficient to enhance the immunogenicity of FVIII, since the immune response to FVIII 

was already saturated by the very strong natural response that these mice generate. 

While this is a possibility, it is highly unlikely because the immune response to FVIII was 

far from saturated. For example, the control mice which did not undergo surgery, had 

inhibitor titres of 52 ± 27 BU/mL (n = 17), and surgery mice had inhibitors at 60 ± 30 

BU/mL (n = 17) at the highest dose of FVIII that was used in this study. This is far from 

saturated as we have seen inhibitors in our hemophilia mouse colony reach levels over 

300 BU/mL (data not shown), and reports in the literature have demonstrated that 

hemophilia A mice can generate inhibitor titres over 1000 BU/mL, when immunized with 

a similar or even lower dose of FVIII (62). 

Another possible explanation for the lack of enhanced immunogenicity is that the 

cytokines IL-1 and IL-6 which were released in response to surgery may not be critically 

important for the immune response to FVIII. The cytokines involved in the immune 

response to FVIII have been characterized, and both Th1 and Th2 produced cytokines 

are involved (74, 83). The first and most abundant cytokine produced in response to 

FVIII immunization in hemophilia A mice is IFN-ɣ. The next most abundantly produced 

cytokine is IL-10, followed by IL-2 and to lesser extents IL-4 and IL-5. IL-1 and IL-6, 

which were upregulated in surgery mice, are typically not produced during the FVIII 

immune response. Furthermore, IL-1 and IL-6 are only transiently elevated following 

surgery for ~48 hours. Perhaps this upregulation did not persist sufficiently long to 

enhance FVIII immunogenicity, or perhaps these cytokines play a greater role in innate 

immunity and not the adaptive immune responses that are very important for generating 

FVIII inhibitory Abs. 
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An additional factor that may control the immunogenicity of FVIII during surgery 

is the apparent immune suppression that occurs subsequent to surgery (107, 108, 112). 

It is well documented that both humans and mice experience an immunosuppressed 

state following surgery. Indeed, in humans and mice the levels of T cells and monocytes 

are significantly decreased, and expression of HLA molecules on the surface of 

monocytes is reduced after surgery. At 48 hours post-operatively in hemophilia A mice, 

we observed a significant decrease in CD4+ T cells and also in CD11c+ DCs in the 

spleen. The duration of this reduction was not determined, but given the absolute 

importance of both DCs (28) and CD4+ T cells (30) in the immune response to FVIII, it is 

easy to postulate that these changes may play an immunosuppressive role in this 

setting. Indeed, the level of inhibitors was slightly lower in surgery animals (52 BU/mL) 

compared to the controls that did not undergo surgery (60 BU/mL), although this 

difference was not statistically significant. It will therefore be important in future surgery 

studies to evaluate the duration of the reduction in CD4+ T cells and CD11c+ DCs and 

the contribution this suppression plays in the surgery-related FVIII immune response. 

 
5.3.3 Improving the study design using different mouse models. 

As mentioned above, the fact that all hemophilia A mice develop inhibitors when 

repeatedly immunized with FVIII represents a limitation to the surgery study, because 

only 25% of hemophilia A patients develop inhibitors. Therefore, we plan to study the 

immunogenicity of FVIII in the context of surgery using several different hemophilia A 

mouse strains (D. Lillicrap personal communication with B. Reipert). The first of these is 

a hemophilic mouse that is humanized for HLA-DRB1*1501, an MHC class II molecule 

that is expressed by ~30% of inhibitor patients (116). This human HLA molecule also 
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contains the murine sequence for the binding of murine CD4. Importantly, a minority of 

these mice develop inhibitors to human FVIII when repeatedly immunized, and thus, this 

transgenic strain of hemophilic animals appears to be tolerant to this molecule. This 

more closely resembles the immune response to FVIII in the clinic and might prove to 

be a better model in which to study the effect of surgery on FVIII immunogenicity. For 

example, in the tolerant animals, the proinflammatory response induced by surgery 

(increased IL-1 and IL-6 levels), may be sufficiently high to break tolerance to FVIII. 

Perhaps the immunosuppressive effect of surgery on the adaptive immune response in 

surgery mice may be insignificant compared to the initial proinflammatory response, 

which may act as a “switch” in the decision to remain tolerant to FVIII or not.  

 An additional mouse model of interest is a transgenic hemophilic mouse that 

expresses the human FVIII cDNA with the Arg593Cys mutation in the A2 domain (154). 

This mutation causes mild hemophilia and is often associated with FVIII inhibitor 

formation, and this seems particularly true following surgery, trauma or intensive FVIII 

exposure (92). We plan to use our surgery model with these mice to determine if the 

high rate of inhibitor formation with this mutation is related to surgery and/or intensive 

FVIII exposure. 

 
5.4 Central tolerance to FVIII: yes or no? 

The role of central tolerance in the immune response to FVIII remains undetermined. 

Yet despite this, there are many lines of evidence that indirectly suggest that the human 

and mouse immune systems possess central tolerance to FVIII, and we believe that at 

least several more important pieces of this puzzle have been added through the studies 

presented here. Probably the most significant piece of indirect evidence in the literature 
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that central tolerance takes place in humans is the relationship between the FVIII 

genotype and the incidence of inhibitor development (22). In patients that are FVIII-null, 

and therefore cannot produce FVIII protein, the rate of inhibitor development is 

significantly higher than in patients that can make FVIII protein (126). This is referred to 

as cross-reactive material positive or negative, depending on the presence or absence 

of FVIII in the patient’s blood, respectively. In patients that are CRM+ and inhibitor 

negative, this would suggest that the FVIII protein is presented to the immune system 

during its development.  

Hemophilia B patients can also develop Abs that neutralize FIX activity, however 

the frequency of inhibitors to FIX is significantly less than in hemophilia A (3% vs 25%) 

(155). One of the main reasons for reduced immunogenicity of FIX may be that many 

more hemophilia B patients are CRM+ than hemophilia A patients, suggesting that the 

FIX protein is required for central tolerance induction. Furthermore, the FIX protein is a 

vitamin K-dependent serine protease that contains 12 Gla domains (repeating gamma-

carboxyglutamic acid residues) which must be carboxylated for activation. There are 

other vitamin K-dependent proteins in the human body, and the structure of these 

proteins is similar. Thus, it is possible that this similarity to FIX may also facilitate central 

tolerance to this clotting factor through the expression in the thymus of some of these 

other vitamin K dependent proteins. 

For T cell education, ectopic antigen presentation is required in the thymus (24). 

Protein can either be expressed directly in the thymus, by either the thymic epithelium 

or by thymic DCs (25), or antigen can traffic to the thymus via the blood (129) or can be 

carried to the thymus by circulating DCs (131). We discovered that FVIII mRNA is 
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expressed by the thymic epithelium (CD45-/loEpCAM+) in normal Balb/c mice. This 

would suggest that central tolerance to FVIII takes place in the normal mouse thymus. 

However, it is important to note that FVIII mRNA is widely expressed in many tissues of 

the body. As a noteworthy example, skeletal muscle is not a recognized site for FVIII 

protein expression, yet we and others have readily detected FVIII mRNA in this tissue 

(124). Therefore, expression of FVIII from the mouse thymic epithelium may represent 

promiscuous FVIII gene expression without significant evidence of protein synthesis. 

Whether this level of expression would be sufficient to mediate central tolerance is 

difficult to assess. In this project, we were unable to detect FVIII protein in lysates of 

whole thymuses by Western blotting. This protein detection strategy may not be as 

sensitive as a well-optimised ELISA-based approach or immunohistochemistry on cell-

sorted thymic epithelial cells. Therefore, we plan to include one or both of these 

techniques to further analyze FVIII protein expression from the thymus. Two previous 

studies in humans, one in adults and the other in neonatal fetuses, failed to detect FVIII 

protein in the thymus (127, 128).  

