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Abstract 

Macrophages initiate the immune response and contribute to the inflammation that 

characterizes many diseases. Macrophages play an equally important role in turning off the 

inflammatory response, by producing the anti-inflammatory cytokine IL-10. Intravenous 

immunoglobulin (IVIg) is a drug made up of pooled polyclonal IgGs, which is used to treat 

immune-mediated diseases. However, its mechanism of action is not completely understood.   

We found that IVIg induced high production of IL-10 and low production of pro-inflammatory 

cytokines by murine bone marrow-derived macrophages (BMDMs) treated with 

lipopolysaccharide (LPS), an inflammatory stimulus. MAPKs, Erk5, Erk1/2, and p38, were 

activated by co-stimulation with IVIg and LPS and their activation was required for IL-10 

production. In vivo, murine peritoneal macrophages also produced high levels of IL-10 and low 

levels of IL-12/23p40 when treated with IVIg + LPS. 

Inflammatory bowel disease (IBD) is characterized by chronic inflammation of the 

intestine. IVIg-treated macrophages or IVIg treatment ameliorated intestinal inflammation in 

mice during dextran sulfate sodium (DSS)-induced colitis. Moreover, IVIg-induced macrophage 

IL-10 production was required for IVIg-mediated protection.  

In human monocytes, IVIg also increased IL-10 production and reduced pro-

inflammatory cytokine production in response to LPS. IVIg-induced IL-10 production required 

the FcRI and FcRIIB as well as activation of MAPKs, ERK1/2 and p38. An FcRIIA gene 

variant predisposes people to develop immune-mediated diseases, such as IBD, and has been 

linked to a failure to respond to antibody therapy. The FcRIIA disease risk variant changes this 

receptor from a low to a high affinity receptor. My results demonstrated that IVIg-induced anti-
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inflammatory responses were compromised in monocytes from people with the FcRIIA risk 

variant.   

Together, these results describe a novel mechanism of action for IVIg, the induction of 

anti-inflammatory, IL-10 producing macrophages. IVIg may provide an effective therapeutic 

option to treat people with IBD. However, induction of this anti-inflammatory activation state 

may be impaired in monocytes from people with the disease-associated FcγRIIA gene variant. In 

summary, understanding IVIg’s mechanism of action may inform new applications, prompt 

development of new therapeutic strategies for immune-mediated diseases, and identify 

individuals for whom IVIg will be most effective. 
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Lay Summary 

My research involves studying how a drug called IVIg (intravenous immunoglobulin) 

works. IVIg is made of human antibodies and very little is known about how it works, even 

though it is used to treat a variety of diseases. Macrophages, which are a type of white blood cell, 

are important for protecting us against infections, but are also important in stopping 

inflammation in the body. I have found that IVIg can switch macrophages to become anti-

inflammatory. Inflammatory bowel disease (IBD) is a disease that causes inflammation in the 

intestine leading to symptoms such as abdominal pain and diarrhea. Current treatments are not 

effective for almost 40% of people with IBD. Using mice, I have found that IVIg makes 

macrophages anti-inflammatory and could be a good therapy to treat IBD. I have also found that 

people with certain genetics are better at switching cells to become anti-inflammatory with IVIg. 
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A13-0054, A17-0061, and A17-0076). All experimental procedures using human samples were 

performed in accordance with ethical guidelines and approved by the University of British 
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human monocytes, stimulations, and ELISAs presented in Figure 4.6. Kate Del Bel and Stuart 

Turvey helped with genotyping of the FcγRIIA gene variants included in data presented in 

Figures 4.5, 4.6, and 4.7. Dr. Laura Sly and I conceived of the experiments and wrote the 

manuscript for the paper. 

  



ix 

 

Table of Contents 

 

Abstract ......................................................................................................................................... iii 

Lay Summary .................................................................................................................................v 

Preface ........................................................................................................................................... vi 

Table of Contents ......................................................................................................................... ix 

List of Tables .............................................................................................................................. xiv 

List of Figures ...............................................................................................................................xv 

List of Symbols and Abbreviations ........................................................................................ xviii 

Acknowledgements ....................................................................................................................xxv 

Chapter 1: Introduction ................................................................................................................1 

1.1 Macrophages ................................................................................................................... 1 

1.1.1 Macrophage activation ................................................................................................ 2 

1.1.1.1 M(IFN + LPS) ................................................................................................... 4 

1.1.1.2 M(Ic + LPS) ........................................................................................................ 5 

1.1.1.3 M(IL-4) ............................................................................................................... 7 

1.2 IL-10 ............................................................................................................................... 8 

1.2.1 IL-10 signalling ......................................................................................................... 10 

1.2.2 IL-10 production by macrophages ............................................................................ 11 

1.2.3 IL-10 in disease ......................................................................................................... 13 

1.3 Fc receptors ................................................................................................................. 14 

1.3.1 Fc receptor signalling in macrophages .................................................................... 17 



x 

 

1.3.2 Fcγ receptor function in macrophages ...................................................................... 19 

1.3.3 Human Fc receptor IIA gene variant (rs1801274) .................................................. 20 

1.4 Intravenous immunoglobulin (IVIg) ............................................................................. 22 

1.4.1 Uses of IVIg .............................................................................................................. 23 

1.4.2 Proposed mechanism(s) of action ............................................................................. 24 

1.5 Inflammatory bowel disease ......................................................................................... 27 

1.5.1 Incidence and disease burden.................................................................................... 28 

1.5.2 Pathogenesis of inflammatory bowel disease ........................................................... 29 

1.5.3 The role of the environment in inflamamtory bowel disease ................................... 30 

1.5.4 The role of genetics in inflammatory bowel disease ................................................ 31 

1.5.5 The role of the microbiota in inflammatory bowel disease ...................................... 32 

1.5.6 The role of the epithelial barrier in inflammatory bowel disease ............................. 33 

1.5.7 The role of the immune system in inflammatory bowel disease .............................. 34 

1.5.8 The innate immune response in inflammatory bowel disease .................................. 34 

1.5.9 The adaptive immune response in inflammatory bowel disease .............................. 36 

1.5.10 The role of IL-10 in inflammatory bowel disease .................................................... 37 

1.5.11 Therapeutic options for inflammatory bowel disease ............................................... 39 

   1.6            Thesis hypothesis and objectives ............................................................................39 

1.6.1 Summary of rationale ................................................................................................ 39 

1.6.2 Hypothesis and objectives......................................................................................... 43 

Chapter 2: Intravenous immunoglobulin skews murine macrophages to an anti-

inflammatory IL-10-producing activation state in vitro and in vivo .......................................44 

2.1 Introduction and rationale ............................................................................................. 44 



xi 

 

2.2 Materials and methods .................................................................................................. 45 

2.3 Results ........................................................................................................................... 50 

2.3.1 IVIg-treated macrophages produce high levels of IL-10 and low levels of IL-

12/23p40, IL-6, and TNF in response to LPS ....................................................................... 50 

2.3.2 Concomitant treatment with IVIg and LPS is not required for M(IVIg + LPS) to 

produce high levels of IL-10 and low levels of IL-12/23p40 ............................................... 51 

2.3.3 The FcγRI, FcγIIB, or FcγIII alone, are not sufficient for IVIg-induced IL-10 

production or reduced IL-12/23p40 production in response to LPS ..................................... 54 

2.3.4 MAPK signaling is required for IVIg-induced IL-10 production in response to 

LPS…… ................................................................................................................................ 56 

2.3.5 IL-10 is transcriptionally up-regulated rapidly in response to IVIg + LPS and in 

sufficient amount to reduce IL-12/23p40 transcription and production ............................... 59 

2.3.6 IL-10 contributes to IVIg-induced suppression of pro-inflammatory cytokine 

production in response to LPS .............................................................................................. 62 

2.3.7 IVIg skews macrophages to an anti-inflammatory IL-10-producing activation state 

in vivo.. .................................................................................................................................. 64 

2.4 Discussion ..................................................................................................................... 66 

Chapter 3: IVIg or IVIg-treated macrophages reduce DSS-induced colitis in mice .............72 

3.1 Introduction and rationale ............................................................................................. 72 

3.2 Materials and methods .................................................................................................. 73 

3.3 Results ........................................................................................................................... 80 

3.3.1 M(IVIg + LPS) reduce DSS-induced intestinal inflammation ................................. 80 

3.3.2 Amelioration of DSS-induced colitis by M(IVIg + LPS) is IL-10-dependent ......... 83 



xii 

 

3.3.3 IVIg treatment reduces inflammation during DSS-induced colitis........................... 85 

3.3.4 IVIg-mediated amelioration of DSS-induced colitis is IL-10-dependent ................. 86 

3.3.5 Colonic explants from mice treated with IVIg produce more IL-10 and less IL-

12/23p40 and IL-1β, which is dependent on IL-10 receptor signalling ................................ 90 

3.3.6 Macrophages are the source of IL-10 in IVIg-treated murine colons in DSS-induced 

colitis… ................................................................................................................................. 92 

3.3.7 Amelioration of DSS-induced colitis by IVIg is dependent on macrophage IL-10 

production ............................................................................................................................. 95 

3.4 Discussion ..................................................................................................................... 98 

Chapter 4: IVIg induces IL-10 production by human monocytes, which is compromised by 

an FcγRIIA disease-associated gene variant ...........................................................................102 

4.1 Introduction and rationale ........................................................................................... 102 

4.2 Materials and methods ................................................................................................ 104 

4.3 Results ......................................................................................................................... 107 

4.3.1 IVIg increases IL-10 production and reduces pro-inflammatory cytokine production 

by human monocytes stimulated with LPS ......................................................................... 107 

4.3.2 The FcγRI and FcγRIIB are required for IVIg-induced IL-10 production in response 

to LPS…….......................................................................................................................... 108 

4.3.3 MAPK signalling is required for IVIg-induced IL-10 production in response to LPS 

in human monocytes ........................................................................................................... 112 

4.3.4 IL-10 signalling reduces pro-inflammatory cytokine production by (IVIg+LPS)-

activated monocytes ............................................................................................................ 115 



xiii 

 

4.3.5 IVIg-induced anti-inflammatory monocytes activation is lower in monocytes from 

people with the high affinity FcγRIIA risk variant ............................................................. 116 

4.3.6 The high affinity FcγRIIA (TT) prevents (IVIg + LPS)-induced IL-10  

production ........................................................................................................................... 119 

4.3.7 Monocytes from people with the FcγRIIA risk variant have dysregulated IVIg-

induced MAPK phosphorylation ........................................................................................ 122 

4.4 Discussion ................................................................................................................... 126 

Chapter 5: Conclusion and future directions ..........................................................................132 

5.1 Conclusion .................................................................................................................. 132 

5.2 Future directions ......................................................................................................... 139 

References ...................................................................................................................................143 

 



xiv 

 

List of Tables 

 

Table 2.1 Disease activity index scoring ...................................................................................... 76 

Table 2.2 Histological damage scoring ......................................................................................... 77 

 



xv 

 

List of Figures 

Figure 1.1 Macrophage activation states ........................................................................................ 3 

Figure 1.2 IL-10 production by macrophages............................................................................... 12 

Figure 1.3 Fcγ receptors in mice and humans............................................................................... 14 

Figure 1.4 Fcγ receptor signalling ................................................................................................ 18 

Figure 1.5 Proposed mechanism(s) of action of IVIg ................................................................... 25 

Figure 1.6 Pathogenesis of inflammatory bowel disease .............................................................. 30 

Figure 2.1 Macrophages co-stimulated with IVIg + LPS produce high levels of IL-10 and low 

levels of pro-inflammatory cytokines ........................................................................................... 51 

Figure 2.2 IVIg does not need to be provided at the same time as LPS to induce IL-10 or repress 

IL-12/23p40 production ................................................................................................................ 53 

Figure 2.3 The FcγRI, FcγIIB, or FcγIII alone is not sufficient for IVIg-induced IL-10 production 

or reduced IL-12/23p40 production in response to LPS ............................................................... 55 

Figure 2.4 MAPKs are required for IVIg-induced IL-10 production in response to LPS ............ 58 

Figure 2.5 MAPK phosphorylation occurs after 4 hours of IVIg + LPS stimulation ................... 59 

Figure 2.6 IL-10 and Il10 are produced early in response to treatment with IVIg + LPS, and the 

amount of IL-10 produced is sufficient to inhibit IL-12/23p40 production in response to LPS 

stimulation..................................................................................................................................... 61 

Figure 2.7 IL-10 produced in response to IVIg + LPS contributes to reduced pro-inflammatory 

cytokine production ...................................................................................................................... 63 

Figure 2.8 IVIg skews macrophages to an anti-inflammatory, IL-10-producing activation state in 

vivo ................................................................................................................................................ 65 

Figure 3.1 M(IVIg + LPS) reduce DSS-induced intestinal inflammation .................................... 82 



xvi 

 

Figure 3.2 Amelioration of DSS-induced colitis by M(IVIg + LPS) is IL-10-dependent ............ 84 

Figure 3.3 IVIg treatment reduces inflammation during DSS-induced colitis ............................. 86 

Figure 3.4 IL-10 receptor β chain deficient mice are more sensitivite to DSS ............................. 87 

Figure 3.5 Amelioration of DSS-induced colitis by IVIg is dependent on the IL-10 receptor β 

chain .............................................................................................................................................. 89 

Figure 3.6 Colon explants from mice treated with IVIg during DSS-induced colitis have higher 

IL-10 production and reduced IL-12/23p40 and IL-1β production, which is dependent on IL-10 

receptor β chain signalling ............................................................................................................ 91 

Figure 3.7 Macrophages are the source of IL-10 in IVIg-treated murine colons ......................... 94 

Figure 3.8 Amelioration of DSS-induced colitis by IVIg is dependent on myeloid-derived IL-10 

production ..................................................................................................................................... 97 

Figure 4.1 IVIg increases IL-10 production and reduces pro-inflammatory cytokine production in 

LPS-stimulated human monocytes ............................................................................................. 108 

Figure 4.2 The FcγRI and FcγRIIB are required for IVIg-induced IL-10 production in response 

to LPS.......................................................................................................................................... 111 

Figure 4.3 MAPKs are required for IVIg-induced IL-10 production in response to LPS .......... 114 

Figure 4.4 IL-10 signalling contributes to reduced LPS-induced pro-inflammatory cytokine 

production by IVIg-activated monocytes.................................................................................... 116 

Figure 4.5 Monocytes from people with the FcγRIIA disease-associated gene variant have lower 

IVIg-mediated anti-inflammatory responses to LPS .................................................................. 118 

Figure 4.6 The FcγRIIA prevents IVIg-induced IL-10 production in monocytes from people with 

the disease-associated gene variant ............................................................................................. 121 



xvii 

 

Figure 4.7 (IVIg + LPS)-induced MAPK phosphorylation is lower in monocytes from people 

with the FcγRIIA risk variant ..................................................................................................... 125 

Figure 4.8 Proposed model of IVIg-induced IL-10 production in monocytes from people with the 

non-risk, low affinity FcγRIIA gene variant ............................................................................... 127 

  

 



xviii 

 

List of Symbols and Abbreviations 

α  Alpha 

β  Beta 

δ  Delta 

γ  Gamma 

μg  Microgram 

μm  Micrometer 

M  Micromolar 

°C  Degrees Celsius 

3’UTR  3’ untranslated region  

5-ASA  5-aminosalicylic acid  

AIEC  Adherent invasive E. coli  

ADCC  Antibody-dependent cell-mediated cytotoxicity  

ADCP   Antibody-dependent cell-mediated phagocytosis 

AMP  Anti-microbial peptide 

ANOVA Analysis of variance  

AP-1  Activator protein 1  

APC  Antigen presenting cell  

ArgI  Arginase I  

BIX  BIX02189 inhibitor 

BMDM Bone marrow-derived macrophage  

BIR  BIRB-796 inhibitor 

BLT mice Bone marrow liver thymic mice 



xix 

 

BTK  Bruton's tyrosine kinase  

C/EBPβ CCAAT enhancer binding proteins β   

C/EBPδ CCAAT enhancer binding proteins δ   

CD  Crohn’s disease  

CIDP  Chronic inflammatory demyelinating polyneuropathy  

CLL  Chronic lymphocytic leukemia  

CLR  C-type lectin receptor  

c-Maf  c-musculoaponeurotic fibrosarcoma oncogene  

CREB  Phosphorylated cyclic AMP element binding protein  

DAIs  Disease Activity Index score 

DAMP  Danger-associated molecular pattern 

DAPI  4′,6-diamidino-2-phenylindole  

DC  Dendritic cell  

DC-SIGN Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin  

DMSO  Dimethyl sulphoxide 

DSS  Dextran sodium sulphate  

DUSP1 Dual specificity protein 1  

EDTA  Ethylenediaminetetraacetic acid  

Erk  Extracellular signal-regulated kinase (mice) 

ERK  Extracellular signal-regulated kinase (human) 

ELISA  Enzyme-linked immunosorbent assay  

Emr1  F4/80 gene name (mice) 

Fab  Fragment antigen-binding  



xx 

 

FBS  Fetal bovine serum  

Fc  Fragment crystallizable  

FcγR  Fc receptor   

FcRn  Neonatal Fc receptor  

FDA  Food and Drug Administration  

Foxp3  Forkhead box protein 3  

g  Gram 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase  

GBS  Guillain-Barré syndrome  

GFP  Green fluorescent protein  

GPI  Glycosylphosphatidinositol  

GWAS  Genome wide association study 

H&E  Hematoxylin and eosin  

HIV  Human immunodeficiency virus 

hr  Hour 

HSV  Herpes simplex virus  

IBD  Inflammatory bowel disease  

Ic  Immune complex 

IDO  Immune-regulatory protein indoleamine-2,3-dioxygenase  

IFNγ  Interferon   

IgG  Immunoglobulin G  

IL  Interleukin  

IL-1R2  IL-1 receptor 2 



xxi 

 

IL-1Ra  IL-1 receptor antagonist  

IL-10R  IL-10 receptor  

ILC  Innate lymphoid cell  

IMDM  Iscove’s modified Dulbecco’s medium  

iNOS  Inducible nitric oxide synthase  

IRF1  Interferon regulatory factor 1  

ITAM  Immunoreceptor tyrosine activation-based motif 

ITIM  Immunoreceptor tyrosine inhibitory-based motif  

ITP  Idiopathic thrombocytopenic purpura 

IVIg  Intravenous immunoglobulin  

Jak  Janus kinase  

KD  Kawasaki disease  

kg  Kilogram 

L  Liter 

LPS  Lipopolysaccharide  

Mϕ  Macrophage 

MAPK  Mitogen-activated protein kinase  

MCP-1  Monocyte chemoattractant protein-1  

MCSF  Macrophage colony-stimulating factor  

MDP  Muramyl dipeptide  

mg  Milligram  

MHC II Major histocompatibility complex II  

min  Minute 



xxii 

 

miRNA MicroRNA 

mL  Milliliter 

MMN  Multifocal motor neuropathy  

MMP  Matrix metalloproteases  

Mreg  Regulatory macrophage 

MS  Multiple sclerosis 

MSK  Mitogen and stress-activated protein kinase   

Muc19  Mucin 19  

MyD88 Myeloid differentiation primary response protein 88  

NFκB  Nuclear factor kappa B  

ng  Nanogram 

NK cell Natural killer cell 

NLR  NOD-like receptor 

NO  Nitric oxide  

NOD  Nucleotide-binding oligomerization domain containing protein 

nM  Nanomolar 

ns siRNA Non-silencing siRNA 

NSAID Non-steroidal anti-inflammatory drug 

PAMP  Pathogen associated molecular pattern 

PBMC  Peripheral blood mononuclear cell 

PBS  Phosphate-buffered saline  

PBX1  Pre-B-cell leukemia transcription factor 1  

PD  PD98059 inhibitor 



xxiii 

 

PGE2   Prostaglandin E2  

PI3K  Phosphatidylinositol 3-kinase  

PIP2   Phosphatidylinositol 4,5-bisphosphate 

PIP3   Phosphatidylinositol 3,4,5-trisphosphate 

PLCγ  Phospholipase C γ  

PREP1  PBX-regulating protein 1  

PRR  Pattern recognition receptor 

RA  Rheumatoid arthritis  

RAG1  Recombination-activating gene 1  

rhIL-10 Recombinant human IL-10  

RLR  RIG-I like receptor 

ROS  Reactive oxygen species  

RPMI  Roswell Park Memorial Institute medium 

SB  SB203580 inhibitor 

SCH  SCH772984 inhibitor 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

Siglec-9 Sialic acid-binding Ig-like lectin-9  

SIGN-R1 Specific ICAM3 grabbing nonintegrin-related 1  

siRNA  Small interfering RNA 

SHP-1  SH2-domain containing inositol phosphate 5ʹphosphatase-1  

SHIP  SH2 domain-containing inositolpolyphosphate 5ʹ-phosphatase 

SLE  Systemic lupus erythematosus  

SNP  Single nucleotide polymorphisms  



xxiv 

 

SOCS3 Suppressor of cytokine signalling 3  

SOS  Son of sevenless  

Sp1  Specificity protein 1  

SRBC  Sheep red blood cell 

STAT  Signal transducer and activator of transcription   

SYK  Spleen tyrosine kinase  

TGFβ  Transforming growth factor β  

Th cell  T helper cell 

TIR  Toll/IL-1 receptor  

TLR  Toll-like receptor 

TNF  Tumor necrosis factor  

TPL2  Tumor progression locus 2  

Tr1 cell Type 1 regulatory cell 

Treg  Regulatory T cell 

TRIF  TIR domain-containing adaptor-inducing interferon β  

TRAF3 Tumor necrosis factor receptor-associated factor 3  

TSLP  Thymic stromal lymphopoietin  

Tyk2  Non-receptor tyrosine protein kinase 2  

UC  Ulcerative colitis  

UnRx  Untreated 

WISP-1 WNT1 inducible signalling pathway-1  

XLA  X-linked agammaglobulinemia  

XMD  XMD8-92 inhibitor 



xxv 

 

Acknowledgements 

First and foremost, thank you to my wonderful supervisor, Dr. Laura Sly. I could not 

have imagined a better supervisor and mentor for my PhD studies. I would like to thank her for 

the constant support she provided, pushing and challenging me to be a better scientist. I have 

learned a tremendous amount from her, for which I will forever be grateful. I appreciate the 

opportunities she has given me throughout my doctoral studies, such as attending and presenting 

at scientific conferences, publishing scientific work, and supervising undergraduate students in 

the laboratory.  

I would also like to thank my supervisory committee, Dr. Alice Mui and Dr. Stuart 

Turvey. I appreciate their many insightful and supportive comments throughout my PhD studies.  

This research would not have been possible without funding support. Thank you to 

Crohn’s and Colitis Canada (CCC) and the Canadian Institutes of Health Research (CIHR) for 

grant support for these projects. I would also like to thank the CIHR Transplantation Training 

Program, the BC Children’s Hospital Research (BCCHR) Institute (MSc. Graduate Studentship), 

and UBC (4-Year Doctoral Fellowship) for salary support and training throughout my studies.  

Many thanks to the support of members of the Sly lab, past and present. I am grateful 

especially to Susan Menzies for her technical and managerial support over the years, including 

drawing blood from participants and obtaining ethics for studies. Thank you to Shelly Weisser, 

Roger Jen, Eyler Ngoh, Young Lo, Mahdis Monajemi, Jean Philippe Sauvé, Annika Busch, Peter 

Dobranowski, and Yvonne Pang. I am appreciative of the assistance from students I have 

mentored, including Bonnie Cheung, Zheng (Tony) Zhao, Kiera Harnden, Tariq Vira, Kwestan 

Safari, Chris Tang, and Jordan Brundrett. I also would like to thank the staff at the BCCHR 

Histology Core and Animal Care Facility for the important work they do behind the scenes. 



xxvi 

 

Thank you especially to my colleagues at the BCCHR for the blood donations they have 

provided for these experiments. I am grateful for my friends at the BCCHR for their 

understanding, support, and encouragement over the years.  