Because FVIII protein can enter the thymus by the circulation or by circulating 

DCs that pick up FVIII at peripheral sites and subsequently traffic to the thymus, we 

may need to accept that directly demonstrating central tolerance to FVIII is going to be 

very challenging. The very fact that we were unable to detect FVIII protein in the 

thymus, and the highly promiscuous expression of FVIII mRNA throughout the body, 

may suggest that central tolerance to FVIII is mediated by some other route of FVIII 

protein delivery to this site. Indeed, there are many routes of antigen capture by the 

thymus: thymic DCs position themselves near the thymic microcirculation and extend 
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their processes into the circulation to capture antigen (130). Indeed, sources of FVIII 

outside of the thymus can be used to induce central tolerance to FVIII. In a recent study 

by Madoiwa et al., the authors showed that FVIII could be directly injected into the 

thymus of neonatal hemophilia A mice, and that this induced long lasting immunological 

tolerance to FVIII (156). This study therefore supports the hypothesis that a source of 

FVIII, exogenous to the thymus, may be involved in establishing and maintaining central 

tolerance to FVIII. 

 
 
5.5 Contribution of these studies within the hemophilia A community at large. 
 
The development of FVIII inhibitors in hemophilia A patients is a very serious problem, 

and understanding the immunogenicity of FVIII is an ongoing endeavour that will no 

doubt require many more years of vigilant investigation to uncover. The studies 

presented in this thesis accomplish the following: 1. the development of the first 

preventative therapy for FVIII inhibitor formation in hemophilia A mice; 2. development 

of a novel surgical model and investigation of the immunogenicity of FVIII during a 

proinflammatory surgery and; 3. identification of a possible role for central tolerance to 

FVIII. 

Eliminating the FVIII inhibitor problem has been for many decades a very serious 

and challenging task. In developing a novel therapy to induce tolerance to FVIII, we 

began to learn more about the immunobiology of FVIII. This led us to explore different 

areas of FVIII immunology, rather than singly focusing on tolerance induction. As a 

result of this, we believe the work in this thesis has and will continue to contribute 

important insight into the nature of FVIII and its role in the immune system. With the 
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most sincere hope, perhaps this research will make a small contribution to one day 

improving the lives of our patients. 
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A1.1 Abstract 

Successful FVIII replacement therapy in hemophilia A patients is confounded by the 

generation of inhibitory anti-FVIII antibodies (Ab) in 25-30% of treated patients. These 

antibodies, termed “inhibitors”, significantly increase morbidity within the hemophilia 

population and lower the quality of life for these patients. For the past 30 years, immune 

tolerance induction (ITI) has been the standard therapy to elicit immunological tolerance 

to FVIII in the clinic. ITI works well in approximately 75% of patients, but it is expensive, 

can take years to show effect, and is in many cases practically challenging. Therefore, 

new immunological tolerance induction strategies are now being designed and tested in 

hemophilia A animal models. This review attempts to provide a comprehensive 

description, at both the cellular and molecular levels, of these novel advances in 

tolerance induction and immunomodulation of FVIII. We begin by briefly reviewing why 

and how the immune system generates a protective response against exogenous FVIII. 

This leads to a discussion of the latest advances in FVIII tolerance/immunomodulation 

technology. These advances include interesting methodologies to induce B cell specific 

tolerance in FVIII primed humans and animals, as well as newer T cell-specific 

therapies that modify and/or block co-stimulation. We also discuss methods to 

manipulate FVIII loading of antigen presenting cells.  
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A1.2 Introduction. 

Hematologists and immunologists have developed and tested a myriad of different 

drugs and techniques that coax animal and human immune systems to be tolerant to 

FVIII. Immune tolerance to FVIII has been a major concern and interest for many years 

because inhibitory anti-FVIII Abs, which develop in approximately 25-30% of treated 

hemophilia A patients, significantly increase morbidity and lower the quality of life within 

the hemophilia A population. These antibodies represent the greatest limitation to 

successful FVIII replacement therapy (14-16). This complicating immune response 

generates anti-FVIII Abs that neutralize the procoagulant function of FVIII (FVIII 

inhibitors) or enhance its removal from the plasma (151). Current treatments available 

to by-pass the FVIII inhibitor are variable in their effectiveness and are extremely 

expensive. For all of the above reasons, the eradication of FVIII inhibitors is an 

important clinical goal. 

In the last several years, advances have been made in our understanding of the 

immune response to FVIII, and new therapeutic approaches to restrict and/or modulate 

this immune response have been investigated. For these reasons, this review is 

devoted to the molecular immunological description of these advances and to comment 

on the potential for these advances to be translated to clinical practice. We focus here 

on tolerance induction to exogenous FVIII delivery, but It is important to emphasize that 

there exists a body of knowledge concerning tolerance induction to FVIII in the context 

of gene therapy, a discussion of which is, however, beyond the scope of this review 

(157-159). 
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A1. 3 Molecular Mechanisms of the Immune Response to FVIII. 

 
A1.3.1 Why Inhibitors Develop: Is There a Role for Central tolerance? 

There are numerous genetic and environmental risk factors that influence inhibitor 

formation (described in detail elsewhere (23, 160, 161)), however, the FVIII genotype is 

the best predictive indicator of this treatment complication. The relationship between the 

probability of inhibitor formation and FVIII genotype is most likely explained by the 

process of central tolerance. That is, hemophilia A patients develop FVIII inhibitors most 

likely because these individuals lack central tolerance to FVIII, and thus possess FVIII-

specific T and B cells that are activated subsequent to factor replacement.  

There is no direct evidence for central tolerance to FVIII in humans or mice. 

However, hemophilia A patients with null mutations, or who are cross-reactive material 

(CRM) negative, have a significantly greater risk of inhibitor development than patients 

with missense mutations, or are CRM+ (126). Additionally, FVIII mRNA has been 

detected in mouse thymus (124), and intrathymic injection of FVIII into neonatal FVIII 

KO mice generates tolerance to subsequent immunization with FVIII (156). These 

findings strongly suggest that T and B cells reactive to FVIII are deleted through central 

tolerance mechanisms. This mechanism is not however absolute and an “escape” of 

small populations of FVIII-specific effector cells likely occurs in many subjects.  In 

addition, generation of FVIII-specific regulatory T cells (Tregs) in the thymus is also 

likely a key component of central tolerance to FVIII. Both the generation of FVIII-

reactive effector and regulatory T cells would require the ectopic expression of FVIII in 

the thymic medulla and/or cortex, or the uptake of FVIII into the thymus from the 

circulation or by circulating DCs (24, 131). The former of these processes could involve 
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and/or require AIRE (autoimmune regulator), a transcriptional regulatory protein 

employed by cortical and medullary thymic epithelial cells to express a vast number to 

tissue-restricted antigens in the thymus. Ectopic expression of liver-restricted antigens 

also occurs in the thymus (eg, Haptoglobin, α-1-antitrypsin), but a role for AIRE in this 

process is unclear (25).  

Although central tolerance more than likely plays the predominant role in 

tolerance to FVIII, we cannot exclude the possibility that stochastic processes and 

peripheral tolerance, also contribute to the attainment of FVIII tolerance. This is 

supported by the fact that hemophilia patients without inhibitors, and normal individuals, 

have anti-FVIII antibodies (162) (and thus more than likely possess FVIII-reactive T and 

B cells). 

 
A1.3.2 Primary FVIII Immune Response. 

The primary immune response to FVIII in mice and humans (reviewed in more 

detail in (163)) more than likely occurs in the spleen and to a lesser extent in the liver 

(164). The contents of the splenic artery drain into the marginal zone, an anatomical 

location that is enriched with antigen-experienced dendritic cells (DCs). Here, DCs 

endocytose and process FVIII into peptides, presumably about 9-14 amino acids in 

length (29)]. These FVIII peptides are loaded on to the cleft of MHC-II molecules and 

expressed on the surface of the DC. When DCs interact with FVIII in vivo, this leads to 

DC maturation, whereby they express co-stimulatory molecules (eg. CD80/86 and 

CD40) needed for CD4+ T cell activation (35, 165). Interestingly, when human DCs are 

cultured with FVIII in vitro, this does not lead to DC maturation (34). The causative 

factor(s) for this difference in the in vitro and in vivo recognition of FVIII by the immune 
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system is unclear, but more than likely the microenvironment within which FVIII is taken 

up and presented by immune cells plays an important role in this response (34, 35). 

As FVIII-loaded DCs mature, they likely migrate to the T-cell rich region of the 

spleen, the periarteriolar lymphoid sheath (PALS), surrounding the splenic artery. In the 

PALS, mature DCs are surveyed by CD4+ T cells that express T cell receptors specific 

for FVIII peptides bound to MHC class II molecules, until cognate MHC-II-TCR 

interactions (Signal 1) are established; this, as well as the engagement of co-stimulatory 

molecules between the DC and T cell (eg. CD40-CD40L, CD80/CD86-CD28, Signal 2), 

and cytokine secretion by both the DC and T cell (Signal 3), induces T cell activation 

and proliferation. B cells and macrophages, although considered professional antigen 

presenting cells, most likely do not present FVIII to naïve CD4+ T cells (due to the high 

specificity and strength of immune synapse formation required to activate naïve CD4+ T 

cells, DCs are likely the only APC that can do this (36)). Once activated, T cells traffic to 

B cell follicles in the spleen. Here, B cells, originating from the bone marrow, have 

internalized FVIII via receptor-mediated endocytosis with FVIII-specific membrane-

tethered immunoglobulin (the B cell receptor, BCR), and interact with activated CD4+ T 

cells via an MHC-II-TCR association (39). CD4+ T cells that traffic to follicles will induce 

germinal center formation, wherein activated B cells proliferate and terminally 

differentiate into anti-FVIII Ab secreting plasma cells or into memory B cells that express 

high levels of affinity-matured and class-switched FVIII-specific BCRs. Plasma cells can 

be either short-lived or, depending on survival factors present during their development, 

they can reside in the spleen or the bone marrow as long-lived cells (43, 44)]. Memory B 

cells do not secrete anti-FVIII antibodies. These cells also reside in the spleen or bone 
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marrow, and quickly terminally differentiate into plasma cells following subsequent 

exposure to FVIII. 

 
A1.3.3 Secondary Immune Response to FVIII. 

Due to the initial clonal expansion of FVIII-specific CD4+ T cells and B cells during the 

primary immune response, secondary lymphoid organs contain significant numbers of 

FVIII-specific memory T and B cells. In the FVIII-primed immune system (reviewed in 

more detail in (163)), in addition to DCs, it is possible that B cells can function as 

antigen presenting cells, although this has yet to be proven. In combination, these 

conditions ensure that the immune response to FVIII develops more rapidly, as well as 

more robustly (a greater peak inhibitor titre is reached) than the primary response 

during subsequent exposures to FVIII (166). 

 
A1.4 B cell Immunomodulation. 

Once a productive adaptive immune response to FVIII has been established, FVIII-

specific memory B cells and plasma cells represent very important therapeutic targets 

for immunomodulation. Studies in the hemophilia A mouse have demonstrated that 

FVIII-specific plasma cells, in the absence of further FVIII immunizations, can survive 

for a very long time (42)]. Similarly, memory B cells can reside in the spleen or bone 

marrow, remaining quiescent for many years, and are rapidly activated following 

subsequent exposures to FVIII. Immunomodulation in FVIII-primed humans and mice is 

very challenging. Memory B cells and plasma cells (either short or long-lived) represent 

distinct therapeutic targets, and this further complicates the already challenging task of 

tolerance induction to FVIII. Nonetheless, novel therapies have been developed that 
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inhibit pathogenic humoral immune responses, and the mechanisms by which these are 

effective have been studied in mice and humans. 

 
A1.4.1 Immune Tolerance Induction - Repetitive, Long-term FVIII Infusions. 

For the past 30 years, the standard method to achieve tolerance to FVIII has been 

through immune tolerance induction (ITI). ITI refers to a variety of FVIII infusion 

schedules.  Several ITI registries indicate that this strategy is effective in approximately 

75% of treated patients (167). Variations of FVIII dose and dosing interval have been 

explored, and a large multicenter study is currently evaluating the influence of FVIII 

dose in good prognosis inhibitor patients. The success rate of FVIII-mediated ITI is 

influenced by factors such as the pre-treatment Bethesda titre and the peak Bethesda 

titre on ITI.  Whether the type of FVIII concentrate (recombinant or plasma-derived) is 

influential in the ITI process is controversial and currently unresolved. Most ITI protocols 

take months to several years of repetitive FVIII infusions to achieve tolerance. The 

protocols are practically challenging and very expensive (168).  

Despite its long-standing presence as a valuable therapeutic option there are 

very few experimental data elaborating the mechanism of action of FVIII-mediated ITI. 

This is, in part, because recapitulating the frequent infusion schedule used in ITI 

protocols in mice is technically challenging and unethical.  Studies in human patients 

are also limited by practical issues such as the frequency and volume of blood 

sampling, and the sensitivity of immune cell detection methodologies. The only studies 

to date that have elaborated a mechanism for ITI have focused on the B cell spectrum 

of the immune response to FVIII. Indeed, very little is known about the role for T cells in 

ITI because of a lack of mechanistic studies in this area.  
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However, it has been suggested that T cell immune exhaustion (over stimulation and 

subsequent T cell anergy or apoptosis) plays a role in tolerance, but there is no 

experimental evidence to support this hypothesis. This proposal has come from studies 

of chronic viral infections, where antigen levels are very high (such as those used in 

some ITI protocols) and where persistent antigen presentation (MHC class I) causes 

CD8+ T cell exhaustion (169). Clearly, there are significant differences between the 

immune response during chronic viral infection and the response to FVIII in some ITI 

protocols, and so it is important to determine if this mechanism plays a role in ITI at the 

level of the T cell. 

Several of the studies investigating the mechanisms of ITI have shown that high 

FVIII levels inhibit memory B cell differentiation, and that ITI can lead to the generation 

of anti-idiotypic Abs in cured patients (170-173). Indeed, Reipert and colleagues 

discovered that high FVIII concentrations in the murine hemophilia A model can inhibit 

FVIII-specific memory B cells, both in vitro and in vivo, from differentiating into plasma 

cells (171, 172). In these studies, splenocytes (depleted of CD138+ plasma cells) were 

obtained from mice that were repeatedly immunized with human (or murine) FVIII. This 

CD138- splenocyte pool therefore represented a population of memory B cells, which 

was restimulated in vitro or in vivo, using an adoptive transfer model with increasing 

concentrations of FVIII. When CD138- splenocytes were restimulated with 

supraphysiological concentrations of FVIII (between 1 and 20 µg/mL), potentially 

mirroring the FVIII levels in some high dose ITI patients, this memory cell population 

was incapable of differentiating into anti-FVIII Ab secreting plasma cells. In contrast, 

physiological FVIII concentrations (0.01 to 0.1 µg/mL) supported memory B cell 
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differentiation. The authors demonstrated that this inhibition was irreversible, and most 

likely occurred through apoptosis that was mediated by a caspase cleavage event, 

since the inhibitory effect of high FVIII concentration was blocked using a caspase 

inhibitor. Whether B cells underwent apoptosis in this model is unclear because the 

CD138- splenocyte population was heterogeneous (all leukocytes except for CD138 

expressing cells were likely present in this mixture). Regardless, this study provided 

insight into the mechanism of ITI in which high FVIII concentrations are achieved. 