Thank you to Dr. Karen Madsen, Naomi Hotte, and Dr. Sjef Verbeek for providing 

murine bone marrow for these experiments. Also thank you to Dr. Megan Levings, Dr. Masako 

Murai, and Venetia Morris for contributing mouse strains that strengthened this research. I am 

grateful to Kate Del Bel and Dr. Stuart Turvey for their support and technical assistance with the 

FcγRIIA genotype studies, which added greatly to the impact of this research.  

Finally, thank you to my siblings, Greg, Jan, and Sara, and boyfriend Martin for their 

continued encouragement and support. I could not have done this without you. Thank you 

especially to my mother, for the example that she has been for me and for the financial assistance 

throughout my education.  

 



1 

 

Chapter 1: Introduction 

 

1.1 Macrophages 

Macrophages are heterogeneous innate immune cells, which have important roles in the 

immune response1. Macrophages play essential parts in all stages of the immune response, 

including promoting an inflammatory response, limiting the inflammatory response to prevent 

damage to the host, and participating in wound healing and repair2. Macrophages play 

pleiotropic roles in the murine and human immune response including phagocytosis of pathogens 

and cellular debris, presentation of antigens, production of reactive oxygen species (ROS), 

secretion of pro- and anti-inflammatory cytokines, secretion of chemokines to recruit immune 

cells, and production of extracellular matrix and growth factors during tissue remodeling3.  

Murine and human macrophages express cell surface receptors, which allow them to 

perform required functions in response to cues in their local environment. They express pattern 

recognition receptors (PRRs) to detect conserved microbial associated molecular patterns 

(PAMPs) and danger-associated molecular patterns (DAMPs), including toll-like receptors 

(TLRs), C-type lectin receptors (CLRs), nucleotide-binding oligomerization domain containing 

protein (NOD)-like receptors (NLRs), and RIG-I like receptors (RLRs). They express a variety 

of other receptors, including cytokine and chemokine receptors, Fc receptors, complement 

receptors, adhesion molecules, and hormone receptors4.  

Macrophages in mice and humans can be tissue resident cells or can be differentiated 

from monocytes recruited from the blood. Tissue resident macrophages are seeded during the 

embryonic stage of development by yolk sac or fetal liver precursors5, 6. These embryonic seeded 

macrophages can self-renew and are long lived5. In some tissue, such as the intestine, mammary 
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gland, or heart, Ly6Chi monocytes in mice derived from bone marrow precursors are 

continuously recruited to become tissue resident macrophages, which are short lived and non-

renewing7. Tissue resident macrophages in mice and humans have specialized functions in vivo, 

depending upon their niche. For example, microglia in the brain are involved in synaptic pruning 

during development, osteoclasts in the bone are involved in bone and joint remodeling, and 

Kupffer cells in the liver are involved in detoxification and iron recycling8. During an 

inflammatory response or tissue injury, Ly6Chi monocytes in mice and CD14+ monocytes in 

humans are recruited from the blood to the site of infection or injury and can differentiate into 

macrophages with various effector functions7. 

 

1.1.1 Macrophage activation 

Murine and human macrophages are complex cells that have a diverse range of 

phenotypes. Macrophages are “plastic” cells; they have the ability to respond to local 

environmental cues and readily change their phenotype in order to mount an appropriate 

response9. Thus, macrophages are heterogeneous cells, which have a diverse range of distinct, 

but potentially overlapping, activation states1.   

Macrophage plasticity makes them difficult to study in vivo, but there are three well-

studied activation states that are modeled in vitro in mice and humans by treating macrophages 

with exogenous stimuli3 (Figure 1.1). Macrophage activation states are defined in the context of 

exogenous stimuli that are used to “re-program” them. Macrophages, formerly referred to as M1 

macrophages, primed with interferon  (IFNγ) and activated with TLR agonists, such as Gram-

negative bacterial lipopolysaccharide (LPS), now defined as M(IFNγ + LPS), have an 

inflammatory phenotype, which is important in host defense against pathogens10. In order to 
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limit tissue damage, the inflammatory response needs to be turned off11. Macrophages, formerly 

known as regulatory macrophages or Mregs, which can be primed with immune complexes (Ic) 

and LPS, now defined as M(Ic + LPS), have a potent anti-inflammatory phenotype11. 

Macrophages formerly known as M2 macrophages, primed with interleukin (IL)-4 or IL-13, now 

defined as M(IL-4) or M(IL-13), have a wound healing and tissue remodeling phenotype, in 

order to repair tissue damage from the inflammatory response12. 

 

 

Figure 1.1 Macrophage activation states. Macrophages change their phenotype based on 

signals in the microenvironment and lie on a continuous spectrum of activation states. Activation 

states that are well defined in vitro are described.  
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1.1.1.1 M(IFN + LPS) 

IFNγ primes murine and human macrophages to have higher inflammatory responses 

when stimulated with TLR ligands, such as LPS13. IFNγ can be produced by both innate and 

adaptive immune cells in mice and humans; it can be transiently produced from natural killer 

(NK) cells or produced from T helper (Th) 1 cells1. M(IFN + LPS) in mice and humans secrete 

high amounts of pro-inflammatory cytokines, such as IL-12, IL-23, IL-6, and tumor necrosis 

factor (TNF), which can cause pathology if production is not tightly controlled10. IL-12 potently 

drives CD4+ T cells into Th1 cells and induces IFNγ production, whereas IL-23 enhances the 

expansion of Th17 cells14. IL-6 causes survival and proliferation of T cells, and drives the 

differentiation of CD4+ T cells towards Th2 and Th17 phenotypes15. TNF causes inflammation, 

recruitment of immune cells, and tissue destruction16. Murine and human M(IFNγ + LPS) have 

higher antigen presentation on major histocompatibility complex II (MHC II) and initiate Th1- 

type responses10, 17. In mice, M(IFN + LPS) have higher production of bactericidal ROS and 

nitric oxide (NO), which is produced by the mouse, but not human, enzyme inducible nitric 

oxide synthase (iNOS)18, 19.  

Inflammatory macrophages can have either protective or pathogenic roles in disease.  

IFN-activated macrophages are protective during F. tularensis infection in the lungs of mice, 

with high production of IL-12 and recruitment of neutrophils20. Inflammatory macrophages have 

been implicated in the pathogenesis of many inflammatory and autoimmune diseases, such as 

inflammatory bowel disease (IBD), rheumatoid arthritis (RA), and multiple sclerosis (MS), 

wherein they produce high amounts of pro-inflammatory cytokines, such as IL-23, which 

contributes to disease pathology21-24. 
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1.1.1.2 M(Ic + LPS) 

Murine and human macrophages can have potent anti-inflammatory properties that turn 

off the immune response to prevent damage to host tissues after an inflammatory response. A 

defining characteristic of this macrophage activation state is the production of high amounts of 

the anti-inflammatory cytokine, IL-10, in response to a normally inflammatory stimulus11. IL-10 

limits immune responses, which limits tissue damage and restores tissue homeostasis25. In 

addition to high levels of IL-10 production, some anti-inflammatory macrophages produce lower 

levels of  pro-inflammatory cytokines, such as IL-1226.  

Two stimuli are required for the “re-programming” of macrophages to an anti-

inflammatory activation state. The first does not induce cytokine production by itself, for 

example Ic or IL-1011. The second stimuli is normally inflammatory, such as a TLR agonist, 

which results in the modulation of cytokine production11. This activation state more commonly 

arises during the late stages of the adaptive immune response, although some innate immune 

stimuli can induce this activation state as well1. 

The best characterized example of this activation state are murine macrophages activated 

with Ic and LPS, M(Ic + LPS). LPS normally induces low levels of IL-10 and high levels of IL-

12 in murine macrophages, whereas co-treatment with Ic results in a conversion of macrophages 

to an anti-inflammatory state, with high production of IL-10 and very low production of IL-1227. 

Murine M(Ic + LPS) do not have lower IL-6 and TNF production compared to macrophages 

activated with LPS alone10, 32. In mice, this population of macrophages retains antigen 

presentation capabilities and the production of iNOS11. Human M(Ic + LPS) also have high IL-

10 production, but do not have reduced IL-12 production28-30. Unlike murine M(Ic + LPS), 
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human M(Ic + LPS) have reduced IL-6 production29, 30. Similar to mice, human M(Ic + LPS) do 

not have lower TNF production29, 30.  

Other stimuli induce anti-inflammatory macrophages in vitro. In murine macrophages, 

IL-10 production is higher when cells are stimulated with apoptotic cells, prostaglandin E2 

(PGE2), glucocorticoids, or IL-1031-35. Although IL-10 production has not been reported, human 

and murine macrophages activated with serum, macrophage colony-stimulating factor (MCSF), 

and IFN, M(MCSF + IFN), have anti-inflammatory properties, including the suppression of T 

cell proliferation and the production of the immune-regulatory protein indoleamine-2,3-

dioxygenase (IDO)36, 37. In human macrophages, the anti-TNFα antibody, infliximab, also 

induces IL-10 production and reduces IL-1β production in response to LPS35.  

The molecular mechanism for conversion of macrophages to a high IL-10 producing 

activation state has been elucidated for murine M(Ic + LPS). Ligation of Ic to the Fc receptor I 

(FcγRI) in M(Ic + LPS) results in high activation of the mitogen-activated protein kinase 

(MAPK), extracellular signal-regulated kinase 1 and 2 (Erk1/2), which leads to phosphorylation 

of serine 10 on histone 3, opening up the Il10 promoter27. Activation of p38 in M(Ic + LPS) 

drives specificity protein 1 (Sp1)- and signal transducer and activator of transcription 3 

(STAT3)-mediated transcription of IL-10 from the accessible Il10 promoter 38, 39. Erk activation 

has been proposed as a defining mechanistic switch to induce this IL-10 producing activation 

state in murine macrophages1.  

Anti-inflammatory macrophages can have either protective or pathogenic roles in disease.  

Anti-inflammatory macrophages can be protective in vivo, high IL-10 and low IL-12 producing 

microglia that are activated through FcγRI and TLR4 are protective in a murine model of 

breached blood brain barrier inflammation40. However, anti-inflammatory macrophage activation 
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can increase susceptibility to infection, as is the case for Leishmania, which has developed a 

virulence mechanism co-opting this macrophage activation state. Leishmania can enter murine 

macrophages through Fcγ receptors, causing Erk activation and IL-10 production, resulting in 

blunted intracellular killing, survival, and spread of the infection41. 

 

1.1.1.3 M(IL-4) 

Wound healing and tissue restitution occurs in mice and humans to return the tissue to 

homeostasis after the immune response has been suppressed by IL-10. Wound healing 

macrophages contribute to the production of extracellular matrix and remodeling of tissues1. IL-4 

or IL-13 are stimuli that induce this activation state in mice and humans in vitro and in vivo1, 10. 

Murine and human basophils and mast cells are important sources of IL-4 during infection or 

injury and Th2 cells produce both IL-4 and IL-1342-45.  

Wound healing macrophages have unique characteristics from other macrophages. 

Markers for this activation state in mice, but not in humans, include arginase I (ArgI), Ym1, and 

FIZZI10, 46. ArgI converts arginine to precursors, which are used for extracellular matrix 

production, Ym1 binds to extracellular matrix proteins, and FIZZ1 promotes deposition of 

extracellular matrix19, 47. In mice, M(IL-4) do not present antigens to T cells and are less efficient 

at intracellular killing10. They are less efficient because they produce less reactive oxygen and 

nitrogen species, as ArgI competes for common substrates of iNOS11, 48, 49. In response to 

inflammatory stimuli, murine M(IL-4) or M(IL-13) have lower production of IL-12 and higher 

production of IL-10 compared to murine M(IFNγ + LPS)27, 50. However, they have higher IL-12 

production and lower IL-10 compared to murine M(Ic + LPS)27, 50. Markers for wound healing 
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macrophages in humans include CD206, which is a mannose receptor, and the IL-1 receptor 2 

(IL-1R2)51.  

Wound healing macrophages can also have either protective or pathogenic roles in 

disease. They can prevent type 2 diabetes in mice, by preserving glucose tolerance, insulin 

sensitivity, and protecting adipocytes from inflammation3, 52. This same activation state can also 

cause pathogenic fibrosis in murine models of lung inflammation53, 54.  

M(IL-4) are distinct from M(Ic + LPS) in mice. M(Ic + LPS) are not involved in the 

production of extracellular matrix and do not express enzymes such as ArgI, Ym1, or FIZZ11, 2. 

There is evidence in mice that anti-inflammatory, high IL-10 producing macrophages are 

activated prior to the wound healing response. IL-10 receptor signalling activates STAT3, which 

up-regulates expression of the IL-4 receptor α on macrophages that makes them more sensitive 

to activation to a wound healing phenotype by IL-4 or IL-1355, 56.  

 

1.2 IL-10 

IL-10 is a non-redundant, anti-inflammatory cytokine, which has multiple roles in the 

suppression of adaptive and innate immune responses in both mice and humans. IL-10 was first 

described as a factor that inhibits cytokine production from murine Th1 cells in 198957, 58. IL-10 

limits adaptive immunity in mice and humans by preventing antigen presentation and CD4+ T 

cell activation by preventing expression of MHC II and CD80 and CD86 co-stimulatory 

molecules59, 60. IL-10 can also suppress innate immune responses in mice and humans. In 1991, 

IL-10 was identified as a factor that inhibits cytokine production from activated human 

macropahges61. IL-10 suppresses macrophage production of pro-inflammatory IL-1β, IL-12, IL-

6, IL-8, and TNF and production of inflammatory chemokines and matrix metalloproteases 
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(MMPs)59, 61. IL-10 acts on macrophages in an autocrine or paracrine manner to inhibit 

inflammatory mediators and antigen presentation60, 62. IL-10 limits dendritic cell (DC) responses 

by limiting their maturation and differentiation61, 63. IL-10 blocks the effects of IFNγ on 

epithelial cells and blocks the proliferation and remodeling of extracellular matrix proteins in 

fibroblasts64-66. IL-10 can also promote, rather than suppress, adaptive and innate immune 

responses in mice and humans. IL-10 can enhance B cell activation, B cell survival, and CD8+ T 

cell activation67, 68. It can also promote mast cell, granulocyte, and keratinocyte differentiation 

and growth, and NK cell proliferation and production of IFNγ59. IL-10 can stimulate the 

production of other anti-inflammatory mediators in innate immune cells. IL-10 can induce IL-1 

receptor antagonist (IL-1Ra), which inhibits IL-1β signalling, in LPS-stimulated human 

monocytes and neutrophils61, 69.   

Numerous immune and a few non-immune cell types produce IL-10 in both mice and 

humans. Innate immune cells, which produce IL-10 include monocytes, macrophages, myeloid 

DCs, NK cells, eosinophils, neutrophils, and mast cells25. Adaptive immune cells, which produce 

IL-10 include B cells and T cells; Th1 cells, Th2 cells, regulatory T cells (Tregs), Type 1 

regulatory (Tr1) cells, Th17 cells, and CD8+ T cells70. Epithelial cells, keratinocytes, and even 

some viruses and tumor cells are non-immune cell producers of IL-1061, 71, 72. Cells in mice and 

humans can produce different amounts of IL-10. For example, in response to TLR ligands, 

macrophages produce high amounts of IL-10, myeloid DCs are able to produce intermediate 

amounts of IL-10, whereas plasmacytoid DCs do not produce IL-1073. The amount of IL-10 

produced by a particular cell type is dependent on the type and strength of the IL-10-inducing 

stimulus61.  
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1.2.1 IL-10 signalling 

The IL-10 receptor is expressed in mice and humans by most hematopoietic cells, 

epithelial cells, and some fibroblasts74. The IL-10 receptor has common structural features in 

mice and humans75. The IL-10 receptor (IL-10R) is a hetero-tetramer comprised of two subunits 

of the IL-10R (or IL-10R1) and two subunits of the IL-10Rβ (or IL-10R2), and binds homo-

dimeric IL-1062, 76. The IL-10Rα is responsible for binding IL-10, whereas the IL-10Rβ is 

responsible for initiating signalling61. The IL-10Rα uniquely binds IL-10, whereas the IL-10Rβ 

also shares signalling of other IL-10 receptor superfamily cytokines, IL-22 and IL-28 in mice 

and humans, IL-26 in mice, and IL-29 in humans77.  

IL-10 activates Janus kinase/STAT (Jak/STAT) signalling in mice and humans, and 

STAT3 is the main transcription factor that is activated in response to IL-10 in immune cells of 

both species76, 78. Upon receptor ligation, Jak1 is recruited to the IL-10Rα, while the non-receptor 

tyrosine protein kinase 2 (Tyk2) is recruited to the IL-10Rβ chain. Jak1 and Tyk2 phosphorylate 

the cytoplasmic tails of the receptor subunits76. STAT3 is recruited to the phosphorylated 

receptor, homo-dimerizes, and translocates to the nucleus, where it binds to the promoters of 

various IL-10-responsive genes, including the suppressor of cytokine signalling 3 (SOCS 3) and 

IL-10 itself61.  

Antigen presenting cells (APCs), specifically macrophages and DCs, are the cells that IL-

10 impacts the most in mice and humans59, 61. The mechanisms by which IL-10 suppresses 

myeloid cell responses remain only partially described. IL-10 signalling inhibits MAPK and 

nuclear factor kappa B (NFκB) activation in mice and humans, which may contribute to the 

inhibition of pro-inflammatory cytokine production and antigen presentation by macrophages 

and DCs79. 
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1.2.2 IL-10 production by macrophages 

Murine and human macrophages produce IL-10 and pro-inflammatory cytokines in 

response to PAMPs, through conserved PRRs, including TLRs (Figure 1.2) and CLRs, such as 

dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) and 

Dectin-180. Ic, PGE2, and IL-10 can promote enhanced IL-10 production in response to TLR 

ligands, in mice and humans1, 29.  

TLR ligation induces IL-10 production through downstream signalling pathways, 

common to mice and humans80. Toll/IL-1 receptor (TIR) domain-containing adaptor molecules, 

such as myeloid differentiation primary response protein 88 (MyD88) and TIR domain-

containing adaptor-inducing interferon β (TRIF) initiate different signalling pathways62. Through 

MyD88, MAPKs and NFκB are activated, and through TRIF signalling, tumor necrosis factor 

receptor-associated factor 3 (TRAF3) is activated, promoting IL-10 production81, 82. MyD88-

mediated pathways induce MAPKs; Erk1 (ERK1 in humans) and Erk2 (ERK2 in humans), and 

p38, through the activation of tumor progression locus 2 (TPL2)80. The Erk (ERK) and p38 

pathways co-operate to induce IL-10 production in LPS or CpG-stimulated macrophages, and 

mitogen and stress-activated protein kinase 1 and 2 (MSK1 and MSK2) are activated 

downstream of both Erk (ERK) and p3880. NFκB induces IL-10 through Erk (ERK)-dependent 

and -independent pathways83. Type I IFNs, which are induced by the TRIF-dependent pathway 

also help to induce maximal production of IL-10 in LPS-stimulated macrophages84-86. Larger 

amounts of IL-10 are produced when MyD88 and TRIF pathways are both activated in 

macrophages80, 84, 85. MAPKs activate several transcription factors, which bind to the murine Il10 

promoter, including phosphorylated cyclic AMP element binding protein (CREB), STAT1, 

STAT3, Sp1, interferon regulatory factor 1 (IRF1), activator protein 1 (AP-1), CCAAT enhancer 
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binding proteins β and δ (C/EBPβ and C/EBPδ), c-musculoaponeurotic fibrosarcoma oncogene 

(c-Maf), pre-B-cell leukemia transcription factor 1 (PBX1), PBX-regulating protein 1 (PREP1), 

and NFκB61, 87. In human macrophages, transcription factors that bind to the IL10 promoter and 

promote IL-10 production are similar, including STAT3, Sp1, Sp3, IRF1, C/EBPβ, PBX1, and 

PREP125, 80, 86.  

Figure 1.2 IL-10 production by macrophages. IL-10 is produced in response to TLR activation 

through MyD88- and TRIF-dependent pathways. Through MyD88, MAPK and NFκB activation 

promotes IL-10 production, whereas TRIF activation promotes IL-10 production through 

TRAF3. Reproduced with permission from Nature Publishing Group: Saraiva M and O’Garra A, 

Nature Reviews Immunology 201080. 

 

IL-10 production by macrophages can be positively or negatively regulated. IL-10 

amplifies its own production in human macrophages, through STAT3-dependent signalling88. 

Post-transcriptionally, IL-10 production regulates itself. In humans and mice, IL-10 promotes 

IL10 (or Il10 in mice) mRNA degradation, whereas other signals, such as adenosine receptor 

signalling in mice, can increase Il10 mRNA half-life and production80. Il10 expression is 
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controlled epigenetically in mice; remodeling of chromatin at the Il10 promoter initially leads to 

Il10 transcription, and further histone acetylation or phosphorylation results in higher production 

of IL-10 by macrophages38, 89. Conversely, IFNγ negatively regulates IL-10 production by 

macrophages, by preventing CREB and AP-1 binding to the Il10 promoter in mice90. IL-10 also 

negatively regulates its own production in murine macrophages, by inducing dual specificity 

protein 1 (DUSP1), which negatively regulates p38 activation91. MicroRNAs (miRNAs) can also 

regulate IL-10 production, miR-106a in humans binds to the 3’ untranslated region (3’UTR) of 

IL10 mRNA and causes its degradation92.  

 

1.2.3 IL-10 in disease 

IL-10 serves a critical role in promoting the balance between inflammation and its 

resolution, to prevent damage to the host. IL-10 production by murine mast cells prevents 

leukocyte infiltration, inflammation, and tissue damage in allergic contact dermatitis and during 

ultraviolet B exposure to the skin93. IL-10 limits symptoms of multiple sclerosis and stroke in 

humans, by preventing pro-inflammatory cytokine production and by limiting infiltration of T 

cells into the brain94. IL-10 production is essential in mice during infections such as Toxoplasma 

gondii, Mycobacterium spp., and herpes simplex virus (HSV), in order to prevent tissue damage 

that results from a strong inflammatory response to fight infection95. In contrast, excessive or 

inappropriate production of IL-10 can lead to improper control of a pathogen that results in 

persistent or fatal infections in mice, such as with Plasmodium spp. or Leishmania spp.95. IL-10 

deficiency in mice and humans leads to the development of inflammatory diseases, such as IBD, 

which will be discussed in section 1.5.10.  



14 

 

1.3 Fc receptors 

Fc receptors are extracellular receptors that are in both mice and humans. They bind 

antibodies via their fragment crystallizable (Fc) portions, which are constant portions of 

antibodies that are comprised of two identical heavy chain proteins of immunoglobulin G (IgG) 

antibodies96. Genes for the Fcγ receptors are located in close proximity on chromosome 1, in 

mice and humans97. Apart from the human FcRIIIB, which is glycosylphosphatidinositol (GPI)-

anchored, murine and human Fc receptors are type I transmembrane glycoproteins (Figure 

1.3)98.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Fc receptors in mice and humans. Fc receptors in mice and humans can be 

categorized based on activating or inhibitory intracellular signalling motifs and by antibody 

affinity. Fc receptors contain intracellular ITAM motifs that activate signalling pathways. The 

FcRIIB, which is the only receptor that contains an intracellular ITIM motif, inhibits cellular 

activation. FcRI has the highest affinity for IgG antibodies, whereas the rest of the receptors 

range from low to medium affinity. Humans have gene variants for the FcRIIA and FcRIIIA 

that confers differential binding affinity for IgGs. The FcRIIB has a gene variant, which 

prevents signalling downstream of its ITIM motif. Reproduced with permission from Nature 

Publishing Group: Nimmerjahn F and Ravetch J, Nature Reviews Immunology 200898. 
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 Fc receptors can be categorized as activating or inhibitory receptors based on their 

intracellular signalling domains. The FcRI (CD64), FcγRIII (CD16), and FcγRIV (CD16.2) in 

mice and FcγRI, FcRIIA (CD32A), FcγRIIC (CD32C), FcRIIIA (CD16A), and FcRIIIB 

(CD16B) in humans, contain immunoreceptor tyrosine activation-based motifs (ITAMs)99. 

Activating receptors contain  chains, which bind the ligand extracellularly and, except for the 

FcRIIA and FcγRIIC in humans, a  chain dimer that contains the ITAMs and transduces the 

signal intracellularly98. ITAM signalling leads to activation of signalling cascades100. There is 

only one inhibitory receptor, the FcRIIB (CD32B) that is common to mice and humans98. The 

FcRIIB has a single ligand binding  chain, which contains an immunoreceptor tyrosine 

inhibitory-based motif (ITIM)101. ITIM signalling leads to inhibition of signalling cascades100.  

Fcγ receptors can also be classified based on their affinity for IgG. Affinities in mice and 

humans range from high for the FcγRI to medium or low affinity for the remaining receptors102. 

In mice, the FcγRI has the highest affinity for IgG1, IgG2, and IgG3102. In humans, the FcγRI 

has highest affinity for IgG1, IgG3, and IgG4102. In humans the FcγRI does not bind IgG2, 

whereas mice do not express the IgG4 isotype102. The remaining receptors in mice and humans, 

the FcγRIIA/B/C, FcγRIIIA/B, and FcγRIV range from medium to low affinity for IgGs, with 

100-1000-fold lower binding affinity than the FcRI98. 

 Murine and human Fc receptors can bind IgGs as monomers, multimers, Ic, or on 

opsonized particles or cells103. All Fcγ receptors bind monomeric IgGs in mice and humans104, 

105. It is widely thought that the receptors, except for the FcRI, exclusively bind to aggregated or 

complexed IgGs, but evidence does not support this idea106. It was once thought that the FcγRI 
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was saturated with IgGs in mice and humans in vivo, making it unavailable to bind and mount 

responses to additional IgGs, but evidence now suggests that this is not true102, 107. 

IgG binding affinities can change based on Fc receptor polymorphisms or post-

translational modifications to antibodies. There are Fcγ receptor gene variants in mice and 

humans that confer differing affinities for IgGs108. IgG binding affinities can also change in mice 

and humans based on IgG Fc glycosylation status or changes to critical amino acids in areas 

responsible for binding to the Fcγ receptor109.  

 In mice, Fcγ receptors are found on hematopoietic cells including B cells, T cells, 

neutrophils, NK cells, basophils, eosinophils, mast cells, DCs, monocytes, and macrophages98, 

110. B cells in mice only express the FcγRIIB, which inhibits B cell receptor signalling98. Murine 

memory CD8+ T cells also express the FcRIIB101. Neutrophils express the FcγRIIB and FcγRIII 

in mice111. Murine NK cells express the FcγRIIB and FcγRIII106. The FcγRIII plays an important 

role in antibody-dependent cell-mediated cytotoxicity (ADCC) in neutrophils and NK cells112. 

Basophils, eosinophils, mast cells, and DCs in mice have expression of activating receptors and 

the inhibitory receptor113. Monocytes and macrophages express all Fc receptors in mice98. 

In humans, Fcγ receptors are found on hematopoietic cells, as with mice98, 110. 

Human B cells also only express the FcγRIIB98. Human memory CD8+ T cells express the 

FcRIIB, whereas human activated CD4+ T cells express the FcRIIIA110, 114. In humans, 

neutrophils express the FcγRIIA and FcγRIIIB, but not the FcγRIIB, 111. Human NK cells 

express the FcγRIIB and FcγRIIIA112, 115, 116. As with mice, the FcγRIIIA and FcγRIIIB in 

humans play an important role in ADCC in neutrophils and NK cells112. Platelets express the 

FcγRIIA exclusively in humans, whereas murine platelets do not express Fcreceptors117. 
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Basophils, eosinophils, mast cells, and DCs have expression of activating receptors and the 

inhibitory receptor in humans, as with mice113. Monocytes and macrophages in humans express 

all Fc receptors, with the exception of the FcRIIIB98. 

 

1.3.1 Fc receptor signalling in macrophages 

ITAM-mediated signalling downstream of Fcγ receptor ligation causes activation of 

signalling cascades that are common between mice and humans (Figure 1.4)99, 105. ITAMs 

present on activating receptors become rapidly and transiently tyrosine phosphorylated by Src 

family kinases when the receptors are cross-linked118, 119. This creates SH2 docking sites for 

spleen tyrosine kinase (SYK)-family kinases that are recruited and downstream targets, such as 

son of sevenless (SOS) and Phosphatidylinositol 3-kinase (PI3K) are activated98, 120. Bruton's 

tyrosine kinase (BTK) and phospholipase C γ (PLCγ) can dock at the membrane once PI3K is 

activated and converts phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 

3,4,5-trisphosphate (PIP3)
98, 121. PLCγ activation leads to higher release of calcium from the 

endoplasmic reticulum and downstream signalling events, such as MAPK activation122, 123. SOS 

activation downstream of Syk also activates the RAS-RAF-MAPK pathway98, 124. Signalling 

events then lead to cytokine release, the oxidative burst, ADCC, and phagocytosis in murine and 

human macrophages98.  
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Figure 1.4 Fc receptor signaling. Fc receptor cross-linking can result in (A) activation or (B) 

inhibition of signalling pathways. (A) Fc receptor cross-linking with receptors that contain 

ITAM motifs results in phosphorylation of ITAMs, which recruits Syk. PI3K is activated 

resulting in activation of BTK and PLC. SOS and RAS are activated by separate pathways, and 

both pathways converge to activate MAPK. (B) Cross-linking ITIM motif-containing FcRIIB 

causes phosphorylation of the ITIMs by activating receptors, which recruits SH2 domain-

containing inositol phosphatases, such as SHIP. SHIP limits the PI3K and RAS signalling 

pathways. Reproduced according to the terms of the Creative Commons Attribution License (CC 

BY) ©Fuller, Stavenhagen and Teeling Frontiers in Neuroscience 2014125.   

 

ITIMs within the cytoplasmic domain of the FcγRIIB in mice and humans cause 

inhibition of signalling cascades, from the BCR, activating Fcγ receptors, or TLRs99, 126.  

Engagement of the FcγRIIB causes phosphorylation of the ITIM by Lyn or other Src-family 

kinases that are activated from co-aggregated receptors, and results in the recruitment of the 

phosphatases SHP-1 (SH2-domain containing inositol phosphate 5ʹphosphatase 1) and SHIP 

(SH2 domain-containing inositolpolyphosphate 5ʹ-phosphatase)102, 127, 128. SHP-1 and SHIP 

inhibit signalling pathways that promote activation, such as the PI3K pathway, by 

dephosphorylating intermediates, which prevents the recruitment of kinases BTK and PLCγ to 

the cell membrane98.  
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Inhibitory signaling can also occur downstream of ITAM-containing Fcγ receptors in 

mice and humans and is referred to as ITAMi signalling. ITAMi-meditated signalling can occur 

through the activating receptor FcγRIIA in humans and the FcγRIII in mice and humans, in a 

similar manner as ITIM-mediated inhibition of activating signals129, 130. ITAMi inhibition of 

signalling cascades occurs in a similar manner in mice and humans. Low engagement of 

activating receptors with monomeric IgGs results in low phosphorylation of ITAMs127, 129, 131. 

This causes a transient recruitment of Syk followed by a stable recruitment of SHP-1127, 129, 131. 

SHP-1 then co-localizes with activating receptors in an “inhibisome” cluster, leading to 

inhibition of activating signalling cascades132, 133.   

 

1.3.2 Fcγ receptor function in macrophages 

Fcγ receptors can trigger a variety of processes in murine and human macrophages, 

depending on the type of antibody stimulus. In addition to participating in antigen processing and 

presentation, Fcγ receptors can modulate macrophage activation states and cytokine production, 

killing of pathogens, or can induce antibody-dependent cell-mediated phagocytosis (ADCP)134.   

As mentioned in the previous section, macrophage activation and cytokine production are 

affected by Fcγ receptor signalling. Ic and LPS co-stimulation of murine bone marrow-derived 

macrophages (BMDMs) induces higher production of IL-10 and lower production of IL-12, 

compared to LPS stimulation1, 135. Human macrophages also have higher production of IL-10, 

but not lower production of IL-12, when co-stimulated with Ic and LPS29. The density of IgG 

coating on Ic can determine the level of activation in murine macrophages. High densities of 

IgGs on Ics cause receptor cross-linking, which results in high LPS-induced IL-10 production 

and low IL-12 production39. The balance of activating (ITAM-mediated) signalling and 
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inhibitory (ITIM-mediated) signalling can also determine the threshold for a response. 

Macrophages from Fcgr2b-/- mice, which are deficient in ITIM-mediated signaling, are more 

sensitive to inflammatory activation than wild type mice and are more sensitive to Ic-induced 

inflammatory conditions, such as arthritis136.  

Opsonization of pathogenic microorganisms with IgG antibodies leads to internalization 

and better killing of the pathogen. Activating Fcγ receptors in mice and humans direct the 

opsonized pathogen towards lysosomes, where intracellular replication is limited, and the 

pathogen is efficiently killed137, 138. When the Fcγ receptor common  chain, which is present in 

activating receptors, is absent, mice have a higher susceptibility to intracellular infections due to 

reduced lysosomal killing137. The FcγRIIB can limit inflammatory responses to opsonized and 

internalized pathogens. When the FcγRIIB is absent in mice, there is higher production of 

inflammatory cytokines and Mycobacterium tuberculosis killing by macrophages139. 

Fcγ receptors can cause ADCP in murine and human macrophages137, 138. The FcγRIIIA 

in human monocytes and the FcγRIII in murine macrophages can bind opsonized infected cells 

or cancer cells, which causes efficient internalization and killing of these cells along with TNF 

production102, 140-142. ADCP is enhanced in human macrophages by activation with TLR agonists, 

DAMPs, or cytokines such as IFNγ140.  

 

1.3.3 Human Fcγ receptor IIA gene variant (rs1801274) 

There are gene variants described for Fcγ receptors that result in altered function of these 

receptors (Figure 1.3)112. The FcγRIIA (rs1801274) single nucleotide polymorphism (SNP) 

occurs in the region of FCGR2A that encodes the amino acids that confer binding affinity for 

IgGs, which changes the receptor from a relatively low affinity to high affinity143. The low 
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affinity gene variant for the FcRIIA-R131, or CC genotype, has an arginine at amino acid 

position 131 that confers a lower binding affinity for IgG1 and IgG3144-147. The FcRIIA-H131, 

or TT genotype, has a histidine substituted at amino acid 131, which confers binding for IgG2 

that is not present in the CC genotype and confers a higher binding affinity for IgG1 and IgG3144-

147. The frequency of the TT or CC genotype is between 25-35% depending on the ethnicity. In a 

European population, the genotype frequencies are 28.3% CC, 45.1% CT, and 26.6% TT 

(dbSNP)148.   

The TT gene variant (H131) has been associated with a higher risk of inflammatory and 

autoimmune diseases. Ulcerative colitis (UC) and Kawasaki disease (KD) are more common in 

people with the TT gene variant than the CC variant149-151. People with the TT gene variant are 

more likely to develop Guillain-Barré syndrome (GBS), celiac disease, or type 1 diabetes152, 153.  

While people with the TT gene variant have a higher risk of inflammatory and 

autoimmune diseases, they have a lower risk of getting infectious diseases. People with the TT 

gene variant are less likely to get S. pneumoniae infections compared to people with the CC gene 

variant154. The rates of sepsis and severe sepsis, from community acquired pneumonia due to H. 

influenzae infection, are also lower in people with the TT gene variant155, 156. Finally, the risk of 

severe meningococcal disease is lower in people with the TT gene variant157. 

The TT gene variant is also associated with a higher risk of failure to respond to therapy 

with the anti-TNF antibodies, infliximab or adalimumab, in people with RA144, 158. Lower 

response rates were seen in people with the TT genotype at 30 weeks after starting treatment, 

with 60% of people with the CC genotype responding to treatment compared to 33.3% of people 

with the TT genotype144.  
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Although few, in vitro experiments suggest that cells from people with the TT, high 

affinity gene variant have higher inflammatory responses. Peripheral blood mononuclear cells 

(PBMCs) from people with the TT genotype have higher IL-1β production compared to the CC 

genotype in response to IgG2 in vitro159. Neutrophils from people with periodontitis, who have 

the TT genotype are hyper-reactive; they have higher levels of phagocytosis and degranulation in 

response to serum opsonized bacteria compared to neutrophils from people with periodontitis, 

who have the CC genotype160.  

 

1.4 Intravenous immunoglobulin (IVIg) 

IVIg is a drug made up of polyclonal IgG antibodies, pooled from the plasma of over 

1000 healthy blood donors. More than a dozen IVIg preparations are approved by the U.S. Food 

and Drug Administration (FDA)161. As IVIg is a blood product, healthy donors are screened for 

potential infectious diseases and blood borne pathogens are inactivated and removed162. The 

method of preparation differs between IVIg brands, but can include cold ethanol fractionation, 

ultrafiltration, and/or chromatography163. Although relative distributions of antibody subtypes 

differ between IVIg preparations, IgG1 is the predominant  isotype present making up 60% of 

the antibodies164. IgG2, IgG3, and IgG4 comprise the majority of the remaining 40% of the 

antibodies with trace amounts of IgM and IgA present in IVIg164. Small amounts of IgG dimers 

are present, with the addition of stabilizing agents, such as glycine or sorbitol, to prevent 

aggregation163.  

IVIg is given as an intravenous infusion, although use of subcutaneous preparations is 

increasing165. Side effects of intravenous infusion are often mild and self-limiting; these include 
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hemolysis, headache, fever, chills, lower back pain, nausea, shortness of breath, and tightness in 

the chest164.  

Although IVIg treatment is efficacious, it is expensive.  A single dose of IVIg for a 70 kg 

adult can cost from $2000 - $8000 Canadian dollars, as of 2007166. Since it is an expensive drug 

that is used at high doses, alternative synthetic products are being developed. Studies to 

determine its mechanism of action are important to inform the development of these products. 

 

1.4.1 Uses of IVIg 

IVIg is used therapeutically for two very different purposes, as an antibody supplement in 

people who have deficiencies, and as an anti-inflammatory therapy for immune-mediated 

diseases167. 75% of IVIg’s use is for autoimmune and inflammatory diseases161. IVIg is 

increasingly used to treat diseases that it is not yet approved for161.  

Antibodies that are missing in a person can be passively administered to prevent or treat 

infection, because of the diverse antibody repertoire in IVIg. It is given at relatively lower doses 

for this purpose, at 400 mg/kg of body weight167. As an antibody replacement therapy, the FDA-

approved indications include primary immunodeficiency diseases such as X-linked 

agammaglobulinemia (XLA), chronic lymphocytic leukemia (CLL), pediatric human 

immunodeficiency virus (HIV) infection, and to prevent infections after allogeneic bone marrow 

transplant161. IVIg is also used as an off-label treatment, for uses that are not approved by the 

FDA. Examples of off-label uses as an antibody supplement are cytomegalovirus infection in 

people undergoing bone marrow transplantation, necrotizing fasciitis, recurrent infections with 

unknown origin, and infections in geriatric people with low antibodies165.  
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IVIg is used for inflammatory and autoimmune diseases with a diverse range of 

pathologies. It is given at higher doses for this purpose, at 1-2 g/kg of body weight167. The FDA 

has approved the use of IVIg for KD, idiopathic thrombocytopenic purpura (ITP), chronic 

inflammatory demyelinating polyneuropathy (CIDP), multifocal motor neuropathy (MMN), and 

kidney transplantation involving a recipient with a high antibody titer or an ABO-incompatible 

donor161. Off-label uses include neuromuscular disorders, such as GBS and relapsing and 

remitting multiple sclerosis, hematologic disorders, such as autoimmune hemolytic anemia and 

graft-versus-host disease, and for dermatological disorders, such as pemphigus vulgaris and 

Stevens-Johnson syndrome161. Other un-approved uses include treatment of severe rheumatoid 

arthritis, systemic lupus erythematosus (SLE), dermatomyositis, macrophage activation 

syndrome, inflammatory bowel disease, and autoimmune hemophelia165, 168. Off-label uses 

account for 50-60% of IVIg sales149. Large-scale, controlled studies are needed to determine 

whether IVIg use is warranted in an increasing number of immune-mediated diseases.  

 

1.4.2 Proposed mechanism(s) of action of IVIg 

As a source of passive immunity, IVIg provides a diverse repertoire of IgG antibody 

fragment antigen-binding (Fab) specificities, which are able to bind to a wide variety of pathogens 

and protect people from infections169. However, its mechanism of action in treating inflammatory 

and autoimmune diseases remains undefined. A unifying mechanism does not exist that explains 

how IVIg works at high doses to limit immune responses. IgG antibodies have diverse functions 

in the immune system, and mechanisms are proposed, which involve either the Fab portion or the 

Fc portion of the antibody. Fc-mediated mechanisms are shown in (Figure 1.5).  
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Figure 1.5 Proposed mechanism(s) of action of IVIg. Model 1: IVIg binds to activating Fc 

receptors, blocking autoantibody Ic-mediated immune activation. Model 2: IVIg binds to FcRn, 

causing saturation, which prevents recycling of autoantibodies that prevents activation of 

immune responses. Model 3: Sialic acid-linked IgGs in IVIg cause up-regulation of the 

inhibitory FcRIIB, causing inhibition of autoantibody Ic-mediated immune activation. 

Reproduced with permission from The Rockefeller University Press: Nimmerjahn F and Ravetch 

J, Journal of  Experimental Medicine 2007170. 

 

Fab-mediated binding of immunomodulatory proteins has been proposed as a mechanism 

of action of IVIg. IVIg contains small amounts of antibodies to inflammatory cytokines, 

chemokines, and receptors like Fas, sialic acid-binding Ig-like lectin-9 (Siglec-9), and CD5161. 

Fab portions have been proposed to bind to these inflammatory mediators, which could switch an 

immune response from inflammatory to anti-inflammatory171. However, little evidence exists for 

this theory and the importance of the Fc region in immunomodulation by IVIg has been 

demonstrated161, 172.  
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 Blocking activating Fc receptors by high doses of IgGs is another mechanism of action 

that has been proposed, with little direct evidence. In the untreated state, Fcγ receptors are 

available for autoantibody binding, which promote inflammation by inducing pro-inflammatory 

cytokine production in response to disease-associated TLR agonists173. A large increase in serum 

IgG concentration from IVIg treatment could cause monomeric IgGs to saturate and block Fc 

receptors, which would prevent autoantibody-induced pathology, as monomeric IgGs do not 

promote an inflammatory immune response106, 170. However, it has not been demonstrated in 

mice or in humans that saturation of Fc receptors with monomeric IgGs can prevent functioning 

with IgG multimers or complexes106, 112. The high dose requirements required for IVIg’s 

effectiveness is explained by this theory, nonetheless. A similar theory has been proposed 

recently, by which IVIg induces ITAMi signaling through the FcRIIA or FcRIII, which 

reduces LPS-induced pro-inflammatory cytokine production by human macrophages in vitro129, 

130. IVIg-induced ITAMi signaling through the FcRIIA also ameliorates disease symptoms in a 

murine collagen-induced arthritis model, which provides further evidence that IVIg can prevent 

auto-antibody-induced pathology by binding to Fc receptors129.   

IVIg has also been proposed to work by saturating the neonatal Fc receptor (FcRn), 

preventing pathogenic autoantibody re-cycling, in autoimmune diseases. The murine and human 

FcRn is present on vascular endothelial cells, epithelial cells of the intestine, liver, and lung, as 

well as immune cells174. The FcRn re-cycles IgGs in mice and humans, by preventing their 

degradation by the lysosome and returning them to the serum174. In a murine model of ITP, IVIg 

promoted the clearance of pathogenic platelet IgG antibodies, through saturation of the FcRn175. 

FcRn saturation in mice prevents pathogenic autoantibody recycling and they are degraded more 
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readily. However, the FcRn was not required for IVIg’s effect in another murine model 

transgenic murine model of ITP suggesting that other mechanism(s) of action contribute to 

IVIg’s efficacy in that model176, 177. 

A leading theory of IVIg’s mechanism of action for immune-mediated diseases is that a 

minor fraction of IgGs in IVIg are sialylated, which may be responsible for its efficacy. In IVIg, 

2,6 sialic acid linked Fc regions bind to DC-SIGN receptors on myeloid cells, which induces 

IL-33 production178. Myeloid IL-33 production causes IL-4 production by basophils that up-

regulates the inhibitory FcRIIB, which suppresses auto-antibody-mediated macrophage 

inflammatory responses in mice178. This theory has been demonstrated in a murine serum-

induced model of RA, but other studies using the same murine model of RA have not supported 

this theory178, 179. The study that contradicted this theory showed that sialylation or basophils are 

not required for the effectiveness of IVIg, and instead demonstrated the necessity of the Fc 

portion of IgGs in IVIg178, 179. Studies using passive antibody transfer models of ITP in mice 

have both supported the requirement of Fc sialylation and the specific ICAM3 grabbing 

nonintegrin-related 1 SIGN-R1 (the murine orthologue of DC-SIGN) and refuted the 

requirement of Fc sialylation, for the suppression of autoantibody responses180-182. This theory 

has not been observed in people receiving IVIg, as no increase in FcRIIB expression has been 

seen in monocytes after IVIg infusion, and sialylation levels of IgGs did not affect the response 

to IVIg in KD183-185.  

 

1.5 Inflammatory bowel disease (IBD) 

IBD is a chronic, incurable, relapsing, or remitting disease, characterized by 

inflammation of the intestine186. IBD encompasses Crohn’s disease (CD) and UC. CD affects 
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any part of the intestinal tract and the inflammation is usually discontinuous and is transmural187. 

UC affects only the rectum and colon, and the inflammation is continuous187. In UC the 

inflammation is within the mucosa, rather than transmural, as in CD187.  Diagnosis of IBD is 

usually between the ages of 15 and 30 years old188. Symptoms of IBD include fever, abdominal 

pain, weight loss, and diarrhea that can contain blood or mucus189, 190. People with CD can 

develop complications such as fistulas, fibrosis, stenosis, abscesses, as well as extra intestinal 

manifestations, such as uveitis170. People with UC have a higher likelihood of developing colon 

cancer189, 191.  People with either CD or UC are at a higher risk of developing other 

immunological disorders, such as arthritis, psoriasis, or asthma192.  

 

1.5.1 Incidence and disease burden 

The incidence of IBD is high in developed nations. In 2012, IBD affects approximately 

233,000 Canadians; 129, 000 have CD and 104,000 have UC; with an overall incidence of 0.67% 

of the population193. In 2015, over 1 million people in the United States and over 2.5 million 

people in Europe were diagnosed with IBD 194. The incidence in North America and Europe is  

stable, but since 1990, the incidence in developing countries, such as Taiwan and Brazil, has 

increased dramatically195.  

IBD incidence differs between sexes and races. In North America and Europe, males and 

females are equally as likely to have IBD but in Asian countries, IBD is more prevalent in 

males196. Males and females differ in prevalence of IBD related complications; males have a 

higher prevalence of primary sclerosing cholangitis and ankylosing spondylitis, whereas females 

have a higher prevalence of extra-intestinal manifestations of the eye and skin196. In the United 

States, the incidence of IBD is higher in people, who identify as white, whereas the incidence is 
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lower in people, who identify as black or Hispanic, and the incidence is increasing in other 

minorities197, 198.  

IBD is a costly disease, both to society and to individuals. In 2012, IBD was estimated to 

cost $2.8 billion in Canada annually193. Direct medical costs, such as the cost of medications, 

hospitalizations, and doctor visits accounted for $1.2 billion, whereas $1.6 billion was attributed 

to indirect costs, such as short term disability costs from absence at work193. Additional 

important factors not included in cost estimates of disease burden, including impaired quality of 

life, social stigma, and negative effects on career aspirations194.  