Whether this process occurs in hemophilia patients that undergo high dose ITI is 

unknown. 

 
A1.4.2 Immune Tolerance Induction - Anti-Idiotypic Antibodies. 

Plasma from hemophilia A patients that undergo ITI successfully, contain anti-idiotypic 

Abs that bind to the antigen-recognition site on FVIII antibodies (170, 173). In this way, 

it is possible that anti-idiotypic Abs sterically inhibit the binding of anti-FVIII Abs to FVIII, 

or can occupy the antigen recognition site on FVIII-specific BCRs without inducing B cell 

activation or Ab secretion (Figure A1.1, i).  

Another potential inhibitory mechanism of anti-idiotypic Abs might involve their 

binding to the antigen recognition site on a FVIII-specific BCR, while simultaneously 

interacting with the inhibitory Fc receptor, FcγRIIB (CD32), on B cells through the Fc 

region of the anti-idiotypic Ab (Figure A1.1, ii). In this way, the idiotypic anti-FVIII Abs 

can cross-link the FVIII-specific BCR to FcγRIIB. The FcγRIIb contains in its 

cytoplasmic tail an immunoreceptor tyrosine-based inhibitory motif (ITIM), and under 

normal physiological circumstances, Ab binding to the FcγRIIB receptor can lead to the 

inhibition of immune responses through ITIM signaling events (174). Similarly,  
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Figure A1.1 The proposed mechanisms for FVIII-specific B cell 
immunomodulation. (A) Hemophilia A patients that undergo successful ITI have anti-
FVIII idiotypic antibodies in their plasma. These “anti-ids” can potentially bind to 
inhibitors in plasma and directly interfere with binding to FVIII in the circulation (i). 
Alternatively, anti-ids may bind to a FVIII-specific BCR and simultaneously bind an 
FcγRIIB-tethered anti-FVIII Ab of identical specificity on the surface of the B cell (ii). The 
anti-id could thereby crosslink the ITAM-containing Igα/β with the ITIM-containing 
FcyRIIB, which can block B cell activation, proliferation or induce apoptosis. (B) LPS-
stimulated B cells that have been transduced with IgG-FVIII-C2 or IgG-FVIII-A2 present 
peptide-MHC-II complexes to T cells and over-express B7 molecules. These B7 
molecules (eg. CD80 and CD86) can interact with the inhibitory receptor CTLA-4 
expressed on activated T cells. This could lead to tolerization of FVIII-specific CD4+ T 
cells or to the generation of Tregs. (C) Rituximab has at least three distinct mechanisms 
of action (i) Rituximab binds to FcR on macrophage or NK cells, thereby leading to the 
selection of CD20-expressing cells for opsonization or ADCC; (ii) Rituximab binds 
complement receptor targeting CD20 cells for ADCC or opsonization; (iii) The Rituximab 
Fc domains cluster after binding to CD20 and provide a docking site for complement 
C1q which induces the activation of the classical complement pathway. ADCC, 
antibody-dependent cellular cytotoxicity. CR, complement receptor. ITIM, 
immunoreceptor tyrosine-based inhibitory motif. ITAM, immunoreceptor tyrosine-based 
activation motif. TCR, T cell receptor. BCR, B cell receptor. MAC, membrane attack 
complex. 
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crosslinking the FcγRIIB with the BCR can inhibit the ITAM-mediated signaling that is 

carried out by the Igα/β molecules that form a portion of the BCR complex (Figure A1.1, 

ii). In this setting, ITIM-mediated signaling can inhibit B cell proliferation and 

differentiation into plasma cells, or can induce apoptosis. This has now been 

demonstrated in several different antigenic systems involving BCR-FcγRIIB crosslinking 

(175-177). 

 
A1.4.3 FVIII Gene Therapy to Generate Tolerogenic B Cells. 

David Scott’s laboratory has approached B cell tolerance via gene therapy, using a 

retroviral vector that encodes the A2 or C2 domains of FVIII, in frame with the heavy 

chain of murine IgG1 (77). In this approach, B cells are harvested from mice, over-

matured with LPS (to enhance viral transduction), transduced with the lentiviral 

construct, and injected into syngeneic recipient hemophilia A mice prior to or after 

repeated FVIII immunizations (i.e., into naïve or FVIII-primed animals). A combination of 

C2-IgG1 and A2-IgG1 transduced B cells prevented FVIII inhibitor formation in naïve 

hemophilic recipients, and significantly reduced inhibitor titres in FVIII-primed mice. 

Importantly, this therapy also prevented (in naïve mice) and reduced (in FVIII-

immunized mice) total anti-FVIII IgG titres measured by ELISA, but this reduction was 

modest compared to the reduction in inhibitor levels (measured by the Bethesda assay). 

 The mechanisms regulating this response are complex. The authors 

demonstrated that tolerance was dependent on CD25+ cells: depletion of CD4+CD25+ 

cells completely abrogated tolerance. In other studies using different antigens, the 

authors demonstrated that B cells are required for tolerance (i.e., DCs are not the major 

APC in this system), and that tolerance is dependent on MHC class II and CD80/86 
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expression (126, 178, 179). Interestingly, peptide from peptide-IgG constructs is loaded 

onto MHC II molecules from an endogenous source, rather than being secreted and 

then subsequently endocytosed by the B cell, as would be expected for normal MHC II 

loading. 

The authors have hypothesized that, in this setting, tolerance was dependent on 

the in vitro stimulation of B cells with LPS (180), since this treatment induces a strong 

up-regulation of B7 molecules (eg. CD80/86) on B cells that can subsequently interact 

with the inhibitory receptor CTLA-4 on target T cells (Figure 1b). At the same time, B 

cells process and present the peptide-IgG molecules via an endocytic-processing 

pathway, resulting in peptide:MHC II complexes expressed on the surface of the B cell 

that interact with peptide-specific T cells. These T cells subsequently become tolerized 

or regulatory, inducing long-lasting antigen-specific tolerance.  

Recently, De Groot et al. discovered two epitopes in the Fc portion of human IgG 

that activate T regulatory cells (181). Peptides derived from these Treg epitopes could 

stimulate the upregulation of Treg phenotypic markers, and both in vitro and in vivo, 

suppress immune responses to co-administered immunogenic antigens. This finding 

could also help explain why the peptide-IgG1 fusions used to transduce B cells have 

tolerogenic properties. 

 
A1.4.4 Rituximab – Depleting CD20+ B Cells. 

Rituximab is a chimeric human-mouse monoclonal antibody that reacts with CD20 

(human B-lymphocyte-restricted antigen, Bp35), a transmembrane protein that 

regulates the initial steps in cell cycle activation and differentiation. CD20 is first 

expressed by pre-B cells and on all B cells through to the memory B cell stage, but is 
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not expressed on plasma cells. Rituximab binding to CD20 causes rapid and prolonged 

in vivo depletion of all CD20 expressing cells (182).  

More than 50 patients with congenital hemophilia have been treated with 

rituximab (including 45 cases of severe, moderate and mild hemophilia A, and 5 cases 

of hemophilia B). Most of these patients have failed conventional ITI at least once 

(183)]. Among this population, 33 patients (67%) showed complete eradication of FVIII 

inhibitors with a median time of 3 months from the onset of treatment to disease 

remission. Of these, 7 patients subsequently relapsed (21%) within 14 months after the 

onset of therapy. 

There have been no studies to describe the mechanism-of-action of rituximab in 

hemophilia A mice, and only the small number of case reports describing the efficacy of 

rituximab in hemophilia A patients summarized above. Furthermore, some patients that 

undergo rituximab therapy are concomitantly given either FVIII in an ITI regimen or 

immunosuppression (eg. Prednisone or cyclosporin) in an attempt to attenuate the FVIII 

inhibitor. These factors further complicate an evaluation of the efficacy and 

mechanism(s) regulating tolerance to FVIII mediated by rituximab. 

Rituximab, however, has been studied in more detail in the context of rheumatoid 

arthritis and systemic lupus erythematosus (184). These studies have shown that 

rituximab induces depletion of peripheral B cells by at least three mechanisms, including 

(i) antibody-dependent cellular cytotoxicity, (ii) complement-dependent cytotoxicity and 

(iii) FcR/complement receptor-mediated opsonization for phagocytosis (Figure A1.1C). 

There is also evidence that Rituximab binding to CD20 can directly induce programmed 
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cell death (185). These mechanisms are not mutually exclusive and probably depend, in 

part, on the anatomical location of B cells during treatment.  

Interestingly, a FVIII inhibitor patient that relapsed after rituximab treatment 

showed an identical epitope specificity of a FVIII inhibitor before rituximab treatment and 

after relapse from this therapy (186). This occurred even though the patient had 

pronounced CD20+ cell depletion for several months and the disappearance of anti-

FVIII Abs for 420 days before the relapse. This negative treatment outcome could be 

explained by several possible mechanisms including  - (1) FVIII-specific B cell depletion 

is incomplete and/or that (2) subsequent FVIII infusions induced the generation of a B 

cell clone with an identical B cell receptor, or (3) that the FVIII-specific plasma cell 

population contracts during rituximab treatment (due to a reduction of B cells available 

to enter the plasma cell pool), and subsequently expands some time thereafter. 

Despite uncertainties about its mode of action in FVIII tolerance induction, 

rituximab is efficacious and has a good overall success rate with minimal complications 

and this includes no reports of opportunistic infections with prolonged B cell depletion. 

Nevertheless, further studies are needed to establish the mode of action of rituximab in 

this setting, knowledge that may help to optimize the delivery of this treatment.  

 
A1.5 T cell Immunomodulation. 
 
The generation of anti-FVIII Abs in both humans and mice is a CD4+ T cell-dependent 

process (30, 62).  In mice the CD40-CD40L and CD80-CD28 interactions, between DCs 

and T cells, are required for FVIII inhibitor formation (32, 33, 187, 188). Furthermore, 

mice immunized with FVIII have anti-FVIII Abs that have undergone class switch 

recombination, and CD4+ T cells from FVIII-immunized mice proliferate and secrete IL-2 
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and IFN-γ in vitro in response to FVIII restimulation (83, 84, 189). Indirect clinical 

evidence suggesting a role for CD4+ T cells came from hemophilia A patients who were 

positive for both FVIII inhibitors and HIV infection: as HIV disease in these patients 

progressed to AIDS, there was a concomitant decline in CD4+ T cell levels and the 

disappearance of FVIII inhibitors (30). Anti-FVIII Abs from inhibitor patients are also 

affinity matured and have undergone class switching (IgG4 is the most prominent anti-

FVIII Ig), both of which are T cell-dependent. Modulating T cells is therefore an 

important direction for FVIII tolerance induction strategies. 

 
A1.5.1 Preventing T Cell Costimulation. 

Binding of CD40 on DCs to CD40L (CD154) on T cells is needed for efficient DC 

maturation (up-regulation of CD80, CD86 and MHC II) and T cell activation. CD40 is 

also expressed on B cells, and thus CD40-CD40L interaction between B and T cells in 

the germinal centre is required for B cell activation and differentiation. This information 

led to the use of blocking antibodies to disrupt the cognate interaction between T cells 

and APCs in murine hemophilia. This intervention caused immunological 

hyporesponsiveness to FVIII in naïve animals, or to the partial breakdown of an immune 

response in FVIII-primed mice (32, 33, 63, 187).   

 
A1.5.2 Disrupting CD40-CD40L with anti-CD40L. 

The efficacy of anti-CD40L mAbs to prevent an immune response to FVIII in hemophilia 

A mice has been described in several studies (32, 63, 187).  In these studies, anti-

CD40L mAbs were usually administered to hemophilia A mice about 24 hours before 

each of several human FVIII immunizations. This intervention prevented the formation 
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of anti-FVIII Abs and FVIII inhibitors in all of the treated mice. These reports showed 

that tolerance in this setting involved unresponsiveness of splenic T cells from tolerant 

mice to proliferate or secrete cytokines in response to FVIII restimulation in vitro. 

However, subsequent immunizations with FVIII in tolerant animals to assess the anti-

FVIII immune response, without co-administration of further anti-CD40L, resulted in a 

loss of anergy in most animals.  

The inhibition of the immune response to FVIII in naïve mice treated with anti-

CD40L is therefore most likely not mediated by active suppression through a 

mechanism involving FVIII-specific regulatory T cells. Rather, the primary FVIII immune 

response is almost certainly blocked by preventing the clonal expansion of FVIII-specific 

CD4+ effector T cells, and their subsequent proliferation and activation of FVIII-specific 

B cells (Figure A1.2A).  

In another study Qian et al. (187) treated FVIII-primed hemophilia A mice with a 

single injection of anti-CD40L. This single treatment rapidly induced the disappearance 

of pre-exisiting germinal centers in the spleens of treated animals compared to the 

controls (received isotype-matched Ab). The loss of germinal centers did not involve 

apoptosis of germinal center B cells, but did involve an accumulation of B cells in the 

white pulp, a site where class switch and affinity maturation are unlikely to occur. 

Disappearance of germinal centers was also accompanied by a reduction in the level of 

circulating anti-FVIII Abs. 

In naïve mice, anti-CD40L most likely blocks DC-T cell interactions and thereby 

prevents T cell activation. Anti-CD40L also prevents naïve T cell activation but also 

blocks the germinal center reaction by preventing cognate T cell-B cell interactions: this  
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Figure A1.2 Mechanisms of T cell immune tolerance induction to FVIII. (A) Anti-
CD40L mAbs bind to CD40L on T cells and sterically hindering cognate interactions with 
CD40 on antigen presenting cells such as DCs. (B) The CTLA-4-Ig binds to cells 
expressing Fc receptors via the Ig portion of the construct. The CTLA-4 portion of the 
construct, like endogenous CTLA-4, binds to B7 molecules (CD80/86) with greater 
affinity than CD28. Presumably, there is insufficient “free” CD80 or CD86 to interact with 
CD28 on T cells, thus CD28 signaling cannot be initiated. (C) The Fab fragments of 
anti-CD3 bind to CD3 on T cells and induces partial T cell signaling in the absence of 
peptide:MHC complexes, and can also alter immune synapse formation between APC 
and T cell. (D) Anti-CD4 antibodies presumably prevent the T cell recognition of MHC II 
molecules. (E) FVIII domains are instilled in the nasal cavity of anesthetized mice, or 
administered via gavage into the stomach. This results in DC “loading” in such a way 
that neither danger nor inflammatory signals are induced. Under these conditions, DCs 
do not up regulate costimulatory molecules, and subsequent interactions with naïve 
CD4+ T cells generate populations of T cells with regulatory capacity. (F) DCs are 
cultured from murine bone marrow, CD11c+ iDC are magnetically enriched and cultured 
with FVIII in vitro. Hemophilia A mice receive 3 weekly IV injections of 106 immature 
FVIII-pulsed DCs and are then repeatedly immunized with FVIII. Similar to (E), DCs in 
this setting do not up regulate expression of costimulatory molecules and therefore 
interactions with T cells can lead to the generation of regulatory cells.  
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would stop the production of new plasma cells and, over time lead to a reduction in the 

levels of circulating anti-FVIII Abs in the plasma as short-lived plasma cells senesced. 