 

1.5.2 Pathogenesis of inflammatory bowel disease 

Evidence suggests that environment, genetics, the gut microbiome, and the immune 

response all contribute to the pathogenesis of IBD (Figure 1.6). The gastrointestinal tract is a 

barrier to the outside world, which promotes tolerance to commensal bacteria but also promotes 

appropriate inflammatory responses to pathogenic organisms199. The cause of disease in IBD is 

not fully known, but it is thought to occur due to an overactive immune response to commensal 

microorganisms in the gut in genetically susceptible individuals199.  
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Figure 1.6 Pathogenesis of inflammatory bowel disease. IBD is caused by a combination of 

genetic and environmental factors, which result in impaired barrier function. With impaired 

barrier function, bacteria translocate below the epithelial layer, and cause activation of innate 

immune cells, such as macrophages, and activation of effector T cells. The production of pro-

inflammatory mediators, and failure of regulatory mechanisms, such as the activation of Tregs, 

results in chronic inflammation. In IBD, the inflammation can cause tissue destruction and 

complications, such as fibrosis or cancer. Reproduced with permission from Nature Publishing 

Group: Neurath M, Nature Reviews Immunology 2014200. 

 

 

1.5.3 The role of the environment in inflammatory bowel disease 

Many environmental factors contribute to the pathogenesis of IBD, including stress, 

pollution, diet, and vitamin D levels. Stress is said to play a role in the development of 

inflammatory bowel disease. Both adverse life events and chronic stress contribute to the 
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development of disease, with psychological stress influencing the development of CD and 

depressive symptoms playing a part in the development of UC201, 202. Stress may result in 

increased epithelial permeability, which exacerbates inflammation in murine models of IBD202. 

High levels of air pollutants correlate with higher risk of both CD and UC, and higher amounts 

of air pollution are associated with higher levels of pro-inflammatory cytokines in plasma of 

people with IBD203, 204. The incidence of IBD is increasing in developing nations in Asia and 

correlates with high amounts of air pollution205. Diet is also a factor in the development of IBD, 

which could also be increasing in incidence in developing nations, due to the “westernization” of 

diet, including eating less fruits and vegetables and more proteins, fat, and sugar206, 207. A high 

fat or high sugar diet is associated with higher intestinal permeability, that could lead to 

uncontrolled inflammation in the gut206. Vitamin D levels are low in people newly diagnosed 

with IBD in Canada, and low vitamin D levels could contribute to higher incidence of IBD in 

populations where there are lower levels of sun exposure208, 209. Smoking has been associated 

with the development of CD, but not UC200. The use of non-steroidal anti-inflammatory drugs 

(NSAIDs) use have also been linked to higher risk of developing IBD200. 

 

1.5.4 The role of genetics in inflammatory bowel disease 

The earliest genetic studies noticed a higher risk of IBD in family members of people 

with IBD, with a complex, non-Mendelian model of inheritance210. Genome wide association 

studies (GWAS) have dramatically advanced our knowledge of the role of genetics in the 

pathogenesis of IBD. In 2012, 163 single nucleotide polymorphisms (SNPs) were identified that 

confer a higher susceptibility to IBD, with 30 being CD- and 23 UC- specific, and 110 associated 

with both diseases211. Currently, there are 241 SNPs identified for IBD susceptibility212. 
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Knowledge of genetic contributions to disease has prompted new research into mechanism of 

disease, which have contributed to the development of novel therapeutics and subtyping of 

people with IBD for personalized medicine approaches to treatment.  

Polymorphisms in genes associated with autophagy and cytokine signalling have been 

associated with a higher risk of IBD. NOD2 was the first IBD susceptibility SNP identified for 

CD213. The NOD2 protein is a NLR, which binds muramyl dipeptide (MDP), a bacterial 

peptidoglycan, and induces autophagy, regulates antigen presentation, and regulates innate and 

adaptive immune responses214. Other autophagy-related SNPs have been identified, including 

ATG16L1 and IRGM, indicating the important role autophagy has in the regulation of immune 

responses in the gut214. SNPs have been identified in cytokine receptor genes, such as IL23R or 

IL12B, which bind the pro-inflammatory cytokines or subunit IL-23 and IL-12/23p40, 

respectively214. This has led to the connection of this cytokine to the pathogenesis of IBD and the 

development of the drug ustekinumab, which binds to the IL-12/23 common subunit, IL-

12/23p40215.  

 

1.5.5 The role of the microbiota in inflammatory bowel disease 

Dysbiosis, which is a microbial imbalance typically accompanied by reduced microbial 

diversity, has been associated with IBD216, 217. In the intestine, there are more than 1014 microbes, 

which is about 3x the number of bacterial cells as in the human body and 30x the amount of 

genetic material compared to the human genome218, 219. Commensal bacteria in the gut digest 

foods and provide essential nutrients, train the immune system, modulate the epithelial barrier, 

and control neuronal motor functions216, 220. In UC, there is low diversity and instability of the 

microbiome221. There are also lower amounts of Clostridium spp. and higher amounts of 
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Escherichia coli (E. coli), compared to healthy controls221. In CD, there is an overabundance of 

enterobacteria and a lower amount of Firmicutes and Bacteroidetes phyla, compared to healthy 

controls214, 222. Adherent invasive E. coli (AIEC) that can invade epithelial cells and survive 

within macrophages, and mucosa-associated E. coli have been found in some people with CD223, 

224. Although gut bacteria are altered in people with IBD, it is unclear whether in the 

inflammatory environment drives dysbiosis or bacterial dysbiosis triggers inflammation225.   

 

1.5.6 The role of the epithelial barrier in inflammatory bowel disease 

Intestinal permeability is increased in people with IBD, which increases exposure of 

immune cells in the lamina propria to the microbiota, promoting inflammation226. Some studies 

indicate that increased gut permeability, which can be due to environmental factors or genetics, 

can be an initiating factor in the development of IBD199. The intestinal epithelial barrier is a 

physical barrier of cells lining the intestinal tract in mice and humans199, 227. In the intestine of 

people with IBD, defective expression of tight junction proteins, such as β-catenin and claudins, 

have been observed228, 229. There are associations between SNPs for epithelial junction proteins, 

such as E-cadherin, and a higher risk of developing UC211, 230. The intestinal epithelium provides 

an additional barrier of mucus and anti-microbial peptides (AMPs) that are secreted by Goblet 

and Paneth cells, respectively in mice and humans199, 227. There are associations between SNPs 

for mucus proteins, such as the mucin 19 (Muc19) protein, and a higher risk of developing UC211, 

230. Defective expression of AMPs has been seen in the intestines of people with IBD228, 229. 

Epithelial cells in mice and humans also express TLRs that promote barrier function by inducing 

epithelial cell proliferation, inducing production of mucins, AMPs, and secretory IgA213. 

Dysfunctional TLR4 signalling can result in intestinal inflammation in mice, through increased 
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barrier permeability228. A TLR4 SNP is associated with a higher risk of IBD in humans, due to 

impaired barrier function231, 232.   

 

1.5.7 The role of the immune system in inflammatory bowel disease 

In addition to epithelial barrier defects, defects in the innate and adaptive immune system 

are associated with the development of IBD (Figure 1.6). The role of IL-10, which regulates the 

innate and adaptive immune system in the intestine, is discussed in section 1.5.10. 

 

1.5.8 The innate immune response in inflammatory bowel disease 

Innate immune cells, such as neutrophils, innate lymphoid cells, DCs, and macrophages 

contribute to the pathogenesis of IBD. The innate immune cells are the first responders of the 

murine and human immune system and promote an inflammatory response to DAMPs and 

PAMPs, through PRRs expressed on their cell surfaces or intracellularly.  

Neutrophils infiltrate into the intestinal mucosa and epithelial crypts early in IBD232. 

They impair barrier function, secrete pro-inflammatory mediators, and damage tissue through 

proteolytic activity and oxidative damage in mice and humans233.  Neutrophils are present 

throughout disease in humans, and the amount of infiltration correlates with disease symptoms 

and tissue damage233. 

Innate lymphoid cells (ILCs) from the mucosa of people with IBD secrete higher 

amounts of IL-23 and IL-17 than ILCs from the mucosa of healthy people232, 234. Few studies 

exist linking ILCs to the pathogenesis of IBD in humans, but there are three distinct groups of 

ILCs identified in mice that promote inflammation, regulate microbial communities, and control 

tissue damage and repair235.   
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DCs sample luminal contents in the intestine, and either promote tolerance or 

inflammation in mice and humans. During homeostasis DCs are hypo-responsive to bacterial 

antigens, a potential mechanism is through epithelial cell production of thymic stromal 

lymphopoietin (TSLP)236. In mice, epithelial TSLP and TLR agonists induce DC IL-10 

production, without production of IL-12 or IL-6, and promote Th2 rather than Th1 responses236. 

In people with CD, low levels of TSLP are expressed in intestinal epithelial cells, and DCs 

produce more IL-12 and IL-6 than DCs from non-inflamed individuals236, 237.  

Inflammatory macrophages are implicated in the pathogenesis of IBD. Like DCs, 

macrophages can regulate innate and adaptive immune responses in the gut of mice and humans. 

Macrophages are also in an anergic state during homeostasis, to promote tolerance to commensal 

microbes238, 239. In vitro, human intestinal macrophages do not produce IL-10, IL-1, IL-6, IL-12, 

or TNF in response to bacterial ligands, but still have phagocytic and bactericidal activity240.  

Genomic analysis has revealed that the majority of IBD susceptibility loci contain 

monocyte/macrophage genes, involving responses to pathogens241. In people with CD, CD14+ 

macrophages have high production of IL-23 and TNF, which contributes to higher IFN 

production by lamina propria mononuclear cells24. Human CD14+ lamina propria macrophages 

from people with CD, but not from healthy controls, induce Th17 cells in the presence of 

commensal bacterial antigens242. Macrophages from the mucosa of people with IBD produce 

TNF, IL-1, and IL-1β, but are still responsive to the suppressive effect of IL-10 or IL-4243.  

Macrophages are heterogeneous cells, including in the inflamed intestine, where they 

have a role in tissue restitution. Macrophages, which express CD206, a marker for M(IL-4), are 

higher in the inflamed mucosa of people with chronic UC compared to people with newly 

diagnosed UC244. In CD, fibrosis is a common complication that can occur, due to excessive 
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wound healing. There are high numbers of macrophages present in fibrotic lesions of people with 

CD230. Expression of macrophage matrix metalloproteinase 2 (MMP2), which breaks down 

extracellular matrix, is higher in the mucosa of people with CD245, 246.  

 

1.5.9 The adaptive immune response in inflammatory bowel disease 

The adaptive immune response, involving T cells and B cells, is slower to develop but is 

more specific and has longer-term memory than the innate immune response. The adaptive 

immune response may be important in the development of chronic intestinal inflammation199.  

Th1, Th2, Th17, and Th9 cells are involved in the pathogenesis of IBD199. APCs present 

antigens to naïve CD4+ T cells, and along with cytokines and other stimuli, direct T cells to 

different fates in mice and humans247. Th1 cells in mice and humans are induced by IL-12 and 

IL-27, and secrete IFNγ, TNF, and IL-2247. Th2 cells are induced by IL-4, and secrete IL-4, IL-5, 

and IL-13 in mice and humans247. Although now controversial, a Th1 response has been found to 

be prominent in CD, whereas a Th2 response was found to be more prominent in UC, due to 

higher mucosal IFNγ and IL-12 in CD and higher IL-5 and IL-13 secretion by mucosal T cells in 

UC248-250. However, Th17 cell involvement in IBD has changed the paradigm. Th17 cells in mice 

and humans are induced by IL-6 and transforming growth factor β (TGFβ), and expansion of 

these cells is induced by IL-23247, 251. They can produce IL-17A and IL-21 in mice and humans 

251. IL-17A can induce recruitment of neutrophils and more Th17 cells, whereas IL-21 promotes 

secretion of IL-17A and IFNγ, which are higher in inflamed tissues from people with CD199, 252, 

253.  In both CD and UC, mucosal Th17 cells and serum IL-17A are high199. Inhibiting both IL-12 

and IL-23 with the drug, ustekinumab, may prevent both Th1/Th17 skewing199. Additionally, 

people with IBD also have higher numbers of IL-9 producing Th9 cells and people with severe 
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UC have higher mucosal IL-9 levels than people with mild disease254. IL-9 acts as a growth 

factor for immune cells, and disrupts epithelial barrier function in mice255.  

Tregs have a protective role in IBD. Tregs are antigen specific suppressive CD4+ T cells 

that express the transcription factor forkhead box protein 3 (Foxp3) and CD25 in mice and 

humans256. Tregs secrete IL-10 and TGFβ in mice and humans, which suppress DC and 

macrophage antigen presentation and their ability to activate T cells199. Spontaneous intestinal 

inflammation occurs when Tregs are absent in mice, which supports the essential role they have 

in maintaining intestinal homeostasis257. It is unknown whether Tregs are defective in people 

with IBD, as more Tregs are present in inflamed versus non-inflamed mucosa of people with 

IBD and mucosal Tregs have potent anti-inflammatory activity in vitro258. However, effector T 

cells may be resistant, or less responsive, to the effects of Tregs in people with IBD259.  

B cells are also implicated in the pathogenesis of IBD. There are hyper-activated B cells, 

which secrete high amounts of IL-8 and elevated levels of mucosal IgGs against bacterial 

antigens in people with IBD260, 261. IL-8 recruits neutrophils and IgGs opsonize bacteria, which 

promotes an inflammatory response137, 262. This supports the role of microbial antigens in the 

pathogenesis of IBD.  

 

1.5.10 The role of IL-10 in inflammatory bowel disease 

The importance of IL-10 in intestinal homeostasis was first demonstrated in 1993, when 

it was shown that IL-10 deficient mice develop severe spontaneous enterocolitis263. The 

inflammation is dependent on the microbiota, as germ free mice do not develop spontaneous 

colitis264. IL-10 effects on macrophages are important in intestinal homeostasis, as macrophage 
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IL-10 receptor deficient mice develop severe spontaneous colitis, which has been attributed to 

pro-inflammatory macrophage activation and antigen presentation to CD4+ T cells238, 265.  

Deficiencies in IL-10 are associated with IBD in humans. Many years later, after the 

importance of IL-10 was realized in murine intestinal homeostasis, GWAS identified a SNP in 

the IL10 gene promoter that was strongly linked to a higher incidence of UC266. A SNP in the 

IL10 gene was also found that confers a higher risk of CD211, 267. Severe IBD develops early in 

life in people, who have mutations affecting either IL-10 or the IL-10 receptor, and 

hematopoietic stem cell transplantation induced remission in these people268-270. 

Serum IL-10 levels are different based on disease severity in IBD. Studies have shown 

that IL-10 is high in people with CD or UC during active disease, compared to healthy 

controls271, 272. In CD, higher serum IL-10 levels are associated with lower disease severity, 

compared to lower IL-10 levels, which are associated with more severe disease273, 274. IL-10 may 

be important to initiate remission in IBD. IL-10 is high in the serum of people with UC during 

the initial phase of remission, while C- reactive protein and IL-6 levels are high during acute 

inflammation and are reduced during remission273. There is little research showing intestinal 

mucosal IL-10 levels; however, in CD, low ileal IL-10 is associated with higher recurrence of 

disease after bowel resection275.  

The role for IL-10 in the pathogenesis of IBD prompted clinical trials using recombinant 

human IL-10 (rhIL-10) to treat CD. However, the results were disappointing as only modest 

improvements were seen in people74, 276, 277. A possible reason for the disappointing results can 

be a lack of participant selection based on disease severity and serum IL-10 levels because 

people with more severe disease and lower IL-10 levels would be predicted to benefit most277. A 

sub-optimal IL-10 delivery to the mucosa due to systemic administration could also be possible, 
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as many non-immune cells, such as fibroblasts and epithelial cells, express IL-10 receptors61. 

Finally, the dose of IL-10 given in trials could also result in immune-stimulatory effects, as IL-

10 can promote B cell and NK cell responses61.  

The pathogenesis of IBD is complex; environmental, microbial, and immune factors 

combine to cause IBD in a genetically susceptible host (Figure 1.6). Defects in epithelial barrier 

function can increase translocation of bacteria into the lamina propria and cause inflammatory 

responses from innate immune cells that promote tolerance under homeostatic conditions. Innate 

immune cells direct the subsequent adaptive immune response, which together, contribute to the 

chronicity of the inflammation. IL-10 plays an essential role in preventing intestinal 

inflammation. Understanding the pathogenesis of disease and genetic contributions has led to 

new, more effective treatments for IBD.  

 

1.5.11 Therapeutic options for inflammatory bowel disease 

The goals of treatment for IBD are to induce and maintain remission, to promote mucosal 

healing, and to improve the quality of life for people with IBD as there is no cure for this 

complex disease278. The treatment given is based on disease location, severity, age of person, 

efficacy of the drug, and side effects279. For mild to moderate IBD, aminosalicylates, such as 5-

aminosalicylic acid (5-ASA) can be used, but when aminosalicylates fail, potent anti-

inflammatory corticosteroids, such as prednisone, can be prescribed280. Corticosteroids have 

adverse effects if used long term, such as development of diabetes, infection, and bone disease, 

and do not work well for maintaining remission281. If a person fails aminosalicylates and is 

refractory to, or prefers not to depend on, corticosteroids; immunosuppressant drugs, such as 
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azathioprine, can be prescribed279. Immunosuppressants also have serious side effects, such as a 

higher risk of infections and pancreatitis279.  

The recent advance of biologic antibody therapies has greatly improved long-term 

outcomes for people with IBD, with the reduction of relapse rates and induction of mucosal 

healing282. Anti-TNFα and other antibody drugs can be used for people with poor prognosis or 

when the person is refractory to other therapies283. These drugs can also be prescribed upon 

diagnosis of IBD, by some doctors281. There are currently two anti-TNFα drugs approved by the 

FDA for use in both CD and UC, infliximab and adalimumab284. Golimumab and certolizumab 

pegol, which are also anti-TNFα drugs, have been approved by the FDA for use in UC and CD, 

respectively284. There are two anti-integrin drugs, natalizumab and vedolizumab, approved by the 

FDA, which target the recruitment of immune cells into the intestine284. Natalizumab is approved 

for CD and vedolizumab is approved for use in CD and UC284. In addition, there are now 

infliximab and adalimumab biosimilars approved by the FDA for use in CD and UC285. The anti-

IL-12/23p40 antibody, ustekinumab, has been recently approved for use in CD by the FDA286.  

Although they have revolutionized treatment for IBD, anti-TNFα drugs do not work for 

everyone. They are relatively safe but can have serious side effects, such as higher risk of 

infections like tuberculosis, and higher risk of certain cancers287. Up to 40% of people with IBD 

are, or will become, refractory to anti-TNFα therapy. Approximately half treatment refractory 

people have not developed anti-drug antibodies, and the reason for their loss of response is 

unknown288. Thus, new treatments are needed and are being developed. These include 

tofacitinib, a JAK1-JAK3 inhibitor, and fecal microbiota transplantation186. Despite advances in 

the treatment of IBD, surgery can be the only therapeutic option for some people. 25-35% of 

people with UC will eventually require surgery to control symptoms or complications289. It is 
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estimated that 70-90% of people with CD undergo surgery related to their disease289. This further 

emphasizes the need to develop new treatments for IBD and the need to determine why some 

people are unresponsive to antibody-based therapies. 

 

1.6 Thesis hypothesis and objectives 

1.6.1 Summary of rationale 

Macrophages are plastic cells, which lie on spectrum of activation states1. Macrophages 

have a role in promoting inflammation in response to infection or injury, but also have an equally 

important role in stopping inflammatory responses to prevent tissue damage, which can occur 

through IL-10 production. IL-10 has potent anti-inflammatory effects on both innate and 

adaptive immune responses, by inhibiting pro-inflammatory cytokine production and antigen 

presentation61. Macrophages activated with Ic and LPS, M(Ic + LPS) are the best characterized 

example of this anti-inflammatory activation state27. The defining characteristic of this activation 

state in mice is high IL-10 production and very low or no production of pro-inflammatory IL-12, 

in response to LPS, a normally inflammatory stimuli. Murine M(Ic + LPS) produce high 

amounts of IL-10, through Ic crosslinking of the FcγRI, which results in activation of the 

MAPKs, Erk1/2 and p3827, 38.  

  IVIg is a drug made up of pooled polyclonal antibodies. It is used at high doses as an 

anti-inflammatory therapy for a wide variety of autoimmune and inflammatory diseases290. The 

mechanism(s) of action for IVIg is not well understood. The goal of Chapter 2 was to determine 

whether IVIg can skew murine macrophages to an anti-inflammatory, IL-10 producing activation 

state in mice in vitro, similar to M(Ic + LPS).  I tested whether IVIg can induce IL-10 production 

in murine BMDMs, through Fcγ receptors and the activation of MAPKs. I also investigated 
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whether high IL-10 production and low IL-12/23p40 production can be induced in murine 

peritoneal macrophages activated with IVIg + LPS in vivo.  

IBD is a chronic, incurable disease characterized by inflammation along the 

gastrointestinal tract279. The development of monoclonal antibody drugs, which block TNFα, has 

revolutionized treatment of this disease. However, it is predicted that up to 40% of people are, or 

will become, unresponsive to these drugs288. Because of this, and side effects of anti-TNFα 

therapies, the goal of Chapter 3 was to determine whether IVIg can be used to limit intestinal 

inflammation, using the dextran sulfate sodium (DSS)-induced murine model of colitis. I also 

investigated whether IVIg can ameliorate symptoms of induced colitis, by inducing IL-10 

production by macrophages. 

Since there are differences in Fcγ receptors and monocytes/macrophages in mice and 

humans, in Chapter 4, I determined whether IVIg can induce an anti-inflammatory, IL-10 

producing activation state in human monocytes in vitro. Through multiple biochemical 

techniques, I tested the role of Fcγ receptors and MAPKs in IVIg-induced IL-10 production. 

Humans have a gene variant in the FcγRIIA, which has a high affinity for IgG antibodies. This 

gene variant is associated with a higher risk of inflammatory diseases such as IBD and KD, as 

well as poor responses to antibody-based drugs151, 158, 291, 292. By genotyping people for this 

polymorphism, I also tested whether this FcγRIIA gene variant affects monocyte anti-

inflammatory responses to IVIg, as this may explain the higher risk of developing disease and 

poor performance on antibody-based drugs in people harboring this gene variant.  
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1.6.2 Hypothesis and objectives 

I hypothesize that IVIg can be used to treat intestinal inflammation like that which 

characterized IBD, by inducing an IL-10 producing, anti-inflammatory activation state in murine 

macrophages and human monocytes. 

Aim 1 (Chapter 2): To determine whether IVIg can activate murine macrophages to produce IL-

10 in vitro and in vivo, and whether the production of IL-10 in vitro is dependent on Fc 

receptors and MAPK activation.  

Aim 2 (Chapter 3): To determine whether IVIg can reduce intestinal inflammation during DSS-

induced colitis in mice by activating macrophages in vivo to produce IL-10.  

Aim 3 (Chapter 4): To determine whether IVIg can induce an anti-inflammatory activation state 

in human monocytes in vitro, and whether a disease-associated FcγRIIA gene variant affects 

macrophage responses to IVIg.  
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Chapter 2: Intravenous immunoglobulin skews murine macrophages to an 

anti-inflammatory IL-10-producing activation state in vitro and in vivo 

 

2.1 Introduction and rationale 

A hallmark of macrophage biology is their “plasticity,” that is, their ability to respond to 

cues in their local microenvironment to mount an appropriate response. As such, macrophages 

are a highly heterogeneous cell type3. Two well characterized murine and human macrophage 

activation states are M(IFN+ LPS) and M(IL-4)10. M(IFNγ + LPS) have distinct pro-

inflammatory functions that are critical in host defense against invading pathogens10. M(IL-4), 

have properties consistent with their role in wound healing and tissue restitution12.   