However, long-lived plasma cells, which no longer require significant T cell 

costimulation, could occupy survival niches in the spleen and bone marrow and 

continue to maintain some level of anti-FVIII Ab production.  

To date, only three hemophilia A patients with FVIII inhibitors (>10 BU/mL) have 

been treated with anti-CD40L (188). This report indicated that inhibitor levels in these 

patients decreased, but no subsequent data have been published from this study. 

However, soon after the appearance of this brief report, evidence began to appear to 

suggest that treatment with anti-CD40L was associated with both arterial and venous 

thromboembolic complications (190, 191). We now recognize that CD40 and CD40L are 

both expressed on platelets and that the use of an anti-CD40 Ab can presumably 

activate platelets under some circumstances, leading to an increased likelihood of 

thrombotic events. Until this issue is resolved, the use of anti-CD40-CD40L blockade 

cannot be considered as a safe alternative for FVIII tolerance induction.  

Disrupting CD80-CD28 Interactions with CTLA-4-lg 

 The interplay between CD80 and CD86 on APCs with CD28 on T cells is also an 

important link between the cellular and humoral immune responses because signaling 

downstream of this interaction contributes to T cell activation. Qian et al. bred the 

hemophilia A mouse onto the B7.1 (CD80) or B7.2 (CD86) null background generating 

FVIII-/-CD80-/- or FVIII-/-CD86-/- double knockout animals (33). These mice were 

repeatedly immunized with FVIII to test the importance of the CD28 signaling pathway 

in the primary immune response to FVIII. Interestingly, FVIII-/-CD80-/-, but not FVIII-/-
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CD86-/- mice, developed anti-FVIII Abs following repeated immunizations. The authors 

replicated these experiments by blocking the CD28 signaling pathway using murine 

CTLA-4-Ig (which binds to CD80 and CD86 and prevents activation of T cells, Figure 

2a). When CTLA-4-Ig was co-administered with each of 4 FVIII immunizations, anti-

FVIII Ab formation was completely inhibited. In contrast, however, a single CTLA-4-Ig 

administration prior to repeated FVIII immunization did not prevent anti-FVIII Ab 

formation. Additionally, CTLA-4-Ig injection into FVIII-primed animals with subsequent 

FVIII immunization prevented a secondary immune response. Although the 

mechanisms for this reduction in the immune response to FVIII is unknown, there is 

probably a similar effect to that achieved with CD40-CD40L blockade, since both CD40-

CD40L and CD86-CD28 interactions are needed to connect the cellular and humoral 

immune response.  

Importantly, Hausl et al. (171, 172) also demonstrated that anti-CD40L, and to a 

lesser extent anti-CD80 and anti-CD86, prevented the differentiation of CD138-FVIII-

specific splenic memory B cells into plasma cells (discussed above). In contrast, CTLA-

4-Fc (Figure A1.2A) and anti-ICOS (targets the inducible costimulator receptor [ICOS] 

on T cells) were ineffective at inhibiting CD138- splenic cells from differentiating into 

plasma cells.  

 
A1.5.3 Modifying the TCR:CD3 Complex. 

Despite challenges in practical translation, the studies of costimulatory blockade has 

contributed tremendously to our understanding of the FVIII immune response, and has 

provided a better idea of the attributes future therapies should possess. For example, to 

minimize treatment-related immunological complications, the characteristics of a FVIII 
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tolerance-inducing therapy should be of short duration, have longitudinal efficacy and 

leave the patient’s immune system in working order to prevent opportunistic infections 

and allow normal responses to pathogens. 

In an attempt to meet these criteria, our laboratory has recently used anti-CD3 

F(ab)’2 fragments to modify the TCR:CD3 signaling complex prior to repeated FVIII 

immunization in hemophilia A mice (74). Studies in NOD mice have shown that anti-

CD3 works by causing partial TCR:CD3 signaling, and incomplete synapse formation, 

that can lead to T cell anergy or apoptosis, or can impart a regulatory phenotype on 

peripheral CD4+ T cells by increasing CD25 expression (64, 66, 192). 

We found that, in naïve hemophilia A mice, low dose anti-CD3 (10 µg/day for 5 

days) increased the number of CD4+CD25+ T cells and reduced the CD4+ population in 

the spleen by greater than 2-fold. Anti-CD3, administered prior to repeat immunization 

with FVIII, potently prevented the formation of FVIII inhibitors and non-neutralizing anti-

FVIII Abs compared to controls (HBSS in place of anti-CD3) without requiring additional 

administration of anti-CD3. Depleting the CD4+CD25+ population prior to treatment with 

anti-CD3 completely abolished tolerance to FVIII, demonstrating that the CD4+CD25+ 

compartment was indispensable for tolerance. Additionally, tolerant mice were severely 

limited in Th2 cytokine production (required for a robust humoral response), but still 

produced Th1 cytokines, albeit at a lower level than control splenocytes (Figure A1.2C). 

The very low doses of anti-CD3 required to induce tolerance to FVIII in 

hemophilia A mice has significant importance for clinical translation. Furthermore, 

hemophilia patients at high risk of developing inhibitors can be identified based on a 

number of factors, including family history and FVIII genotype. Therefore, transient use 
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of anti-CD3 just prior to FVIII prophylaxis in these patients may reduce the incidence 

and/or magnitude of FVIII inhibitor formation. However, the greatest limitation to clinical 

translation will likely be the patient age. Based on this study, anti-CD3 will need to be 

administered prior to the first FVIII infusion, which for some boys, could be as early as 6 

months of age. In human trials using anti-CD3 (66)], children as young as 7 years were 

included in the study. While anti-CD3 was well tolerated by patients in this study, its 

effect on very young children is unclear. 

 
A1.5.4 Disrupting Recognition of MHC II with Anti-CD4 Ab. 

A brief report by Salooja et al. (193) showed that a non-T cell depleting anti-CD4 mAb 

could modulate the immune response to FVIII in mice (Figure A1.2D). Anti-CD4 was 

injected for 3 days prior to repeated FVIII vaccination. Animals receiving anti-CD4 

developed anti-FVIII Abs, but at a lower level than the controls, that received isotype-

matched Ab followed by the same FVIII immunization scheme. 

 Unfortunately, there was no mechanistic follow up of these animals, and FVIII 

rechallenge resulted in equivalent anti-FVIII Ab levels between the anti-CD4-treated and 

control mice. Furthermore, it appears that normal mice may have been used in this 

study. Thus, it would be important from an immunological stand point to determine if 

these results could be replicated in hemophilia A mice. 

 
A1.6 Antigen Loading in a “Non-dangerous” Context – Mucosal Tolerance and 

Immature Dendritic Cells. 

 
A1.6.1 Nasal or Oral Exposure to FVIII. 
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Mucosal tolerance has been utilized for some time in pre-clinical models and humans 

for delivering antigens to the immune system under non-inflammatory conditions (194). 

This route of delivery takes advantage of the natural hyporesponsiveness of the 

mucosal immune system in the gut and the nasal passages. These sites contact a 

myriad of environmental antigens on a daily basis yet a protective immune response will 

only develop under very specific conditions. Immunity develops only if the mucosa is 

exposed to antigens under conditions of immunological “danger”, which usually involves 

exposure to    molecular patterns such as those associated with viruses and bacteria 

(eg. dsRNA, LPS, peptidoglycan).  

Rawle et al. (118) fed hemophilia A mice the immunodominant C2 domain of 

FVIII or instilled this into the nasal passages and immunized mice with a single s.c. 

injection of FVIII-C2 in incomplete Freund’s adjuvant (IFA). Mucosal exposure to C2 

prior to immunization with C2 resulted in nearly all mice remaining tolerant compared to 

control animals that received PBS rather than mucosal C2. Additionally, CD4+ T cells 

from tolerant mice could adoptively transfer tolerance to naïve recipients. 