Intriguingly, macrophages, which can produce large amounts of the anti-inflammatory 

cytokine, IL-10, have been described in mice and humans. IL-10 is an important cytokine 

involved in the restoration of tissue homeostasis because it can stop intrinsic and extrinsic 

inflammatory signalling from innate and adaptive immune pathways3, 61. Anti-inflammatory, IL-

10-producing macrophages require two external stimuli, one of them being pro-inflammatory13. 

The best characterized example of this activation state in mice and humans are M(Ic + LPS)11, 293, 

294. They are distinct from murine M(IL-4) in that murine M(Ic + LPS) do not promote the 

production of extracellular matrix, and do not express M(IL-4) markers, such as ArgI or FIZZ149. 

The best marker for these macrophages in mice is their ability to produce very high levels of IL-

10 and very low, or no, pro-inflammatory IL-12295.  

Ic activate murine macrophages by binding to the high affinity, activating FcRI27. This 

leads to activation of the MAPKs, Erk1/2 and p38, both of which are required for IL-10 
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production by M(Ic + LPS)38. Erk1/2 causes phosphorylation of ser10 on histone 3 in the Il10 

promoter opening it up for transcription, and p38 drives the transcription of Il1038.  

It is interesting to note that treatment of macrophages with antibodies has been reported 

to activate them to produce high amounts of IL-10, in response to what are normally considered 

pro-inflammatory stimuli. Human macrophages treated with anti-TNFα antibodies have been 

shown to produce high amounts of IL-10 in response to LPS and suppress T cell proliferation35. 

Serum, which contains high amounts of antibody, has also been used to activate macrophages 

with T cell suppressive capacity via induction of iNOS in murine macrophages and IDO 

expression in human macrophages36, 296, 297. 

The mechanism by which IVIg works to suppress autoimmune and inflammatory 

responses is not completely understood. IVIg can reduce autoantibody-mediated inflammation in 

mice because a minor fraction of sialylated Fc fragments within the pooled IgGs binds to DC-

SIGN receptors on myeloid cells causing up-regulation of the inhibitory FcγRIIB, which then 

suppresses autoantibody-mediated inflammation298,178. It has also been suggested that IVIg may 

block activating FcγRs or saturate the FcRn, but evidence from some studies contradicts these 

theories290,299.   

Based on the high dose of IVIg antibodies required to treat autoimmune and 

inflammatory diseases, and examples of antibody activation of IL-10 producing macrophages, I 

asked whether IVIg may work, in part, by activating macrophages to produce high levels of IL-

10 in response to an inflammatory stimulus, in vitro and in vivo. I also sought to determine 

whether Fcγ receptors and MAPK activation are required for IVIg-induced IL-10 production, as 

with M(Ic + LPS).  
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2.2 Materials and methods 

Mice. Wild type C57BL/6 mice were used to prepare bone marrow-derived macrophages for the 

majority of experiments, except where indicated. Eight-week-old male and female mice were 

used.  Wild type C57BL/6 mice were housed at the BC Children’s Hospital Research Institute 

(Vancouver, Canada), a barrier facility that is both Helicobacter-free and specific pathogen free. 

Experiments were performed in accordance with Canadian Council on Animal Care guidelines 

with approval from institutional animal care committees (A13-0014 and A17-0076). Fcgr1-/- 

murine femura and tibiae were obtained from Dr. Sjef Verbeek at the Leiden University Medical 

Center, Leiden the Netherlands. Mice were maintained on a C57BL/6 background and wild type 

C57BL/6 mice were used to derive Fcgr1+/+ macrophages for experimental controls. Fcgr2b-/- 

mice were on a B6129SF2/J background and Fcgr3-/- mice were on a C57BL/6J background. 

Femura and tibiae from each of these knockout mice and control strains were purchased from 

Jackson Laboratories (Bar Harbor, ME, USA).  Il10rb-/- on a C57BL/6 background were 

provided by Dr. Megan Levings at the University of British Columbia (Vancouver, BC, Canada) 

and C57BL/6 mice were used to derive Il10rb+/+ macrophages for experimental controls. Femura 

and tibiae from Il10-/- mice on a BALB/c background and BALB/c Il10+/+ control mice, which 

were bred and maintained at the University of Alberta animal care facility, were provided by Dr. 

Karen Madsen and used for macrophage derivations.  

 

Macrophage derivation. Bone marrow macrophages were derived from bone marrow aspirates 

of femura and tibiae from all mice. Following adherence depletion for 1 hour (hr) at 37°C, bone 

marrow aspirates were resuspended in Iscove’s modified Dulbecco’s medium (IMDM), 10% 

fetal bovine serum (FBS), and penicillin/streptomycin at a concentration of 0.5 × 106 cells/mL 
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for 10 days in the presence of 5 ng/mL MCSF (StemCell Technologies, Vancouver, BC, 

Canada), with complete media changes at day 4 and 7. Adherent cells were removed after 10 

days, by incubating with cell dissociation buffer (Invitrogen, Carlsbad, CA, USA).  

 

Cell stimulations. Cells were plated at a density of 1.0 × 106 cells/mL (100 l/well in 96-well 

plates) and stimulated with either 10 ng/mL of LPS (E. coli serotype 127:B8, Sigma Aldrich, St. 

Louis, MO, USA), 30 mg/mL of IVIg (or indicated concentration; Gamunex  Immune Globulin 

Intravenous 10% solution for infusion; Transfusion Medicine, BC Children’s Hospital, 

Vancouver, BC, Canada), or both IVIg + LPS. Cells were incubated for 24 h. After incubation, 

cell supernatants were harvested and clarified by centrifugation for analysis.  For inhibitor 

studies, inhibitors were added 1 h prior to stimulations, at final concentrations of: dimethyl 

sulphoxide (DMSO) (vehicle control; 0.1%), SB203580 (SB) (10 M, Cell Signaling 

Technology, Danvers, MA, USA), BIRB-796 (BIR) (180 nM, Cayman Chemical, Ann Arbor, 

MI, USA), PD98059 (PD) (50 M, Cell Signaling Technology), SCH772984 (SCH) (1 M, 

MedChem Express, Princeton, NJ, USA), XMD8-92 (XMD) (5 M, Axon Medchem, 

Groningen, the Netherlands), and BIX02189 (BIX) (20 M, Axon Medchem). Recombinant 

murine IL-10 (rIL-10) was used at a final concentration of 5 ng/mL (Affymetrix eBioscience, 

San Diego, CA, USA).  

 

Cytokine measurements. Cytokines were assayed by enzyme-linked immunosorbent assay 

(ELISA), according to the manufacturer’s instructions. ELISA kits for murine IL-10, IL-

12/23p40, IL-6, and TNF were obtained from BD Biosciences (Mississauga, ON, Canada). 
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SDS-PAGE and western blotting. Macrophages were stimulated for 0, 10, 40, 120; 0, 20, and 

80 minutes (mins); or 0, 4, 8, and 24 h, as indicated. After stimulation, macrophages were placed 

on ice and rinsed twice with cold phosphate-buffered saline (PBS). Whole cell lysates were 

prepared for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) by lysing 

in 1×Laemmli’s digestion mix, DNA was sheered using a 26-guage needle, and samples were 

boiled for 1 min. Cell lysates were separated on a 12% (Figure 2.4A) or 10% polyacrylamide gel 

(Figure 2.4E and 2.5), and western blotting was carried out, as described previously300. 

Antibodies used for western blot analyses were anti-pErk1/2 (Cell Signaling Technology), anti-

pp38 (Cell Signaling Technology), anti-pErk5 (Cell Signaling Technology), and anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Fitzgerald Industries International, 

Acton, MA, USA).  

 

Gene expression analyses. RNA was prepared from murine cells using the QIAGEN RNeasy 

Plus Mini Kit with DNAse I digestion (Toronto, ON, Canada) and reverse transcribed using 

qScript cDNA SuperMix (Quanta BioSciences, Gaithersburg, MD, USA), according to 

manufacturers’ instructions. Gene expression was measured by quantitative polymerase chain 

reaction (qPCR) using the Sso Advanced Universal SYBR Green Supermix (BioRad, 

Mississauga, ON, Canada). Il10 and Il12b gene expression were normalized to gene expression 

for Gapdh. PrimePCR SYBR Green Assay primers were obtained from BioRad. The catalog 

number for primers is 100-25636 with the following unique identification numbers 

qMmuCID0015452 (Il10), qMmuCID0022424 (Il12b), and qMmuCED0027497 (Gapdh). 
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In vivo murine studies. Wild type C57BL/6 mice, 8-10 weeks of age, were injected 

intraperitoneally with IVIg (2.5 g/kg) or an equal volume of PBS, as an injection control. 

Peritoneal macrophages were harvested 1 h post injection by flushing the peritoneal cavity 3× 

with 5 mL of PBS. Cells were resuspended in IMDM, 10% FBS, and penicillin/streptomycin. 

Macrophages were enriched by adherence to tissue culture plastic for 1 h, resuspended, and 

plated at density of 1.0 × 106 cells/mL (100 l/well in 96-well plates)301. Cells were either 

unstimulated or stimulated with LPS (10 ng/mL) for 24 h and clarified cell supernatants were 

harvested for cytokine analyses. 

Wild type C57BL/6 mice, 8-10 weeks of age, were also injected intraperitoneally with 

IVIg (2.5 g/kg) or an equal volume of PBS, as a control, together with LPS (0.2 μg/g body 

weight). Peritoneal macrophages were harvested 1 h post injection and peritoneal lavage fluid, 

conditioned medium from 1 h adherence, and 24 h culture supernatants were harvested and 

clarified supernatants were used for cytokine analyses. 

 

Statistical Analyses. Unpaired Student’s t-tests, one-way, and two-way analysis of variance 

(ANOVAs) with either Tukey’s or Dunnett’s corrections for multiple comparisons were applied 

as indicated. Analyses were performed using Graph Pad Prism Software version 6.03. 

Differences of p < 0.05 were considered significant. 

 



50 

 

2.3 Results 

2.3.1 IVIg-treated macrophages produce high levels of IL-10 and low levels of IL-

12/23p40, IL-6, and TNF in response to LPS 

IVIg has been reported to reduce pro-inflammatory cytokine production by murine 

dendritic cells but the mechanisms for reduced pro-inflammatory cytokine production are not 

fully understood302. Antibody cross-linking has also been reported to activate macrophages, 

known as M(Ic + LPS), which produce high levels of anti-inflammatory IL-10 in response to the 

pro-inflammatory stimulus, LPS. Based on this, I asked whether IVIg-treated macrophages 

produce high levels of IL-10 in response to LPS. MCSF-derived bone marrow macrophages were 

stimulated with LPS, IVIg, or IVIg + LPS. LPS stimulated macrophages produced high levels of 

pro-inflammatory IL-12/23p40, whereas IVIg alone did not induce production of these cytokines 

(Figure 2.1A). IVIg + LPS suppressed IL-12/23p40 production completely at a dose of 30 

mg/mL, and the effect was dose-dependent (Figure 2.1A). LPS treatment induced 1 ng/mL of IL-

10, whereas IVIg treatment did not induce IL-10 production (Figure 2.1B). Intriguingly, 

concomitant treatment with IVIg + LPS induced a significant 3.5-fold increase in IL-10 

production relative to treatment with LPS alone. The effect of IVIg co-treatment on IL-10 

production was also dose-dependent (Figure 2.1B). IVIg + LPS treatment also decreased the 

production of pro-inflammatory cytokines, IL-6 and TNF, relative to treatment with LPS alone 

(Figure 2.1C).   
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Figure 2.1 Macrophages co-stimulated with IVIg + LPS produce high levels of IL-10 and 

low levels of pro-inflammatory cytokines. MCSF-derived bone marrow macrophages were 

unstimulated (control (C)) or stimulated with LPS (10 ng/mL), IVIg (30 mg/mL), or co-

stimulated with IVIg (at the dose indicated) and LPS (10 ng/mL) for 24 h. Clarified cell 

supernatants were assayed for (A) IL-12/23p40, (B) IL-10, and (C) IL-6 and TNF. Data are 

means ± SD of n = 3; macrophages were derived from 1 mouse for each of 3 independent 

experiments, and ELISAs were performed in duplicate. *p < 0.05, **p < 0.01, and ***p < 0.0001 

comparing (IVIg + LPS)-treated macrophages with macrophages treated with LPS alone. 

Statistical analyses were performed using a one-way ANOVA with Tukey’s post-test for multiple 

comparisons.  

 

2.3.2 Concomitant treatment with IVIg and LPS is not required for M(IVIg + LPS) to 

produce high levels of IL-10 and low levels of IL-12/23p40 

Induction of IL-10 producing M(Ic + LPS) required concomitant treatment with Ic and 

LPS. Thus, next I asked if IVIg’s impact on LPS-induced cytokine production required 

concomitant signals. BMDMs were pre-treated with IVIg (30 mg/mL) for 0, 0.5, 1, 2, 4, 8, or 24 

h, and washed prior to stimulation with LPS. Macrophages were left unstimulated or were 
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stimulated with LPS for an additional 24 h. IL-10 production was significantly higher with IVIg 

pre-treatment compared to stimulation with LPS alone at all time points (Figure 2.2A). 

Moreover, there was no change in the IVIg-dependent increase in LPS-induced IL-10 production 

over time (Figure 2.2A). IL-12/23p40 production in response to LPS was significantly lower at 

all pre-treatment time points (Figure 2.2B). However, the reduction of LPS-induced IL-12/23p40 

production waned when IVIg treatment preceded LPS treatment by 24 h, compared to other time 

points. I then asked if IL-10 production can be induced and IL-12/23p40 production reduced by 

IVIg treatment when macrophages were stimulated with LPS prior to IVIg treatment. BMDMs 

were stimulated with LPS (10 ng/mL) for 0, 0.5, 1, 2, 4, 8, or 24 h. LPS was not removed from 

cultures and macrophages were left untreated or were treated with IVIg (30 mg/mL) for an 

additional 24 h. IL-10 production was significantly higher and IL-12/23p40 production was 

reduced when IVIg treatment was provided within 1 h of LPS stimulation (Figures 2.2C and D).  
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Figure 2.2 IVIg does not need to be provided at the same time as LPS to induce IL-10 or 

repress IL-12/23p40 production. MCSF-derived bone marrow macrophages were treated with 

IVIg (30 mg/mL) for 0, 0.5, 1, 2, 4, 8, or 24 h; washed 3 times with complete medium after the 

time indicated and then unstimulated or stimulated with LPS (10 ng/mL) for 24 h. Clarified cell 

supernatants were assayed for (A) IL-10 or (B) IL-12/23p40 by ELISA. MCSF-derived bone 

marrow macrophages were treated with LPS for 0, 0.5, 1, 2, 4, 8, or 24 h, and were left untreated 

or treated with IVIg (30 mg/mL) for 24 h. Clarified cell supernatants were assayed for (C) IL-10 

or (D) IL-12/23p40 by ELISA. Data are means ± SD for n = 3; macrophages were derived from 

1 mouse for each of 3 independent experiments, and ELISAs were performed in duplicate. *p < 

0.001 and **p < 0.0001 comparing macrophages treated with IVIg + LPS to macrophages 

treated with LPS alone, and ***p < 0.001 comparing macrophages treated with IVIg + LPS to 

those treated with IVIg + LPS for t = 0 min. Statistical analyses were performed using a one-way 

ANOVA with Tukey’s post-test for multiple comparisons. 

 



54 

 

2.3.3 The FcγRI, FcγIIB, or FcγIII alone, are not sufficient for IVIg-induced IL-10 

production or reduced IL-12/23p40 production in response to LPS 

The anti-inflammatory activity of IVIg has been attributed to sialylated IgGs within IVIg 

binding to the DC-SIGN receptors and up-regulating the FcγRIIB that binds autoimmune 

antibodies and inhibits immune responses, whereas the induction of IL-10 by M(Ic + LPS) is 

reported to act via the FcγRI27, 303. Thus, I next asked which FcR(s) was(were) involved in 

increased IL-10 production and reduced IL-12/23p40 production by IVIg + LPS. We compared 

LPS and IVIg + LPS responses in macrophages deficient in the FcγRI, FcRIIB, FcRIII, or the 

FcR γ chain used by the FcγRI, FcγRIII, and FcγRIV; and their wild type counterparts. Wild type 

Fcgr1+/+ and deficient Fcgr1-/- macrophages produced similar levels of IL-10 when stimulated 

with IVIg + LPS compared to LPS alone (Figure 2.3A, left). IL-12/23p40 production in response 

to LPS was lower in Fcgr1-/- macrophages compared to their wild type counterparts but IL-

12/23p40 production was ablated in both genotypes upon treatment with IVIg + LPS (Fig 2.3A, 

right). Fcgr2b-/- macrophages produced more IL-10 in response to LPS and IVIg + LPS than 

their wild type counterparts and correspondingly, Fcgr2b-/- macrophages produced dramatically 

less IL-12/23p40 in response to LPS (Figure 2.3B). Consequently, the fold-induction of IL-10 in 

response to IVIg + LPS versus LPS alone was compromised in Fcgr2b-/- macrophages (Figure 

2.3B, left), but IVIg + LPS treatment effectively ablated IL-12/23p40 production by both 

genotypes (Figure 2.3B, right). Fcgr3+/+ and Fcgr3-/- macrophages produced similar levels IL-10 

in response to LPS, which was induced in response to IVIg + LPS in both genotypes, though 

modestly higher in Fcgr3-/- macrophages (Figure 2.3C, left). Fcgr3+/+ and Fcgr3-/- macrophages 

produced similar levels IL-12/23p40 in response to LPS and it was reduced in (IVIg + LPS)-

treated macrophages (Fig 2.3C, right). Fcer1g+/+ and Fcer1g-/- macrophages produced similar 
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levels of IL-10 in response to LPS, which was reduced in response to IVIg + LPS in both 

genotypes (Figure 2.3D, left). IVIg + LPS was modestly less effective at reducing IL-12/23p40 

production in Fcer1g-/- macrophages compared to their wild type controls (Figure 2.3D, right).  

 

Figure 2.3 The FcγRI, FcγIIB, or FcγIII alone is not sufficient for IVIg-induced IL-10 

production or reduced IL-12/23p40 production in response to LPS. MCSF-derived bone 

marrow macrophages were prepared from mice deficient in FcγR subunits and their wild type 

counterparts. Macrophages were unstimulated or stimulated with LPS (10 ng/ml), IVIg (30 

mg/ml), or IVIg + LPS for 24 h, and clarified cell supernatants were assayed for IL-10 and IL-

12/23p40 by ELISA. (A) Fcgr1+/+ and Fcgr1-/- macrophages, (B) Fcgr2b+/+ and Fcgr2b-/- 

macrophages, (C) Fcgr3+/+ and Fcgr3-/- macrophages, and (D) Fcer1g+/+ and Fcer1g-/- 

macrophages. Data are means ± SD for n = 3; macrophages were derived from 1 pair of mice for 

each of 3 independent experiments, and ELISAs were performed in duplicate. *p < 0.01, **p < 

0.001, ***p < 0.0001, and ns = not significantly different for comparisons, as indicated. 

Statistical analyses were performed using a two-way ANOVA with Tukey’s post-test for 

multiple comparisons. 
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2.3.4 MAPK signalling is required for IVIg-induced IL-10 production in response to LPS 

I next determined whether IL-10 production by (IVIg + LPS)-stimulated macrophages 

required MAPK signalling, as has been reported for M(Ic + LPS)38. Macrophages were 

unstimulated or stimulated with LPS, IVIg, or IVIg + LPS for 0, 10, 40, and 120 min. Whole cell 

lysates were separated by SDS-PAGE, western blotted, and probed for pErk1/2, pp38, and 

GAPDH, as a loading control (Figure 2.4A). IVIg alone and (IVIg + LPS)-stimulated 

macrophages had earlier and prolonged phosphorylation of Erk1/2 compared to LPS-stimulated 

macrophages, which was evident by 10 min and maintained through 120 min. LPS-stimulated 

macrophages had strong p38 phosphorylation, which peaked at 40 min, whereas (IVIg + LPS)-

stimulated macrophages had earlier p38 phosphorylation, evident by 10 min and maintained 

through 120 min. IVIg alone induced only modest levels of p38 phosphorylation, whereas it 

induced Erk1/2 phosphorylation at levels similar to IVIg + LPS. The impact of MAPK signalling 

on IL-10 and IL-12/23p40 production in response to IVIg + LPS was assessed using inhibitors. 

SCH is a novel and specific Erk1/2 inhibitor and PD inhibits the activation of the Erk1/2 kinase, 

MEK1304. IL-10 production was lower in (IVIg + LPS)-stimulated macrophages, in the presence 

of PD compared to vehicle control (Figure 2.4B, left). PD did not block the IVIg-induced 

suppression of LPS-induced IL-12/23p40 production (Figure 2.4B, right). The specific Erk1/2 

inhibitor, SCH, also reduced IL-10 production in response to IVIg + LPS but was less effective 

(Figure 2.4B, left). SCH did not block IL-12/23p40 production (Figure 2.4B, right). p38 

inhibitors, SB (inhibits p38α and p38β) and BIR (inhibits p38α) also significantly reduced IL-10 

production in response to IVIg + LPS compared to solvent control (DMSO) (Figure 2.4C, left). 

These inhibitors also did not block the suppression of IL-12/23p40 production with IVIg + LPS 

(Figure 2.4C, right). The MEK1 inhibitor, PD was more effective in my assay and it has been 
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reported to inhibit Erk5 (also known as BMK1)305.Thus, to investigate whether the impact of PD 

was due to off-target effects on Erk5, I used the Erk5 inhibitor, XMD, and the MEK5 (Erk5 

kinase) inhibitor, BIX, in my assay. Both XMD and BIX significantly deceased IL-10 production 

in response to IVIg + LPS relative to the vehicle control, DMSO (Figure 2.4D, left). XMD and 

BIX did not block the (IVIg + LPS)-induced suppression of LPS-induced IL-12/23p40 

production (Figure 2.4D, right). Finally, BMDMs were stimulated with either LPS or IVIg + 

LPS for 0, 20, and 80 min. Whole cell lysates were separated by SDS-PAGE, western blotted, 

and probed with pErk5, pErk1/2, pp38, and GAPDH, as a loading control (Figure 2.4E). As 

previously demonstrated, Erk1/2 phosphorylation was stronger at both 20 and 80 min, and p38 

phosphorylation was stronger at 20 min in (IVIg + LPS)-stimulated macrophages compared to 

those stimulated with LPS. Consistent with its role in IVIg + LPS macrophage activation, Erk5 

phosphorylation was stronger in (IVIg + LPS)-stimulated macrophages compared to LPS-

stimulated macrophages at 80 min. To determine whether these signalling events were 

maintained for 24 h, like the induction of IL-10 by IVIg-pre-treated macrophages, BMDMs were 

stimulated with either LPS, IVIg, or IVIg + LPS for 0, 4, 8 and 24 h (Figure 2.5). Whole cell 

lysates were separated by SDS-PAGE, western blotted, and probed with pErk5, pErk1/2, pp38, 

and GAPDH, as a loading control. Erk5, Erk1/2, and p38 phosphorylation were stronger in (IVIg 

+ LPS)-stimulated macrophages compared to LPS or IVIg stimulations alone at all time points 

and were still elevated above background levels at 24 h post treatment (Figure 2.5). 
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Figure 2.4 MAPKs are required for IVIg-induced IL-10 production in response to LPS. (A) 

MCSF bone marrow-derived macrophages were unstimulated or stimulated with LPS (10 

ng/mL), IVIg (30 mg/mL), or IVIg + LPS for 0, 10, 40, or 120 min. Cell lysates (1.0 × 106 

cells/time point) were prepared at the indicated times. Lysates were separated by SDS-PAGE and 

analyzed by western blotting using phospho-specific antibodies for Erk1/2, p38, and GAPDH as 

a loading control. Results shown are representative of n = 3 experiments; macrophages were 

derived from 1 mouse for each of 3 independent experiments. Macrophages were pre-treated for 

1 h with an appropriate volume of DMSO, as a vehicle control, or (B) the Erk1/2 inhibitors, PD 

and SCH; (C) p38 inhibitors, SB and BIR; or (D) Erk5 inhibitors, XMD and BIX, and then were 

left unstimulated or stimulated with LPS (10 ng/ml), IVIg (30 mg/ml), or IVIg + LPS for 24 h. 

Clarified cell supernatants were analyzed for IL-10 and IL-12/23p40 by ELISA. (B-D) Values 

reported are means ± SD for n = 4 independent experiments, and ELISAs were performed in 

duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = not significantly 

different comparing macrophages treated with inhibitor and stimulated with IVIg + LPS to those 

treated with DMSO and stimulated with IVIg + LPS. Statistical analyses were performed using 

one-way ANOVA with Dunnett’s post-test for multiple comparisons. (E) MCSF bone marrow-

derived macrophages were unstimulated or stimulated with LPS or IVIg + LPS, westerns blots 

were prepared as in (A), and probed using phospho-specific antibodies for Erk5, Erk1/2, p38, 

and GAPDH, as a loading control. Results shown are representative of n = 3 independent 

experiments; macrophages were derived from 1 mouse for each of 3 independent experiments. 
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Figure 2.5 MAPK phosphorylation occurs after 4 hours of IVIg + LPS stimulation. MCSF-

derived bone marrow macrophages were either unstimulated or stimulated with LPS (10 ng/mL), 

IVIg (30 mg/mL), or IVIg + LPS for 0, 4, 8, or 24 hours. Cell lysates (1.0 × 106 cells/time point) 

were prepared at the indicated times. Lysates were separated by SDS-PAGE and analyzed by 

western blotting using phospho-specific antibodies for Erk1/2, p38, and GAPDH, as a loading 

control. Results shown are representative of n = 3 experiments; macrophages were derived from 

1 mouse for each of 3 independent experiments. 

 

2.3.5 IL-10 is transcriptionally up-regulated rapidly in response to IVIg + LPS and in 

sufficient amount to reduce IL-12/23p40 transcription and production 

To determine whether IL-10 produced in response to IVIg + LPS may contribute to 

reduced pro-inflammatory cytokine production, I examined the kinetics of IL-10 and IL-

12/23p40 production and Il10 and Il12b induction. Macrophages were stimulated with either 

LPS (Figure 2.6A, left) or IVIg + LPS (Figure 2.6A, right) for 0, 0.5, 1, 2, 4, 8, or 24 h. LPS-

stimulated macrophages produced high amounts of IL-12/23p40 (closed squares) that reached a 

maximum of 7 ng/mL by 8 h, and low amounts of IL-10 that peaked at 4 h (open circles). In 

contrast, IVIg + LPS treatment caused a steep curve for IL-10 production that peaked at 8 h, and 

was 7-fold higher than that produced by LPS-treatment alone. Very low levels of IL-12/23p40 

were produced relative to treatment with LPS alone. Il10 and Il12b transcription showed similar 

kinetics. LPS stimulation caused induction of Il12b mRNA in macrophages (closed squares) and 

very little induction of Il10 mRNA (open circles; Figure 2.6B, left). IVIg + LPS stimulation 

caused a dramatic spike in Il10 mRNA levels (open circles) and very little induction of Il12b 

mRNA (closed squares; Figure 2.6B, right). To determine whether early and robust IL-10 
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production may contribute to reduced IL-12/23p40 production, I stimulated macrophages in the 

presence of recombinant murine IL-10 (rIL-10). Macrophages were either unstimulated or 

stimulated with LPS, in the presence or absence of rIL-10 (5 ng/mL). rIL-10 reduced IL-

12/23p40 production in response to LPS (Figure 2.6B). 
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Figure 2.6 IL-10 and Il10 are produced early in response to treatment with IVIg + LPS, 

and the amount of IL-10 produced is sufficient to inhibit IL-12/23p40 production in 

response to LPS stimulation. (A) MCSF-derived bone marrow macrophages were stimulated 

with LPS (10 ng/mL) or IVIg (30 mg/mL) + LPS (10 ng/mL) for 0, 0.5, 1, 2, 4, 8, or 24 h. 

Clarified cell supernatants were collected and assayed at each time point for IL-10 and IL-

12/23p40 by ELISA. (B) MCSF-derived bone marrow macrophages were stimulated with LPS 

(10 ng/mL) or IVIg (30 mg/mL) + LPS (10 ng/mL) for 0, 0.5, 1, 2, 4, 8, or 24 h. Abundance of 

Il10 or Il12b mRNA relative to Gapdh was analyzed by quantitative PCR. Data represent means 

± SD for n = 3; macrophages were derived from 1 mouse for each of 3 independent experiments; 

ELISAs were assayed in duplicate (A), and quantitative PCR was assayed in triplicate (B). *p < 

0.001 and **p < 0.0001 for treatment with IVIg + LPS compared with LPS alone. Statistical 

analyses were performed using a one-way ANOVA with Tukey’s post-test for multiple 

comparisons. (C) Macrophages were unstimulated or stimulated with LPS (10 ng/mL), rIL-10 (5 

ng/mL), or rIL-10 (5 ng/mL) + LPS (10 ng/mL) for 24 h. IL-12/23p40 production was assayed in 

clarified cell supernatants by ELISA. Data represent means ± SD for n = 3; macrophages were 

derived from 1 mouse for each of 3 independent experiments, and ELISAs were assayed in 

duplicate. **p < 0.0001 for treatment compared with LPS stimulation. Statistical analysis was 

performed by use of one-way ANOVA. 
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2.3.6 IL-10 contributes to IVIg-induced suppression of pro-inflammatory cytokine 

production in response to LPS 

To determine whether IL-10 contributes to reduced pro-inflammatory cytokine 

production in response to IVIg + LPS, I compared cytokine production in response to LPS, IVIg, 

or IVIg + LPS in wild type macrophages (Il10rb+/+) and macrophages deficient in the IL-10Rβ 

chain (Il10rb-/-), which is required for IL-10 receptor signalling. Il10rb+/+ and Il10rb-/- BMDMs 

produced similar levels of IL-10 in response to IVIg + LPS (Figure 2.7A, top panel), and Il10rb-/- 

macrophages produced more IL-12/23p40 in response to LPS (Figure 2.7A, top panel). 

Importantly, in Il10rb-/- macrophages, deficient in IL-10 signalling, IVIg + LPS treatment was 

less effective at reducing IL-12/23p40 production compared to their wild type counterparts 

(Figure 2.7A, top panel). IL-6 production was higher in Il10rb-/- compared to Il10rb+/+ for both 

LPS and (IVIg + LPS)-stimulated macrophages, however IL-6 production was not significantly 

reduced by IVIg treatment in these macrophages (Figure 2.7A, top panel). TNF production was 

comparable in Il10rb+/+ and Il10rb-/- macrophages in response to LPS, and was dramatically 

reduced in wild type macrophages, but not Il10rb-/- macrophages (Figure 2.7A, top panel). To 

solidify a specific role for IL-10 in IVIg-induced suppression of LPS-induced pro-inflammatory 

cytokine production, I stimulated macrophages from Il10+/+ and Il10 -/- mice with LPS, IVIg, or 

IVIg + LPS. Il10 -/- macrophages do not produce IL-10 (Figure 2.7B bottom panel), whereas 

Il10+/+ macrophages produced high levels of IL-10 in response to IVIg + LPS compared to 

treatment with LPS alone. IL-12/23p40 production did not differ between Il10+/+ and Il10-/- 

macrophages in response to LPS, but it was completely abrogated in Il10+/+ macrophages and 

only partially reduced (35%) in Il10-/- macrophages (Figure 2.7B, bottom panel). Similarly, 

Il10+/+ macrophages had reduced IL-6 production in response to IVIg + LPS compared to LPS, 
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but Il10-/- macrophages did not (Fig 2.7B, bottom panel). Il10-/- macrophages produced more 

TNF in response to LPS than Il10+/+ macrophages. TNF production was dramatically reduced by 

IVIg + LPS treatment relative to LPS treatment in Il10+/+ macrophages, but IVIg-induced 

suppression of TNF production was severely compromised in Il10-/- macrophages (Figure 2.7B, 

bottom panel). 

Figure 2.7 IL-10 produced in response to IVIg + LPS contributes to reduced pro-

inflammatory cytokine production. MCSF-derived bone marrow macrophages from Il10rb+/+ 

and Il10rb-/- mice (A) or Il10+/+ and Il10-/- mice (B) were unstimulated or stimulated with LPS 

(10 ng/mL), IVIg (30 mg/mL), or IVIg + LPS for 24 h. Clarified cell supernatants were assayed 

for IL-10, IL-12/23p40, IL-6, or TNF by ELISA. Data are means ± SD for n = 3; macrophages 

were derived from 1 pair of mice for each of 3 independent experiments, and ELISAs were 

assayed in duplicate. *p < 0.01, **p < 0.001, and ns = not statistically significant for the 

comparisons indicated. Statistical analyses were performed by use of two-way ANOVA with 

Tukey’s post-test for multiple comparisons. 

 

 

 



64 

 

2.3.7 IVIg skews macrophages to an anti-inflammatory IL-10-producing activation state 

in vivo  

To determine whether IVIg could skew macrophages to an anti-inflammatory activation 

state in vivo, IVIg was given to mice intraperitoneally and its effect on peritoneal macrophages 

was assessed ex vivo. First, I compared peritoneal macrophage responses to LPS in mice that 

were either injected with IVIg or PBS. Peritoneal macrophages were harvested 1 h after 

injections. Peritoneal macrophages from IVIg-treated mice produced significantly more IL-10 

than macrophages from mice treated with PBS, as an injection control (Figure 2.8A, left). 

Unstimulated peritoneal macrophages (no LPS) did not differ in the amount of IL-10 produced 

when treated in vivo with IVIg or PBS. Peritoneal macrophages from mice that received either 

IVIg or PBS did not produce detectable levels of IL-12/23p40 (Figure 2.8A, right).  

In a second series of experiments, mice were injected intraperitoneally with IVIg + LPS 

or PBS + LPS and peritoneal macrophages and lavage fluid were harvested 1 h after injection. 

Peritoneal lavage fluid from (IVIg + LPS)-treated mice contained high levels of IL-10 compared 

with that harvested from (PBS + LPS)-treated mice (Figure 2.8B, left). IL-12/23p40 levels were 

not significantly lower in the lavage fluid of (IVIg + LPS)-treated mice compared to those 

treated with PBS + LPS (Figure 2.8B, right). Conditioned medium from peritoneal lavage cells 

cultured for 1 h to select macrophages by adherence was also assayed for IL-10 and IL-

12/23p40. Conditioned medium from peritoneal cells harvested by lavage from mice treated with 

IVIg + LPS had higher levels of IL-10 compared with that from (PBS + LPS)-injected controls, 

with neither producing detectable levels of IL-12/23p40 (Figure 2.8C). Peritoneal macrophages 

isolated from (IVIg + LPS)-injected mice produced 5-fold more IL-10 and significantly lower 
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IL-12/23p40 after 24 h in culture, compared to macrophages that were isolated from mice 

injected with PBS + LPS (Figure 2.8D).  

 

Figure 2.8 IVIg skews macrophages to an anti-inflammatory, IL-10-producing activation 

state in vivo. (A) Wild type C57BL/6 mice were given IVIg (2.5 g/kg) or an equal volume of 

sterile PBS intraperitoneally, and peritoneal macrophages were isolated after 1 h. Macrophages 

enriched by adherence to tissue-culture plastic were unstimulated or stimulated with LPS (10 

ng/ml) for 24 h. Clarified cell supernatants were assayed for IL-10 and IL-12/23p40 by ELISA. 

(B–D) Wild type C57BL/6 mice were given IVIg (2.5 g/kg) + LPS (0.2 g/g body weight) or an 

equal volume of PBS + LPS (0.2 mg/g body weight). Mice were euthanized for peritoneal lavage 

after 1 h and isolated cells were enriched for macrophages by adherence to tissue-culture plastic 

for 1 h. Clarified peritoneal lavage fluid (B), clarified conditioned medium from 1 h adherence 

step (C), and clarified conditioned medium from 24 h macrophage (Mϕ) cultures (D) were 

assayed for IL-10 and IL-12/23p40 by ELISA. (A) Data are means ± SD for n = 5 mice/group 

treated in 3 independent experiments with ELISAs assayed in duplicate. (B–D) Data are means ± 

SD for n = 5 mice/group treated in 3 independent experiments with ELISAs assayed in duplicate. 

(A) **p < 0.01, and ns = not significantly different for the comparisons indicated. (B–D) *p < 

0.05, **p < 0.01, ***p < 0.001, and NS = not significantly different for mice injected with IVIg 

+ LPS compared with mice injected with PBS + LPS. Statistical analyses were performed using 

a two-way ANOVA with Sidak’s post-test for multiple comparisons for (A) and using a Student’s 

t test for (B–D). 
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2.4 Discussion 

Herein, I report a novel mechanism by which IVIg inhibits inflammation. IVIg activates 

macrophages to produce large amounts of IL-10 in response to a pro-inflammatory stimulus, 

LPS. The IL-10 produced then acts in an autocrine or paracrine fashion and contributes to 

reduced IL-12/23p40, IL-6, and TNF production by the macrophages. The two signals, IVIg and 

LPS, did not need to be given simultaneously. Increased IL-10 production required MAPKs; 

Erk1/2, p38, and Erk5, were all required for the induction of IL-10 downstream of IVIg. IL-10 

production occurred rapidly in response to IVIg at a level that was sufficient to impact IL-

12/23p40 production. Tissue resident peritoneal macrophages primed with IVIg in vivo produced 

high levels of IL-10 when stimulated with LPS in vitro. Moreover, mice given IVIg + LPS by 

intraperitoneal injection produced high levels of IL-10 and low levels of IL-12/23p40, which was 

evident in lavage fluid and cultured peritoneal macrophages, demonstrating IVIg’s potent effect 

on macrophage activation in vivo. 

Induction of IL-10 by murine macrophages treated with IVIg + LPS was dependent on 

the dose of IVIg used, with higher doses of IVIg leading to higher IL-10 production. This is 

consistent with a model wherein, if antibody produced by the acquired immune system is present 

in sufficient excess, it can feedback and inactivate the innate immune response. Similar to my 

data, for murine macrophages activated by Ic + LPS (M(Ic + LPS), i.e. sheep red bloods cells 

(SRBCs) coated with IgG, a density threshold of IgG on SRBCs was required to permit sufficient 

cross-linking of FcRs for robust IL-10 production39. IVIg may act in a similar fashion and 

require FcR cross-linking for its activity. Receptor cross-linking may occur because a portion of 

the IgGs within IVIg preparations, exist as dimers or multimers. Alternatively, receptor cross-

linking may be enabled at high doses of IVIg by saturation of cell surface FcRs, which is 
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sufficient to induce cell signalling, as for IgE306. The molecular events that lead to IVIg-induced 

FcR signalling remain to be determined, but in either case, my results do account for the high 

doses of IVIg (25-35 mg/mL) that is required to suppress inflammation in people with 

autoimmune or inflammatory diseases307, 308.  

M(IVIg + LPS) also produced less IL-12/23p40, as well as less TNF and IL-6. Reduction 

of pro-inflammatory cytokine production by murine M(IVIg + LPS) was profound and may be 

unique to IVIg treatment. Murine M(Ic + LPS) produce low levels of IL-12/23p40 but TNF and 

IL-6 production is not affected by Ic activation295.  

Another important distinction between murine M(IVIg + LPS) and M(Ic + LPS) is that 

IVIg and LPS did not need to be given simultaneously to activate macrophages to produce high 

IL-10 and low IL-12/23p40-levels. M(Ic + LPS) are somewhat unique among macrophage 

activation states in that Ic do not reprogram macrophages, which are then assessed by an 

inflammatory insult. Rather, M(Ic + LPS) activation is achieved by providing both Ic and LPS 

simultaneously295. To compare M(IVIg + LPS) to M(Ic + LPS), I provided IVIg to murine 

macrophages for various times up to 24 h prior to LPS stimulation. I found that IL-10 production 

in response to LPS, remained high even 24 h after IVIg treatment; reduced IL-12/23p40 was also 

evident, though the impact of IVIg waned at the 24 h time point. This is consistent with sustained 

elevation of phosphorylation of MAPKs observed 24 h after IVIg + LPS treatment. I also found 

that IVIg induced high IL-10 production and prevented IL-12/23p40 production if provided 

within 1 h of LPS stimulation. To my knowledge, this is the first demonstration of a sustained 

high IL-10, low/no IL-12/23p40 producing activation state in macrophages.  

The effect of IVIg reducing pro-inflammatory cytokine production by murine 

macrophages has been attributed to signalling through the DC-SIGN receptor178. In addition, the 
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FcγRI has been implicated in IL-10 production by murine M(Ic + LPS) because IL-10 production 

was lost in macrophages deficient in the FcR γ chain (required for signalling though the FcγRI, 

FcγIII, and FcγIV), but not in the FcγRIIB or FcγIII deficient macrophages27. My study is the 

first direct test of the role of the FcγRI in enhanced IL-10 production by macrophages because 

FcγRI knockout mice were not available when M(Ic + LPS) were first described27. My data 

suggest that neither the FcγRI, FcγRIIB, nor FcγRIII are sufficient for IL-10 induction in 

response to IVIg + LPS or decreased IL-12/23p40 in response to IVIg + LPS. However, the 

induction of IL-10 in response to IVIg + LPS compared to IVIg was compromised in FcγRIIB-/- 

macrophages, because of higher IL-10 production in response to LPS alone. This correlated with 

reduced IL-12/23p40 production in response to LPS stimulation, which was further reduced and 

inversely correlated with higher absolute levels of IL-10 produced in response to IVIg + LPS 

treatment. My data demonstrating that FcR γ chain signalling was not required for IVIg 

induction of IL-10 further support a role for the FcγRIIB in this process. Alternatively, multiple 

FcγRs could be involved in IL-10 induction and IL-12/23p40 suppression in response to IVIg + 

LPS due to overlapping activity and/or there could compensatory effects of the Fcγ receptor 

deficiencies in the single gene knockout mice. For example, Fcgr2b-/- and Fcgr3-/- mice have 

higher amounts of FcγRIVs on their cell surface105.   

I found that MAPKs were required for IL-10 production by murine M(IVIg + LPS).  

Erk1/2 and p38 activation occur earlier, are stronger, and are prolonged in (IVIg + LPS)-

activated macrophages compared to LPS-activated macrophages. FcRI signalling in murine 

M(Ic + LPS) requires Erk1/2 activation, which leads to chromatin modifications opening up the 

IL-10 promoter, and p38 activation, which drives transcription of IL-1038, 39. My data supports 

the same model in that IVIg + LPS and IVIg are both strong activators of Erk1/2 (IVIg priming 
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cells for IL-10 production) and IVIg + LPS and LPS are strong activators or p38 (permitting 

promoter-dependent transcription of IL-10). Indeed, more IL-10 is produced by LPS-stimulated 

murine macrophages than dendritic cells, due to stronger Erk1/2 activation80. Activation of 

MAPKs was still evident 24 h after IVIg + LPS stimulation, which has been reported to lead to 

chromatin modifications, and may account for the longevity of the effect of IVIg on 

macrophages 38. Erk1/2 inhibitors, SCH and PD, and p38 inhibitors, SCH and PD, reduced IL-10 

production by M(IVIg + LPS).  PD reduced IL-10 more effectively than SCH, which could be 

attributed to its off target effects on Erk5305. The potent and selective Erk5 inhibitor, XMD, and 

BIX, a MEK5 inhibitor, also effectively decreased IL-10 by M(IVIg + LPS)309. In macrophages, 

Erk5 phosphorylation was also stronger and prolonged post IVIg + LPS stimulation, mirroring 

the activation patterns of the other MAPKs. This provides evidence that Erk5 can have an anti-

inflammatory role in macrophages in addition to its inflammatory effects310.  

My results suggest that IL-10 production by M(IVIg + LPS) contributes to reduced pro-

inflammatory cytokine production. IL-10 production by M(IVIg + LPS) occurs rapidly and at 

sufficient levels to reduce IL-12/23p40 production. IL-10-induced reduction of pro-inflammatory 

cytokine production in response to pro-inflammatory stimuli, including IL-6, TNF, and IL-1β, 

has been reported previously58. Consistent with activation of MAPKs leading to increased 

transcription of Il10, Il10 mRNA was rapidly up-regulated in (IVIg + LPS)-stimulated 

macrophages 1 h post stimulation.  Reduced IL-12/23p40 production also correlated with 

reduced transcription of Il12b, which is induced only after Il10 transcription and may be 

dampened by production of IL-1038. In addition, I have used two independent genetic models to 

demonstrate that IL-10 is required for reduced pro-inflammatory cytokine production by M(IVIg 

+ LPS). Macrophages from mice deficient in the IL-10 receptor β subunit (Il10rb-/-), which can 
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not signal in response to IL-10, or deficient in IL-10 itself (Il10-/-), produced more IL-12/23p40, 

IL-6, and TNF when stimulated with IVIg + LPS, compared to their wild type littermates. 

Interestingly, IL-10 production was also higher in Il10rb-/- versus Il10rb+/+, which can be 

attributed to loss of the IL-10 feedback mechanism that IL-10 uses to regulate its own 

production80. It is interesting to note that loss of IL-10 or IL-10 signalling did not abrogate the 

effects of IVIg reducing macrophage pro-inflammatory cytokine production suggesting that 

reduced pro-inflammatory cytokine production by M(IVIg + LPS) also occurs by one or more 

IL-10-independent mechanisms. This may be due to a direct effect of IVIg on pro-inflammatory 

cytokine production reported to occur downstream of Fcγ receptors130. IL-10 is more effective at 

reducing IL-12/23p40 production than production of IL-6 or TNF. The potency of its efficacy 

may account for the failure to note significant differences for other pro-inflammatory cytokine 

production by murine and human M(Ic + LPS), which also produce IL-10. Conditioned medium 

from M(Ic + LPS) is able to reduce IL-12p70 production completely when added back to 

macrophages treated with IFNγ + LPS and anti-IL-10 blocking antibodies abrogate the effect the 

conditioned medium27. Alternatively, this may also indicate other soluble factors produced by 

murine M(Ic + LPS), and by murine M(IVIg + LPS), contribute to reduction of IL-12/23p40 

production.  

My data also demonstrate the potent ability of IVIg to skew macrophages to an anti-

inflammatory, IL-10 producing activation state in vivo. IVIg-primed macrophages produced high 

amounts of IL-10 in response to LPS ex vivo compared to those from mice primed with PBS, as a 

control.  This is consistent with the ability of cultured peritoneal macrophages activated with Ic, 

M(Ic), and stimulated with LPS to produce high levels of IL-10301. However, I found that these 

peritoneal macrophages did not produce IL-12/23p40. IVIg + LPS injection in mice caused 
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higher production of IL-10 than PBS + LPS injection in peritoneal lavage fluid and in media 

conditioned by peritoneal cells and enriched macrophages. Peritoneal macrophages from (IVIg + 

LPS)-injected mice also produced significantly lower amounts of IL-12/23p40 in 24 h compared 

to those from (PBS + LPS)-injected mice. These data are consistent with my in vitro 

observations in that IL-10 was produced rapidly in response to IVIg + LPS and reduced 

subsequent IL-12/23p40 production. These data also demonstrate that IVIg can induce 

macrophage IL-10 production in vivo and dampen down macrophage inflammatory responses to 

LPS. This is consistent with a previous report, which demonstrated that IgG + LPS promoted 

higher IL-10 and lower IL-12/23p40 levels in plasma of recombination-activating gene 1 

(RAG1) deficient mice (deficient in mature T and B cells) compared to mice treated with LPS 

alone27. Current thinking is that reduction of mortality rates in clinical studies when polyclonal 

IVIg is given therapeutically to treat sepsis is due to the presence of antibodies directed against 

bacterial or cytokine antigens; however, increased production of anti-inflammatory IL-10 and 

reduced pro-inflammatory cytokine production by macrophages could also contribute to reduced 

mortality in sepsis311, 312.  
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Chapter 3: IVIg or IVIg-treated macrophages reduce DSS-induced colitis in 

mice 

 

3.1 Introduction and rationale 

Biologic therapies, in the form of monoclonal antibodies directed against TNF, have 

revolutionized the treatment for IBD. Unfortunately, 10-20% of people with IBD are 

unresponsive to anti-TNF therapies and up to 40% become refractory to treatment over time, 

approximately half of whom do not have anti-drug antibodies288, 313. Anti-TNF drugs also have 

deleterious side effects, including higher risk of infections and malignancy287. Thus, new 

treatments need to be developed.  