These promising results, however, could not be replicated with full-length 

mucosal FVIII exposure and subsequent s.c. immunization with FVIII in IFA. 

Furthermore, mucosal exposure with a cocktail of three different peptides spanning 

immunogenic epitopes on FVIII could not induce tolerance to immunization with FVIII. 

Mechanistic studies showing that CD4+ T cells from C2 domain-fed mice 

transferred tolerance to naïve recipients indicates that this is most likely an active form 

of tolerance, perhaps inducing cells with regulatory capacity. Importantly, splenocytes 

from tolerant animals fed FVIII-C2 produced less IFN-γ and more IL-10 than 
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splenocytes from control animals. Increased levels of IL-10 are indicative of Tr1 cells, 

again suggesting that tolerance to FVIII-C2 is an active process (Figure A1.2E).  

 
A1.6.2 FVIII Presentation by Immature Dendritic Cells (iDC). 

Dendritic cells direct T cells toward tolerance or immunity and deciding this 

immunological polarization is, in part, dependent on their maturation status (195). If DCs 

express a relatively low level of co-stimulatory molecules at the same time as 

presenting MHC II-peptide complexes, T cells are usually tolerized. In contrast, high 

relative levels of co-stimulatory molecule expression with MHC II-peptide generally elicit 

an effector cellular and/or humoral immune response.  

In the study by Qadura et al. (143), bone marrow-derived CD11c+ DCs from 

naive hemophilia A mice were grown in vitro and were “pulsed” with FVIII. These iDCs 

were subsequently injected intravenously into naïve hemophilia A mice weekly for 3 

consecutive weeks. Control animals received CD11c+ DCs not loaded with FVIII 

antigen, and all mice were immunized weekly for 4 weeks following DC transfer. The 

FVIII-iDC recipient mice still developed FVIII inhibitors although the inhibitor titres were 

significantly lower than the control animals. When co-cultured with CD4+ T cells from 

naïve hemophilic mice, the FVIII-loaded iDCs did not induce secretion of IL-4, IL-6, IL-

10, IFN-γ, or TGF-β. In contrast, iDCs loaded with FVIII and matured with LPS, and then 

co-cultured with CD4+ T cells from naïve hemophilia A mice resulted in high levels of 

proinflammatory cytokine release. Further to this, phenotypic characterization of T cells 

from partially tolerant mice treated with FVIII-iDCs revealed a higher level of 

CD4+FoxP3+ cells compared to the controls. These results indicate that the FVIII-iDCs 

are not capable of activating CD4+ T cells in vitro, and that in vivo, they may have 
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induced a population of regulatory cells following repeated FVIII immunizations (Figure 

A1.2F). 

There would be many challenges to overcome in translating to the clinic a 

therapeutic paradigm using iDCs.  The culture conditions, antigen concentrations for 

pulsing iDCs, the number of iDCs and number of iDC infusions are all unknown and 

would require optimization. These pragmatic issues, along with the limited efficacy of 

the therapy suggest that this treatment approach will not be rapidly translated into the 

clinic. 

 
A1.7 FVIII preparations containing VWF. 
 

There has been increasing debate about the possibility that VWF-containing 

plasma-derived FVIII concentrates may be less immunogenic than recombinant FVIII. 

There is a significant body of literature comparing the immunogenicity of pd- and rFVIII 

products in hemophilia A patients (196) However, there is no consensus from these 

studies as to which product type is more immunogenic, since many uncontrollable 

variables have likely influenced the outcome of these studies (48)]. Nevertheless, in 

vitro experimentation has demonstrated that VWF, a significant constituent of pd-FVIII, 

and absent from rFVIII preparations, can inhibit FVIII endocytosis by human monocyte-

derived DCs (28). TGF-β, also present in pd-FVIII but not rFVIII products (although the 

quantity of TGF-β in most pd-FVIII preparations is unknown, and likely varies between 

different concentrates and different lots of concentrate), can reduce the immunogenic 

response when mixed with FVIII and administered to FVIII KO mice (197).  

 Plasma-derived FVIII concentrates contain many proteins in addition to FVIII. 

Therefore, antigenic competition is another plausible explanation for the potential 



193 
 

attenuated immunogenicity of pd-FVIII products. Proteins in the plasma-derived 

concentrates that are endocytosed and proteolytically processed, will compete for 

binding to MHC II molecules. In this way, fewer MHC II on the surface of the DC will 

bind FVIII peptides, leading to less FVIII-specific T cell-DC interaction and a reduced 

subsequent FVIII immune response. Another factor that might influence the 

immunogenicity of these products is the variable amounts of FVIII protein required to 

achieve equivalent FVIII coagulant dosing.  The specific activity of some rFVIII 

concentrates can vary by as much as 2 to 3-fold, thus necessitating the infusion of 

significantly more FVIII protein from concentrate lots possessing lower biological 

activity. A prospective clinical trial, the SIPPET study, has been developed in an attempt 

to address this complex and important issue (198). 

 
A1.8 Comments on the Future of FVIII Immunomodulation. 

In order to reach the clinic, therapies that induce tolerance to FVIII must allow the 

patient’s immune system to function normally when confronted with pathogens.  

Furthermore, imbalances in the immune system that might enhance the likelihood of 

autoimmune disease or cancer must also be avoided. Some of the immunomodulation 

strategies discussed in this review warrant further consideration for clinical translation, 

either as therapies that will ‘stand alone’, or in combination with other therapies. It is 

also clear that potential therapies will likely only be effective at either preventing a 

primary immune response to FVIII in naïve patients, or at tolerizing patients with an 

established FVIII response, but not both of these.  

The eradication of FVIII inhibitors has for a long time been an extremely 

challenging endeavour. However, with the continued development of novel, safe and 



194 
 

efficacious tolerance-induction strategies, the long-standing goal of improving the 

quality of life for patients with FVIII inhibitors may be attainable in the future. 
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Appendix II – Supplementary Experiments 

 

 

 

Enhancing Anti-CD3 Therapy Using the TLR-7 Agonist Gardiquimod 
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A2.1 Introduction. 

Recent research has demonstrated that low doses of TLR7 agonists (eg. Imiquimod, 

gardiquimod) can increase the expression of CD25 (>3-fold upregulation) and FoxP3 on 

mouse CD4+ Tregs in vitro (199). Additionally, imiquimod treatment enhanced the 

immunospressive activity of CD4+CD25+ Tregs both in vitro and in vivo. For example, 

imiquimod-treated CD4+CD25+ Tregs suppressed proliferation of CD4+CD25- effector T 

cells up to 2.5-fold more than non-imiquimod-treated Tregs. Imiquimod treatment also 

enhanced the capacity of Tregs to shutdown IFN-ɣ and IL-2 production by effector T 

cells. In a different study, in vitro stimulation of human macrophages with a TLR7 

agonist potently prevented the secretion of the macrophage inflammatory molecule 

MIP-1-β (200). Importantly, TLR7 agonists significantly reduced disease progression in 

EAE mice and in a murine model of rheumatoid arthritis (201). Furthermore, TLR7 

signalling can redirect an immune system away from pathogenesis by shifting a Th2-

drive response to more tolerated Th1 response (202). 

We hypothesized that the CD25-enhancing capability of TLR7 agonists may 

contribute to anti-CD3 tolerance to FVIII. For example, while we found that anti-CD3 

increased the proportion and absolute numbers of CD4+CD25+ cells, imiquimod 

increases the number of CD25 and FoxP3 molecules on the surface of CD4 cells (ie., 

imiquimod increased the mean fluorescent intensity of CD25 on CD4 cells). Potentially 

then, TLR7 agonists such as imiquimod could be used to enhance the regulatory 

phenotype of CD4+CD25+ Tregs generated by anti-CD3 therapy (74). This might lead to 

a more potent preventative therapy for FVIII inhibitor than anti-CD3 acting alone. 
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A2.2 Materials and Methods. 