Macrophages have an important role in maintaining intestinal homeostasis, by sampling 

the luminal bacteria and promoting a tolerogenic, rather than inflammatory, response314. 

Macrophages have been implicated in the pathogenesis of IBD by promoting an inappropriate 

response to bacteria, causing immune cell recruitment, and promoting inflammatory cytokine 

and ROS production288, 314, 315. M(IFNγ + LPS) are a well-studied example of macrophages that 

have similar properties to inflammatory intestinal macrophages in IBD10, 24. M(IL-4), which have 

wound healing properties, are protective in murine models of intestinal inflammation316, 317. Anti-

inflammatory macrophages, which produce high amounts of IL-10, can also limit intestinal 

inflammation in mice318, 319. The best characterized example of this activation state are murine 

macrophages treated with Ic and LPS (M(Ic + LPS)) in vitro, which are distinct from murine 

M(IL-4) as they do not express markers, including ArgI or FIZZ1, and they do not promote the 

production of extracellular matrix11, 49.  
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IL-10 induces a tolerogenic effect on innate and adaptive immune cells, by preventing 

their production of pro-inflammatory mediators and by promoting the production of anti-

inflammatory mediators61. Dysregulated expression of IL-10 can lead to the development of 

IBD277, 320. IL-10-inducing therapeutics may provide an effective treatment for IBD with fewer 

side effects.  

IVIg’s immunosuppressive mechanism(s) are not well understood308. As an anti-

inflammatory, IVIg is given at very high doses (1-2 g/kg), and few proposed mechanisms of 

action can explain this requirement298. One proposed mechanism that may explain this 

requirement, is that a minor fraction of Fc regions on IgGs are sialylated303. However, some 

studies contradict this theory and demonstrate that sialylated Fc regions are not required to limit 

inflammation in animal models for ITP and RA20. Evidence also contradicts this mechanism of 

action in humans, as FcRIIB expression is not higher after IVIg treatment in people with KD167, 

321.  

I have found that murine BMDMs can be activated to produce high levels of IL-10 and 

low levels of IL-12/23p40, IL-6, and TNF in vitro, when treated concomitantly with IVIg and 

LPS322. Based on this, I asked whether IVIg treated macrophages or IVIg treatment can 

ameliorate DSS-induced intestinal inflammation in mice by inducing macrophage IL-10 

production. 

 

3.2 Materials and methods 

Mice. Wild type C57BL/6 mice, wild type BALB/c mice, Il10rb+/+ and Il10rb-/- mice on a 

C57BL/6 background, Il10egfpFoxp3mrfp mice on a C57BL/6 background, and 

Il10flox/floxLysMCre+/- and Il10flox/floxLysMCre-/- mice on a C57BL/6 background were used for 
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DSS-induced colitis experiments. Eight to 12-week-old male and female mice were used, except 

for DSS experiments with BALB/c mice, where only male mice were used due to lower 

susceptibility to DSS in female mice. Mice were housed and bred at the BC Children’s Hospital 

Research Institute (Vancouver, BC, Canada), a barrier facility that is Helicobacter-free and 

specific pathogen free. Experiments were performed in accordance with Canadian Council on 

Animal Care guidelines with approval from institutional animal care committees (A13-0014, 

A13-0054, A17-0061, and A17-0076).   

Wild type mice on a C57BL/6 background (8-12-week-old) were used to prepare 

BMDMs for adoptive transfer experiments into wild type C57BL/6 mice.  Il10+/+ and Il10-/- mice 

on a BALB/c background (8-12-week-old) were used to prepare bone marrow-derived 

macrophages for adoptive transfer experiments into wild type BALB/c mice.  

Femura and tibiae from Il10+/+ mice and Il10-/- mice, which were bred and maintained at the 

University of Alberta animal care facility (Edmonton, AB, Canada), were provided by Dr. Karen 

Madsen. 

Il10rb-/- and Il10egfpFoxp3mrfp mice were provided by Dr. Megan Levings at the University 

of British Columbia (Vancouver, BC, Canada), and were bred and maintained at the BC 

Children’s Hospital Research Institute (Vancouver, BC, Canada). C57BL/6 mice were used as 

Il10rb+/+ experimental controls and were bred and maintained at the BC Children’s Hospital 

Research Institute (Vancouver, BC, Canada). Il10flox/floxLysMCre+/+ mice were provided by Dr. 

Masako Murai at the La Jolla Institute for Allergy and Immunology (La Jolla, CA, USA), and 

were used with wild type C57BL/6 mice, which were bred and maintained at the BC Children’s 

Hospital Research Institute (Vancouver, BC, Canada), to generate Il10flox/floxLysMCre+/- and 

Il10flox/floxLysMCre-/- mice. Il10flox/floxLysMCre+/- and Il10flox/floxLysMCre-/- mice were bred to 
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generate further Il10flox/floxLysMCre+/- experimental mice and Il10flox/floxLysMCre-/- control mice 

for experiments.  

 

Macrophage derivation and activation. For adoptive transfer experiments, macrophages were 

derived from bone marrow aspirates from the femura and tibiae from wild type C57BL/6 mice 

and Il10+/+ or Il10-/- mice on a BALB/c background, as described in Chapter 2.2. Following 

adherence depletion, bone marrow aspirates were resuspended in IMDM 10% FBS, and 

penicillin/streptomycin at a concentration of 0.5 × 106 cells/ml for 10 days in the presence of 5 

ng/ml MCSF (Stemcell Technologies, Vancouver, BC, Canada), with complete media changes at 

days 4 and 7. Macrophages were either left unstimulated or co-stimulated with 30 mg/mL IVIg 

(Gamunex Immune Globulin Intravenous 10% solution for infusion; Transfusion Medicine BC 

Children’s Hospital, Vancouver, BC, Canada) and 10 ng/ml LPS (Escherichia coli serotype 

127:B8; Sigma-Aldrich, St. Louis, MO, USA) for 24 h prior to adoptive transfer.  

 

DSS-induced colitis. DSS (1.5%, 2.5%, or 5% as indicated; MW 36–50 000; MP Biomedicals, 

Solon, OH, USA) was dissolved in drinking water and given to mice ad libitum. DSS was 

provided for 6 or 7 days with daily monitoring of weight loss, rectal bleeding, and stool 

consistency. Scores of 0-4 for weight loss, rectal bleeding, and stool consistency were given for 

each mouse daily and combined for an individual Disease Activity Index score (DAIs). Scoring 

criteria, using a 12-point scale, is shown in Table 2.1. For rectal bleeding, non-visible blood was 

detected using hemoccult paper (Beckman Coulter, Mississauga, Canada). Once euthanized, 

colons were excised, and samples were taken for histological analysis and for colonic explant 

cultures, where indicated. 
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Table 2.1 Disease Activity Index scoring  

Score Weight loss Rectal bleeding Stool consistency 

0 0% None Normal 

1 1-3% Blood detectable by hemoccult 

paper only 

Soft stool 

2 3-6% Small amount of blood visible in 

stool 

Very loose stool 

3 6-9% Large amount of blood in stool Watery diarrhea (no 

pellets formed) 

4 >9% Extensive blood in stool and 

blood visible at the anus 

No formed stool 

 

Macrophage adoptive transfer. Adherent unstimulated or stimulated BMDMs were incubated 

with cell dissociation buffer (Thermo Fisher Scientific, Waltham, MA, USA) for 5 min at 37°C 

to remove from flasks. 1 × 106 cells, or PBS, as an injection control, were injected into the tail 

vein of mice on days 0 and 4 during DSS treatment.  

 

IVIg treatment. 1 g/kg of body weight IVIg or an equivalent volume of PBS, as an injection 

control, was given to mice, where indicated, intraperitoneally on days 0, 2, 4, and day 6 of DSS 

treatment.  

 

Histopathology analyses. Colons were fixed in PBS-buffered 10% formalin (Fisher Scientific, 

Ottawa, Canada). Colons were embedded in paraffin, cross-sectioned, and stained with 

hematoxylin and eosin (H&E) at the BC Children’s Hospital Research Institute histology facility.  

Histological damage was scored by two individuals blinded to the experimental conditions using 

a 16-point scale as described in Table 2.2316.  
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Table 2.2 Histological damage scoring 

Damage Component Score 

 

 

Loss of architecture 

0 = none 

1 = <25% loss 

2 = 25%-50% loss 

3 = 50%-75% loss 

4 = >75% loss 

 

 

Immune cell infiltration 

0 = none 

1 = occasional immune cell in lamina propria 

2 = increased immune cells in lamina propria 

3 = confluent immune cells in lamina propria and breaching 

mucosa  

4 = immune cell infiltration throughout the section 

 

Goblet cell depletion 
0 = none 

1 = <50% depletion 

2 = >50% depletion 

 

Ulceration 

0 = none 

1 = intermediate ulceration 

2 = substantial ulceration 

 

Edema 
0 = none 

1 = <50% of section 

2 = >50% of section 

 

Muscle thickening 
0 = none 

1 = intermediate thickening 

2 = substantial thickening 
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Colon explant cultures. Colons were excised from Il10rb+/+ and Il10rb-/- mice on day 6 of DSS 

treatment, 1.5 h post PBS or IVIg injection. Sections (0.5 cm) were taken, weighed, and cultured 

in IMDM 10% FBS, and penicillin/streptomycin for 24 h. After incubation, supernatants were 

harvested and clarified by centrifugation for cytokine analysis by ELISA.  

 

Histological analyses. Excised colons were formalin-fixed, paraffin embedded and sectioned at 

the BC Children’s Hospital Research Institute histology facility. Tissues from Il10egfpFoxp3mrfp 

mice treated with either PBS or IVIg, and treated with DSS 7 days were deparaffinized, 

rehydrated, and stained with 4′,6-diamidino-2-phenylindole (DAPI) nuclear stain (Thermo Fisher 

Scientific, Waltham, MA, USA). Colonic sections were taken on day 6 from wild type C57BL/6 

mice given DSS and treated with PBS or IVIg 1.5 h prior. Sections were probed for Emr1 

(F4/80) and Il10 (IL-10) mRNA, using an RNAScope kit (Advanced Cell Diagnostics, Newark, 

CA, USA), according to manufacturer’s instructions. All solutions were provided by the 

manufacturer. Colonic sections (5 m) were baked for 1 h at 60°C, to fix the tissue onto slides. 

The sections were then deparaffinized and air dried. Peroxidase activity was blocked using 1.5% 

hydrogen peroxide for 10 min at room temperature and using a protease solution for 30 min at 

40°C. RNA target retrieval was performed by incubating samples with a target retrieval solution, 

for 15 min at 100°C. Probes were hybridized to Il10 and Emr1 mRNA targets for 2 h at 40°C. 

The probe signals were amplified by sequential hybridization and amplification, using 

amplification solutions. Red and green/teal signals were detected by incubating with 

chromogenic solutions provided for 10 min at room temperature. The colonic sections were 

counterstained with 50% hematoxylin (Sigma-Aldrich), dried at 60°C for 15 min, and mounted 

with VectaMount (Vector laboratories, Burlingame, CA, USA). Images were acquired and 
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analyzed using a Zeiss Axiovert 200 microscope, AxioCam HR camera, and AxioVision 4.0 

software. DAPI/ green fluorescent protein (GFP)+ and Emr1/Il10+ cells were quantified by 

counting cells from six representative fields at 20× or 40× magnification from six tissue sections 

per colon separated by ≥ 50 µm. Counting was performed by two individuals blinded to 

experimental condition. 

 

CD11b+ intestinal mononuclear cell isolation. Colons were excised from wild type C57BL/6 

mice given DSS and treated with PBS or IVIg on day 7. Intestinal mononuclear cells were 

isolated using collagenase digestion323. Colons were flushed with 4°C PBS 5% FBS to remove 

luminal contents. Flushed colons were cut longitudinally and into 0.5 cm segments, prior to 

vigorous rinsing with 4°C PBS 5% FBS for 2  10 min. The epithelial barrier was stripped by 

shaking colon segments for 1.5 h with prewarmed (37°C) PBS, 5% FBS, 2 mM 

ethylenediaminetetraacetic acid (EDTA), with solution changes every 30 min (Thermo Fisher 

Scientific, Waltham, MA, USA). EDTA was removed from the colons by washing with PBS, 5% 

FBS for 2  10min. Colon segments were minced into fine pieces and digested by incubating 

with 37°C Roswell Park Memorial Institute (RPMI) medium, 5% FBS, 1mg/mL type IV 

collagenase (Worthington Biochemical, Lakewood, NJ, USA) for 40 min at 250 rpm. The 

solution was strained and isolated cells in the supernatant were kept on ice. Undigested tissues 

were incubated with prewarmed (37°C) RPMI, 5% FBS, 1 mg/mL type IV collagenase for 30 

min at 250 rpm and were strained and pooled with the first digest. Digested fractions were 

pooled from 2 mice per treatment, and CD11b+ intestinal mononuclear cells were isolated using 

the EasySep murine CD11b positive selection kit, according to manufacturer’s instructions 

(Stemcell Technologies, Vancouver, BC, Canada).  
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Cytokine and GFP analyses. Cytokines were assayed by ELISA, according to the 

manufacturer’s instructions. ELISA kits for murine IL-10, IL-12/23p40, IL-β, and TNF were 

obtained from BD Biosciences (Mississauga, ON, Canada). GFP content was assayed by ELISA, 

according to manufacturer’s instructions (Abcam, Cambridge, UK). 

 

Statistical analyses. One- and two-way ANOVA with Tukey’s or Sidak’s corrections for 

multiple comparisons and two-tailed unpaired Student’s t-tests were applied as indicated.  

Analyses were performed using GraphPad Prism software, version 6.03. Differences of p < 0.05 

were considered significant. 

 

3.3 Results 

3.3.1 M(IVIg + LPS) reduce DSS-induced intestinal inflammation 

We have previously reported that IVIg induces high IL-10 production and reduces pro-

inflammatory cytokine production, in response to LPS, a normally inflammatory stimuli322. 

Herein, I asked whether adoptively transferred M(IVIg + LPS) could reduce intestinal 

inflammation, in mice during DSS-induced colitis. C57BL/6 mice were given 2.5% DSS in their 

drinking water for 7 days. Mice were given PBS or untreated macrophages (M(UnRx)), as 

controls, or macrophages treated with IVIg + LPS, (M(IVIg + LPS)), on days 0 and 4 during 

DSS treatment via tail vein injection. DAIs, which consist of scores for weight loss, rectal 

bleeding, and stool consistency, did not differ between mice treated with PBS or M(UnRx) 

(Figure 1A). Mice treated with M(IVIg + LPS) had significantly lower DAIs compared to both 

control mice treated with PBS or M(UnRx). Weight loss was not different between mice treated 

with PBS or M(UnRx); however, there was a slight reduction in weight loss in mice treated with 
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M(IVIg + LPS), that was statistically different from the M(UnRx) control mice only on day 7 (p 

< 0.05; Figure 3.1A). Rectal bleeding and stool consistency scores were not different between 

mice treated with PBS or M(UnRx), but were significantly lower in mice treated with M(IVIg + 

LPS), compared to both control groups (Figure 3.1A). At day 7, colons were excised, and 

sections were taken for histological analyses. Representative H&E-stained colon cross-sections 

from mice in each treatment group that were used for scoring histological damage are shown 

(Figure 3.1B). Histological damage scores, which include scores for tissue architecture, 

inflammatory infiltrates, muscle thickening, edema, and ulceration, were not different between 

mice treated with PBS or M(UnRx) (Figure 3.1B). Mice treated with M(IVIg + LPS) had 

significantly lower histological damage scores compared to both the PBS and M(UnRx) treated 

control mice (Figure 3.1B). Together, these results indicate that M(IVIg + LPS) reduce intestinal 

Together, these results indicate that M(IVIg + LPS) reduce intestinal inflammation in mice.  
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Figure 3.1 M(IVIg + LPS) reduce DSS-induced intestinal inflammation. C57BL/6 mice were 

given 2.5% DSS in their drinking water for 7 days. Mice were given PBS or untreated 

macrophages (M(UnRx)), as controls, or macrophages treated with IVIg + LPS (M(IVIg + LPS)) 

on days 0 and 4 during DSS treatment via tail vein injection. (A) DAIs, which consist of scores 

for weight loss, rectal bleeding, and stool consistency, were measured daily. DAI, rectal bleeding, 

and stool consistency are presented as median ± interquartile range, whereas weight is presented 

as mean ± SD. (B) Representative H&E-stained colons are shown and histological damage score 

was scored and is expressed as median ± interquartile range. Scale bars = 100 μm. Data from (A 

and B) are n = 11 or13 mice/group from 4 independent experiments. *p < 0.01, **p < 0.001, and 

ns = not statistically different for the comparisons indicated using a two-way ANOVA with 

Tukey’s multiple comparisons test in (A), and a one-way ANOVA with Tukey’s multiple 

comparisons test in (B). 
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3.3.2 Amelioration of DSS-induced colitis by M(IVIg + LPS) is IL-10-dependent 

I next wanted to determine whether IL-10 contributes to M(IVIg + LPS)-induced 

protection during DSS-induced colitis. BALB/c mice were given 5% DSS in their drinking water 

for 7 days. Mice were also given PBS as an injection control, Il10+/+ M(IVIg + LPS), or Il10-/- 

M(IVIg + LPS) on days 0 and 4 during DSS treatment via tail vein injection. Il10+/+ M(IVIg + 

LPS) treated mice had significantly lower DAIs compared to the PBS treated mice, whereas Il10-

/- M(IVIg + LPS) did not have improved DAIs compared to the PBS treated mice (Figure 3.2A). 

Il10+/+ M(IVIg + LPS) treated mice had significantly lower scores for weight loss, rectal 

bleeding, and stool consistency compared to PBS treated mice, whereas Il10-/- M(IVIg + LPS) 

did not (Figure 3.2A). Representative H&E-stained cross-sections from mice in each treatment 

group are shown (Figure 3.2B). Mice treated with Il10+/+ M(IVIg + LPS) had significantly lower 

histological damage scores compared to the PBS-treated mice, but reduced histological damage 

was not observed in mice treated with Il10-/- M(IVIg + LPS) (Figure 3.2B). Histological damage 

scores were not different between mice treated with Il10-/- M(IVIg + LPS) or PBS (Figure 3.2B). 

Together, these results indicate that IL-10 contributes to M(IVIg + LPS) amelioration of 

intestinal inflammation.  
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Figure 3.2 Amelioration of DSS-induced colitis by M(IVIg + LPS) is IL-10-dependent. 

BALB/c mice were given 5% DSS in their drinking water for 7 days. Mice were given PBS, 

Il10+/+, or Il10-/- M(IVIg + LPS) on days 0 and 4 during DSS treatment via tail vein injection. 

(A) DAIs, including % of initial weight, rectal bleeding, and stool consistency, were measured 

daily. DAI, rectal bleeding, and stool consistency are presented as median ± interquartile range; 

weight is presented as mean ± SD. (B) Representative H&E-stained colons are shown and 

histological damage was scored and is expressed as median ± interquartile range. Scale bars = 

100 μm. Data from (A and B) are n = 6-8 mice/group from 3 independent experiments. *p < 

0.05, **p < 0.01, ***p < 0.001 and ns = not statistically different using a two-way ANOVA with 

Tukey’s multiple comparisons test in (A) and a one-way ANOVA with Tukey’s multiple 

comparisons test in (B). 
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3.3.3 IVIg treatment reduces inflammation during DSS-induced colitis 

Since I have seen that M(IVIg + LPS) reduced inflammation during DSS-induced colitis, 

I asked whether IVIg treatment could also reduce intestinal inflammation. C57BL/6 mice were 

given 2.5% DSS in their drinking water for 7 days. Mice receiving DSS were injected 

intraperitoneally with PBS, as an injection control, or IVIg on days 0, 2, 4, and 6. Mice treated 

with IVIg had significantly lower DAIs compared to the PBS-treated control mice (Figure 3.3A). 

Each of weight loss, rectal bleeding, and stool consistency scores were lower in the IVIg-treated 

mice compared to control mice (Figure 3.3A). Representative H&E-stained colon cross-sections 

from mice in each treatment group that were used for scoring histological damage are shown 

(Figure 3.3B). Histological damage scores were also significantly lower in the IVIg-treated mice 

compared to the control mice (Figure 3.3B). Together, these results indicate that IVIg treatment 

reduces intestinal inflammation in mice.  
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Figure 3.3 IVIg treatment reduces inflammation during DSS-induced colitis. C57BL/6 mice 

were given 2.5% DSS in their drinking water for 7 days. Mice were given PBS or IVIg (1 g/kg 

body weight) intraperitoneally on day 0, 2, 4, and 6 during DSS treatment. (A) DAIs, including 

weight loss, rectal bleeding, and stool consistency, were measured daily. DAI, rectal bleeding, 

and stool consistency are presented as median ± interquartile range, weight loss is represented as 

mean ± SD. (B) Representative H&E-stained colons are shown and histological damage was 

scored and is presented as median ± interquartile range. Scale bars = 100 μm. Data from (A and 

B) are n = 12 mice/group from 4 independent experiments. *p < 0.01, **p < 0.001, and ns = not 

statistically different for PBS-treated mice compared to IVIg-treated mice using a two-way 

ANOVA with Tukey’s multiple comparisons test in (A) and a two-tailed Student’s t-test in (B).  

 

3.3.4 IVIg-mediated protection from DSS-induced colitis is IL-10-dependent 

Since amelioration of DSS-induced colitis in mice treated with M(IVIg + LPS) was 

dependent on IL-10, I next wanted to determine whether protection by IVIg treatment was also 

dependent on IL-10. DSS concentration was titrated in the Il10rb-/- mice to achieve similar scores 
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of clinical disease in the Il10rb+/+ (wild type) and mice deficient for the IL-10 receptor β chain, 

Il10rb-/-, on a C57BL/6 background. Il10rb+/+ and Il10rb-/- mice were given 2.5% and 1.5% DSS, 

respectively, in their drinking water for 7 days. Mice receiving DSS were also injected with PBS, 

as an injection control, on days 0, 2, 4, and 6. Il10rb-/- mice were more sensitive to 2.5% DSS 

than Il10rb+/+ mice; DAIs of PBS-injected Il10rb-/- mice were significantly higher than PBS-

injected Il10rb+/+ mice (Figure 3.4A). Il10rb-/- mice developed similar DAIs in response to 1.5% 

DSS as Il10rb+/+ did in response to 2.5% DSS; DAIs of PBS-injected Il10rb+/+ and Il10rb-/- did 

not differ significantly (Figure 3.4B).  