A2.2.1 Mice 

Hemophilia A Balb/c mice (E16), between 8-12 weeks old, were used in all experiments. 

 
A2.2.2 Treatments 

Anti-CD3: mice were infused IV daily for 5 consecutive days with anti-CD3 F(ab)’2 at 10 

µg/day. 

 
Gardiquimod: mice were infused IP with 5 or 25 µg/day for 5 consecutive days. Some 

mice received this 5 day injection cycle as well as 2 injections per week during the FVIII 

immunization schedule (on back-to-back days, 48 hours before FVIII immunization) for 

4 consecutive weeks 

 
FVIII: Mice were immunized weekly with 2U FVIII (Kogenate, Bayer) weekly for 4 

consecutive weeks. Immunization was initiated 72 hours after anti-CD3 and/or 

gardiquimod therapies. 

 
A2.2.3 Inhibitor Titres 

Blood was sampled by retro orbital plexus bleeding 1 week after the 4th and final FVIII 

immunization, and inhibitor titres were established by the Bethesda assay, performed as 

described in Chapters 2, 3 and 4 of this thesis. 

 
A2.2.4 Flow Cytometry 

Lymphocytes markers and various activation markers were evaluated in the spleen. 

Flow cytometry was performed as described in Chapters 2 and 3 of this thesis. 
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A2.3 Results and Discussion 

A2.3.1 Comparison of the effects of anti-CD3 and Gardiquimod on T and B cells in 

hemophilia A mice. 

Anti-CD3 (10 µg/day) and/or gardiquimod (25 µg/day) was infused for 5 consecutive 

days, and lymphocytes were evaluated 72 hours after the final injection (Figure A2.1A). 

Gardiquimod and anti-CD3 had similar effects on CD4+ and CD8+ T cells, inducing 

about a 2-fold reduction in each population relative to naïve, age-matched mice. Anti-

CD3 plus gardiquimod had an additive reduction of CD4+ T cells (p<0.003), but not on 

CD8+ cells. Similarly, anti-CD3 or gardiquimod increased the level of CD4+CD25+ cells 

in the spleen, but this effect was not additive when both anti-CD3 and gardiquimod were 

administered (Figure A2.1B). Although there was no additive effect of anti-CD3 and 

gardiquimod on CD25 levels, there was an additive decrease in CD4+ levels. Given the 

contribution of CD4+ T cells to the FVIII immune response, this still may be effective at 

further suppressing inhibitor formation. 

We next evaluated the effect of anti-CD3 and/or gardiquimod on the activation 

marker CD69. Gardiquimod was given at 5 or 25 µg/day for 1, 3 or 5 consecutive days 

and CD69 levels were measured 24 hours later (Figure A2.2). Only after 1 injection at 

the higher dose of gardiquimod (25 µg/day) was there an elevation in CD69 levels on 

the CD4+ population compared to the naïve controls. After 3 or 5 injections, this 

increase in CD69 expression disappeared, although remaining slightly higher than naïve 

controls. Anti-CD3 alone also did not exacerbate CD69 levels. In contrast however, anti-

CD3 and gardiquimod together induce a very large and statistically significant increase 

in CD69 expression on CD4+ cells. 
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Figure A2.1 Effect of anti-CD3 and/or gardiquimod on splenic T cells from Balb/c 
hemophilia A mice. (A) Effect on CD4+ and CD8+ T cells. (B) Effect on CD25 
expression gated on the CD4+ population. Data are expressed as the mean ± S.D. ns, 
not statistically significant. * p less than 0.05.  

A 
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Figure A2.2 Effect of anti-CD3 and/or gardiquimod on splenic CD69 expression.  
The CD4+ population was gated and CD69 expression evaluated. Data are expressed 
as the mean ± S.D. ns, not statistically significant. 
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We also tested the effect on anti-CD3 and/or gardiquimod on CD19+ B cells. 

Interestingly, anti-CD3 therapy alone induced a significantly large increase in B cell 

levels (Figure A2.3). B cells may increase after anti-CD3 due to the loss of CD4+ T cells 

providing more survival niches as well as resources, but this the main cause for this is 

unknown. In contrast to anti-CD3, gardiquimod decreased B cell levels, with this 

reduction being more obvious with more doses of gardiquimod. In mice that received 

both anti-CD3 and gardiquimod, half of the mice (n = 3) showed almost complete loss of 

B cells (Figure A2.3). Similarly in these B cell-depleted mice, the CD11c+ DC population 

was also almost completely depleted. Lymphopenia has been shown to occur with 

repeated TLR7 agonist dosing (203). 

 
A2.3.2 Effect of anti-CD3 and/or gardiquimod on FVIII inhibitor levels. 

Despite reducing CD4+ T cell levels significantly, a 5 day cycle of gardiquimod had no 

effect on FVIII inhibitor titres compared to the untreated controls (Figure A2.4). 

However, when gardiquimod was administered for 5 days plus 2 times weekly during 

FVIII immunizations, mice had lower FVIII inhibitor levels (Figure 2A.4). Only 1 of 7 mice 

treated with gardiqimod plus anti-CD3 developed a low-level inhibitor. 

 
A2.4 Summary 
 
In this study, the TLR7 agonist gardiquimod was effective at enhancing the expression 

of CD25 on the CD4+ T cell population in the spleen, and also significantly reduced 

absolute CD4+ levels. In this way, the effect of gardiquimod on the splenic T cell 

population was very similar to that induced by anti-CD3. However, pre-treating mice 

with 5 daily injections of gardiquimod prior to FVIII immunization, unlike effect of anti-  
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Figure A2.3 Effect of anti-CD3 and/or gardiquimod on splenic CD19 B cell 

population. “Differential responders” refers to anti-CD3 and gardiquimod-treated mice 

that showed lymphopenia or did not shown lymphopenia. Data are expressed as the 

mean ± S.D. 
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Figure A2.4 Effect of anti-CD3 and/or gardiquimod on FVIII inhibitor titres in 

hemophilia A mice. Inhibitor levels were measured 1 week after the 4th and final FVIII 

immunization. “Weekly TLR7 agonist” mice received the initial 5 day cycle of 

gardiquimod, and 2 more injection per week being 48 hours before the weekly FVIII 

challenges. Mice that received anti-CD3 and gardiquimod, only received garidquimod 

for the initial 5 days. Data are expressed as the mean ± S.D. ns, not statistically 

significant. 
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CD3 pre-treatment, did not induce tolerance to FVIII. Only when mice were pre-treated 

with gardiquimod, and received gardiquimod twice weekly during the FVIII immunization 

protocol, was the immune response to FVIII reduced. Although this reduction in the 

FVIII immune response was not statistically significant, this likely reflects the small 

number of animals used in this study. 

 While both anti-CD3 and gardiquimod when used alone will increase the 

expression of CD25 on splenic CD4+ T cells, used together these molecules do not 

have a combined effect on CD25 expression. However, when used together there is a 

combined depletion of the CD4+ T cell compartment in the spleen. Despite this, while 

only 1 mouse of 7 treated with anti-CD3 and gardiquimod together developed a low-

level inhibitor, this was fairly consistent with the rate of inhibitor development in mice 

receiving anti-CD3 only (please refer to Chapter 2). Therefore, the test population size 

in this study was insufficient to evaluate any additive effect of gardiquimod and anti-

CD3. Because of the combined depleting effect of anti-CD3 and gardiquimod on CD4+ 

T cell levels in the spleen, it is likely that there is a biologically significant effect on FVIII 

inhibitor formation, but an additional study using a greater number of animals will need 

conducted to conclusively determine this. 