 

Figure 3.4 IL-10 receptor β chain deficient mice are more sensitive to DSS. Il10rb+/+ mice on 

a C57BL/6 background were given 2.5% DSS in their drinking water and Il10rb-/- mice on a 

C57BL/6 background were given 2.5% or 1.5% DSS in their drinking water for 7 days. Mice 

receiving DSS were also given PBS (injection control) intraperitoneally on day 0, 2, 4, and 6. (A 

and B) DAIs were measured daily from Il10rb+/+ mice given 2.5% DSS and (A) Il10rb-/- mice 

given 2.5% DSS and (B) Il10rb-/- mice given 1.5% DSS. (A and B) DAIs and are presented as 

median ± interquartile range. Data from (A) are n = 6 or 9 mice/group and from (B) are n = 7 or 

9 mice/group from 3 independent experiments. *p < 0.01 and ns = not statistically different for 

the comparisons indicated using a two-way ANOVA.  

 

Il10rb+/+ and Il10rb-/- mice were given 2.5% and 1.5% DSS, respectively, in their 

drinking water for 7 days. Mice receiving DSS were injected intraperitoneally with PBS, as an 

injection control, or IVIg on days 0, 2, 4, and 6. Untreated Il10rb+/+ and Il10rb-/- mice were also 
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monitored to ensure that there was no spontaneous development of disease in the knockout 

genotype during the course of the experiment. Il10rb+/+ and Il10rb-/- mice that were not given 

DSS did not shown signs of spontaneous clinical disease (Il10rb-/- mice are shown in Figure 

3.5A; data not shown for Il10rb+/+ mice). IVIg-treated Il10rb+/+ mice had significantly lower 

DAIs compared to their PBS-treated counterparts. In contrast, IVIg treatment did not improve 

DAIs for Il10rb-/- mice, which were comparable to PBS-treated Il10rb-/- mice. At day 7, colons 

were excised, and sections were taken for H&E staining and histological analyses. 

Representative H&E-stained colon cross-sections from mice in each treatment group are shown 

(Figure 3.5B). Il10rb+/+ and Il10rb-/- mice that were not given DSS did not have signs of 

histological disease (Figure 3.5B). Histological damage scores were significantly lower in IVIg-

treated Il10rb+/+ mice compared to the PBS-treated Il10rb+/+ mice (Figure 3.5B). In contrast, 

IVIg-treated Il10rb-/- mice did not have improved histological damage scores compared to the 

PBS-treated Il10rb-/- mice. Together, these results indicate that IVIg-mediated reduction of 

intestinal inflammation is dependent on signalling through the IL-10 receptor  chain. 
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Figure 3.5 Amelioration of DSS-induced colitis by IVIg is dependent on the IL-10 receptor 

β chain. Il10rb+/+ and Il10rb-/- mice on a C57BL/6 background were given 2.5% and 1.5% DSS, 

respectively, in their drinking water for 7 days. Il10rb+/+ and Il10rb-/- mice were also given no 

DSS or treatment, as a control. Mice receiving DSS were given PBS (injection control) or IVIg 

(1 g/kg body weight) intraperitoneally on days 0, 2, 4, and 6. (A) DAIs were measured daily and 

are presented as median ± interquartile range. (B) Representative H&E-stained colon cross-

sections are shown, and histological damage was scored and is expressed as median ± 

interquartile range. Scale bars = 100 μm. Data from (A) are n = 7-9 mice/group and from (B) are 

n = 5-9 mice/group from 3 independent experiments. *p < 0.05, **p < 0.01, and ns = not 

statistically different for the comparisons indicated using a two-way ANOVA with Tukey’s 

multiple comparisons test in (A) and a one-way ANOVA with Sidak’s multiple comparisons test 

in (B). 
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3.3.5 Colonic explants from mice treated with IVIg produce more IL-10 and less IL-

12/23p40 and IL-1β, which is dependent on IL-10 receptor signalling 

Since I showed that IVIg-mediated amelioration of DSS-induced colitis is IL-10-

dependent, I next asked whether IL-10 production was higher and pro-inflammatory cytokine 

production was lower in IVIg-treated murine colons, and whether changes were dependent on 

IL-10 receptor  chain signalling. Il10rb+/+ and Il10rb-/- C57BL/6 mice were given 2.5% and 

1.5% DSS in their drinking water for 6 days. Mice given DSS were injected intraperitoneally 

with PBS or IVIg on days 0, 2, 4, and 6 and sacrificed on day 6, 1.5 h post injection. Colon 

sections were excised and cultured for 24 h. IL-10 production was 3-fold higher in IVIg-treated 

wild type mice, compared to PBS-treated control mice (Figure 3.6A). Pro-inflammatory cytokine 

production was reduced by IVIg treatment in the Il10rb+/+ mice (Figure 3.6B). IL-12/23p40 and 

IL-1β production were significantly lower in IVIg-treated mice, whereas TNF was not 

statistically different (27% lower; p = 0.126; Figure 3.6B). In Il10rb-/- mice, IL-10 production 

was 2-fold higher in IVIg-treated mice compared to PBS-treated mice, although not statistically 

different (p = 0.269; Figure 3.6C). In contrast to Il10rb+/+ mice, production of the pro-

inflammatory cytokines IL-12/23p40, IL-1β, and TNF were not lower in Il10rb-/- mice treated 

with IVIg compared to PBS (Figure 3.6D). Taken together, these results indicate that IL-10 

production is higher and pro-inflammatory cytokine production is lower in mice treated with 

IVIg during DSS-colitis, and that IL-10 signalling contributes to reduced pro-inflammatory 

cytokine production.  
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Figure 3.6 Colon explants from mice treated with IVIg during DSS-induced colitis have 

higher IL-10 production and reduced IL-12/23p40 and IL-1β production, which is 

dependent on IL-10 receptor β chain signalling.  Il10rb+/+ and Il10rb-/- C57BL/6 mice were 

given 2.5% and 1.5% DSS respectively in their drinking water for 6 days. Mice given DSS were 

treated with PBS or IVIg (1 g/kg body weight) intraperitoneally on day 0, 2, 4, and 6 and 

euthanized on day 6, 1.5 h post injection. Colon sections were excised and cultured for 24 h. 

ELISAs were performed to detect IL-10 (A and C), IL-12/23p40, IL-1β, and TNF (B and D). 

Data are expressed as mean ± SEM from n = 16 mice/Il10rb+/+ group (A and B) and n = 10 

mice/Il10rb-/- group (C and D) from 5 independent experiments. *p < 0.05 and ns = not 

statistically different for the comparisons indicated using a two-tailed Student’s t-test with 

Welch’s correction. 
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3.3.6 Macrophages are the source of IL-10 in IVIg-treated murine colons during DSS-

induced colitis 

Since we have published that ex vivo isolated peritoneal macrophages from mice treated 

with IVIg produce high amounts of IL-10, I asked whether macrophages were the source of IL-

10 in IVIg-treated mice during DSS-induced colitis322. Il10egfpFoxp3mrfp C57BL/6 mice were 

given 2.5% DSS in their drinking water for 7 days. Mice were given PBS or IVIg 

intraperitoneally on days 0, 2, 4, and 6 during DSS treatment. IVIg-treated mice had 2.3-times 

more GFP+ cells per field compared to PBS-treated mice, which indicates that IVIg treatment 

promotes higher numbers of IL-10 producing cells within the colon (Figure 3.7A). Next, 

C57BL/6 mice were given 2.5% DSS in their drinking water for 6 days. Mice were injected 

intraperitoneally with PBS or IVIg on days 0, 2, 4, and 6 during DSS treatment and sacrificed 1.5 

h post injection on day 6. Colons were excised, and sections were taken for histological analyses. 

Colonic sections were probed for Emr1 mRNA (encoding F4/80; red) and Il10 mRNA 

(teal/green) using RNAScope. Representative probed colonic sections are shown (Figure 3.7B). 

The number of Emr1+Il10+ cells was 1.5-fold higher in IVIg-treated mice, compared to the PBS-

treated control mice. The majority of Il10 transcripts, 85%, were found within Emr1+ cells in 

IVIg-treated mice. The amount of Il10 staining was also higher per Emr1+ cell in the IVIg-

treated mice compare to the PBS control mice, which indicates a higher number of Il10 

transcripts present in the F4/80-expressing cells. This suggests that IVIg-treated mice have 

higher numbers of IL-10 producing macrophages than control mice, and that these macrophages 

produce more IL-10 than the macrophages within control mice. Finally, Il10egfp C57BL/6 mice 

were given 2.5% DSS in their drinking water for 7 days. Mice were injected intraperitoneally 

with PBS or IVIg on days 0, 2, 4, and 6 during treatment. GFP content was significantly higher 
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in colonic CD11b+ cells that were isolated from IVIg-treated Il10egfp mice, (52% higher; Figure 

3.7C) indicating that IL-10 production by macrophages is higher. Taken together, these results 

demonstrate that colonic macrophages are the source of IL-10 in IVIg-treated mice during DSS-

induced colitis. 
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Figure 3.7 Macrophages are the source of IL-10 in IVIg-treated murine colons. 

Il10egfpFoxp3mrfp C57BL/6 mice were given 2.5% DSS in their drinking water for 7 days. Mice 

were given PBS or IVIg (1 g/kg body weight) intraperitoneally on day 0, 2, 4, and 6 during DSS 

treatment. (A) Colon sections were stained for DAPI (blue) and DAPI/GFP+ cells were 

quantified from 3 independent experiments (n = 6-7 mice/group) at 20× magnification in six 

fields from six colonic sections/mouse, separated by  50 M. Scale bars = 50 μm. C57BL/6 

mice were given 2.5% DSS in their drinking water for 6 days. Mice were given PBS or IVIg 

(1g/kg body weight) intraperitoneally on day 0, 2, 4, and 6 during treatment and euthanized on 

day 6, 1.5 h post injection. (B) Colonic sections were probed for Emr1 (F4/80) and Il10 (IL-10) 

mRNA in red and teal/green respectively, using RNAScope. Emr1+Il10+ cells were quantified 

from 3 independent experiments, n = 5-6 mice/group at 40× magnification from six fields from 

six colonic sections/mouse, separated by  50 M. (A and B) Scale bars = 50 μm. 

Il10egfpFoxp3mrfp C57BL/6 mice were given 2.5% DSS in their drinking water for 7 days. Mice 

were given PBS or IVIg (1 g/kg body weight) intraperitoneally on day 0, 2, 4, and 6 during DSS 

treatment. (C) Colonic CD11b+ cells were isolated and GFP content was quantified by ELISA 

from 4 independent experiments, n = 9-10 mice/group. *p < 0.05 and **p < 0.01 using a two-

tailed Student’s t-test to compare PBS with IVIg treatment. 
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3.3.7 Amelioration of DSS-induced colitis by IVIg is dependent on macrophage IL-10 

production 

To determine whether IVIg-mediated attenuation of DSS-induced colitis was dependent 

on macrophage IL-10 production, I performed experiments in mice deficient in IL-10 expression 

specifically in the myeloid compartment. LysMCre+/-Il10flox/flox and LysMCre -/-Il10flox/flox (wild 

type control mice) on a C57BL/6 background were given 2.5% DSS in their drinking water for 7 

days. Untreated LysMCre+/-Il10flox/flox and LysMCre -/-Il10flox/flox mice were also monitored during 

the course of the experiment to ensure that myeloid-specific IL-10 deficient mice did not develop 

spontaneous disease. Mice receiving DSS were injected intraperitoneally with PBS, as an 

injection control, or IVIg on days 0, 2, 4, and 6.  LysMCre+/-Il10flox/flox and Il10flox/floxLysMCre-/- 

mice that were not given DSS did not develop spontaneous intestinal inflammation 

(Il10flox/floxLysMCre+/- mice are shown in Figure 3.8A; data not shown for Il10flox/floxLysMCre-/- 

mice). Il10flox/floxLysMCre+/- and Il10flox/floxLysMCre -/- mice were similarly sensitive to DSS; 

DAIs of PBS-injected mice did not differ significantly (Figure 3.8A). Il10flox/floxLysMCre -/- (wild 

type) mice treated with IVIg had significantly lower DAIs compared to the Il10flox/floxLysMCre -/- 

PBS-treated mice (Figure 3.8A). In contrast, IVIg treatment did not improve DAIs in 

Il10flox/floxLysMCre+/- mice compared to PBS treatment (Figure 3.8A). At day 7, colons were 

excised, and sections were stained with H&E for histological analyses. Representative H&E-

stained colonic cross-sections from mice in each treatment group are shown (Figure 3.8B). 

Il10flox/floxLysMCre-/- and Il10flox/floxLysMCre+/- mice that were not given DSS did not have signs 

of histological disease. Histological damage scores were significantly lower in IVIg-treated 

Il10flox/floxLysMCre -/- mice compared to PBS-treated mice (Figure 3.8B). Il10flox/floxLysMCre+/- 

IVIg-treated mice, however, did not have improved histological damage scores compared to their 
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PBS-treated counterparts. These results demonstrate that myeloid cell-derived IL-10 production 

limits DSS-induced colitis in IVIg-treated mice.  
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Figure 3.8 Amelioration of DSS-induced colitis by IVIg is dependent on myeloid-derived 

IL-10 production. Il10flox/floxLysMCre+/- and Il10flox/floxLysMCre-/- (wild type control) mice on a 

C57BL/6 background were given 2.5% DSS in their drinking water for 7 days. 

Il10flox/floxLysMCre+/- and Il10flox/floxLysMCre-/- mice were also given no DSS and were untreated 

(UnRx), as a control. Mice receiving DSS were given PBS (injection control) or IVIg (1 g/kg 

body weight) intraperitoneally on day 0, 2, 4, and 6. (A) DAIs were measured daily and are 

presented as median ± interquartile range. (B) Representative H&E-stained colons are shown and 

histological damage was scored and is expressed as median ± interquartile range. Scale bars = 

100 μm. Data from (A) are n = 7-10 mice/group and from (B) are n = 7-10 mice/group from 3 

independent experiments. *p < 0.05, **p < 0.001, and ns = not statistically different for the 

comparisons indicated using a two-way ANOVA with Tukey’s multiple comparisons test in (A) 

and a one-way ANOVA with Sidak’s multiple comparisons test in (B). 
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3.4 Discussion 

I report a novel in vivo mechanism of IVIg-mediated immunosuppression. Adoptive 

transfer of M(IVIg + LPS) reduces intestinal inflammation during DSS-induced colitis and 

amelioration of inflammation is IL-10-dependent. IVIg treatment also reduces intestinal 

inflammation in DSS-treated mice, which correlates with reduced pro-inflammatory cytokine 

production by colon explants, and is dependent on IL-10 receptor  chain signalling. Moreover, I 

demonstrate that macrophages are the source of IL-10 production in IVIg-treated mice during 

DSS-induced colitis and that IVIg-mediated protection is reduced in mice with IL-10 deficiency 

in myeloid cells. Taken together, my data suggests that IVIg treatment can reduce intestinal 

inflammation by inducing macrophages to produce large amounts of anti-inflammatory IL-10. 

IL-10 has tremendous potential for the treatment of IBD despite lack of success in early 

clinical trials61, 277. I have found that IVIg induces IL-10 production in vivo, which limits 

intestinal inflammation. I have also shown that IVIg reduces pro-inflammatory IL-12/23p40 and 

IL-1β production in colonic explant cultures ex vivo, through IL-10 signalling. IL-10 inhibits 

antigen presentation and the production of chemokines and inflammatory cytokines, such as IL-

1β, IL-12, IL-23, and TNF59, 61, 62. IL-12 potently drives CD4+ T cells into Th1 cells and induces 

IFNγ production, whereas IL-23 enhances the expansion of Th17 cells14. IL-1β drives 

accumulation of granulocytes and CD4+ T cells and is a reliable marker of active 

inflammation200, 324, 325. IL-10 administered by gelatin microspheres reduces spontaneous colitis 

in IL-10 deficient mice and this correlates with reduced gene expression for Il1B and Tnf 326. 

Similarly, in human models, IL-10 is constitutively produced by healthy human colonic explants, 

and depletion of IL-10 results in higher production of LPS-induced IFN, TNF, and IL-17, as 

well as increased epithelial damage and crypt loss327. In people with CD, IL-12, IL-23, and IL-1β 
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are higher in the inflamed mucosa and serum compared to healthy controls328, 329. IL-10 may be 

important to reduce inflammatory mediators and initiate remission in people with IBD. Indeed, 

IL-10 is high in the serum of people with UC and CD during the initial phase of remission, 

whereas pro-inflammatory markers, C-reactive protein and IL-6, are high during acute 

inflammation and return to normal levels during remission273. Limiting the production of 

multiple pro-inflammatory cytokines, through IL-10 production, could provide a more 

efficacious treatment than targeting individual cytokines to limit inflammation in IBD.  

My data suggests that macrophages are the source of protective IL-10 during IVIg 

treatment. Inducing IL-10 production by macrophages could be a useful strategy to treat IBD. 

Evidence from a variety of models of inflammation supports this theory. We have reported that 

(IVIg + LPS)-challenged peritoneal macrophages produce high levels of IL-10 and low levels of  

IL-12/23p40 ex vivo322. In an induced brain inflammation model in mice, microglial IL-10 

production limits IL-12 and IL-1β production, via TLR4 and FcγRI activation in vivo, similar to 

murine M(Ic + LPS) and M(IVIg + LPS)40. In peripheral nerve injury in mice, macrophage IL-10 

production potently stops inflammation, to allow the wound healing response to occur330. In an 

intestinal wounding model in mice, macrophage-derived IL-10 stops the inflammatory response, 

allowing for mucosal epithelial repair by WNT1 inducible signalling pathway-1 (WISP-1)331. 

Finally, macrophage IL-10 limits intestinal inflammation through the inhibition of IL-23 

production in a Citrobacter rodentium infection model in mice22. Evidence in humans shows that 

inducing anti-inflammatory macrophages in vivo is beneficial for the treatment of IBD. Higher 

numbers of “regulatory macrophages”, which produce high amounts of IL-10 in response to LPS 

in vitro, are found in the intestinal sections of people with IBD, who are infliximab responders, 

versus non-responders35, 332. Infliximab antibodies induce IL-10 production by human 
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macrophages in an Fc-dependent manner in vitro, similar to IVIg35. Since IL-10 production by 

macrophages limits inflammation during disease, I suggest that IVIg-treated macrophage cell 

therapy or IVIg infusion could be effective treatments for IBD. 

IVIg-treated macrophages could be a beneficial IL-10-based cellular therapeutic for IBD. 

Similar to what I have found with IVIg-treated macrophages in DSS-induced colitis, adoptive 

transfer of IVIg-treated CD11c+ DCs ameliorates ITP symptoms in mice and adoptively 

transferred M(Ic + LPS) alleviate the symptoms of endotoxin challenge and prevent death in 

mice, which is dependent on IL-10302, 333. Finally, IL-10 produced by adoptively transferred 

myeloid-derived suppressor cells attenuates inflammation in a collagen-induced arthritis model 

in mice by inducing Tregs and preventing T cell proliferation334.  

IVIg infusion could also be a beneficial therapeutic option for IBD. In mice, IVIg reduces 

symptoms of inflammation in models of RA, intracerebral hemorrhage, and ITP129, 131, 178, 302, 335. 

Although there are no studies using IVIg in intestinal inflammation models in mice, high doses 

of rat IgGs improve symptoms of DSS colitis in rats and this correlates with reduced immune 

cell recruitment336. There is also evidence in humans in vitro and in vivo that IVIg can induce IL-

10 and reduce pro-inflammatory cytokine production. In human dendritic cells from healthy 

control participants, stimulation with IVIg and LPS causes higher IL-10 production and lower 

IL-12 production compared to LPS stimulation337. Importantly, in vivo IL-10 levels are higher in 

the serum and IL-10 production is higher by PBMCs from people with ITP after IVIg treatment 

compared to before treatment338, 339. IVIg treatment reduces serum TNF and IL-1β in people with 

GBS, although IL-10 levels were not measured13. In a retrospective chart review of people with 

medically refractory IBD, IVIg treatment improved clinical disease scores in people340. 
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My study shows that IVIg ameliorates DSS-induced colitis symptoms through 

macrophage production of anti-inflammatory IL-10. This study provides a unifying mechanism 

explaining IVIg’s efficacy in a diverse set of diseases, as IL-10 has an important role in limiting 

innate and adaptive immune responses. Targeting macrophage activation with IVIg could be 

rapidly translated into therapy for IBD, as it is already licensed for use in people. Alternatively, 

cell therapy with IVIg-activated macrophages could provide a promising therapeutic strategy. 

Clinical trials should be performed to determine if IVIg is an effective treatment for IBD.  
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Chapter 4: IVIg induces IL-10 production by human monocytes, which is 

compromised by an FcγRIIA disease-associated gene variant 

 

4.1 Introduction and rationale 

Defects in macrophage function characterize many inflammatory diseases, which make 

macrophages key therapeutic targets1. Macrophages are well known for initiating inflammatory 

responses during infection or tissue injury, and directing the acquired immune response1. 

Macrophages also play an important role in suppressing the inflammatory response and resolving 

inflammation3. There are key differences between murine and human macrophages. For 

example, human M(IFNγ + LPS) and M(IL-4) do not produce NO or express Arg1, respectively, 

which are key features for these populations in murine macrophages19. Thus, it is critical that 

observations made in murine macrophages are confirmed in human monocytes/macrophages to 

translate murine work to human diseases.  

A lesser studied but essential function of macrophages is to actively suppress 

inflammatory responses after insult or injury, and prior to the initiation of wound healing. 

Murine and human macrophages can adopt an anti-inflammatory activation state in which they 

secrete high amounts of IL-10, in response to stimuli that are normally pro-inflammatory1. The 

best characterized example of this activation state are murine M(Ic + LPS)1, 333. Human M(Ic + 

LPS) have been less thoroughly described; they have been shown to increase TLR-induced IL-10 

production, but, unlike murine M(Ic + LPS), human M(Ic + LPS) do not decrease IL-12 

production29, 30. 

The mechanism(s) of action of IVIg is not well understood308. A minor fraction of Fc 
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portions of IgGs in IVIg are sialylated, which may be responsible for its efficacy, although 

evidence from human studies does not support this theory167, 298.  

The FcRIIA has a relatively low affinity for IgG antibodies, and is found on the surface 

of myeloid cells and platelets105. A gene variant for FcRIIA (rs1801274) exists, which can 

change the receptor from a relatively low affinity to high affinity for binding IgG antibodies. The 

low affinity gene variant for FcRIIA-R131, or CC genotype, has an arginine at amino acid at 

position 131 that confers a low binding affinity for IgG1 and IgG3; whereas the FcRIIA-H131, 

or TT genotype, has a histidine substituted at amino acid 131, which confers a higher binding 

affinity for IgG1 and IgG3, and confers binding affinity for IgG2 that is not present in the CC 

genotype145-147, 341. The disease-associated gene variant (TT) has been associated with a higher 

risk of inflammatory diseases in people, including UC and KD, compared to the non-risk gene 

variant (CC)149-151. It is also associated with a higher risk of failure to respond to therapy with the 

anti-TNF antibody, infliximab, in people with RA341. Few in vitro mechanistic studies have 

been performed to explain the higher risk of disease and failure to respond to antibody-based 

therapies in people with the risk variant. PBMCs from people with the risk variant have higher 

IgG2-induced IL-1β production and neutrophils from people with the risk variant have higher 

levels of phagocytosis and degranulation in response to serum opsonized bacteria159, 160. 

I have found that murine bone marrow-derived and peritoneal macrophages can be 

activated to produce high levels of IL-10 and low levels of IL-12/23p40, similar to M(Ic + LPS), 

in vitro and in vivo, when co-treated with IVIg and LPS322. However, it is important to determine 

whether IVIg can induce a similar activation state in human monocytes or macrophages, since 

there are differences in Fcγ receptors and activations states between mice and humans. Based on 
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this, I asked whether human monocytes have high IL-10 and low pro-inflammatory cytokine 

production when stimulated with IVIg + LPS, similar to murine macrophages. I also asked 

whether monocytes from people with the FcγRIIA risk variant have compromised ability to 

induce anti-inflammatory IL-10-producing monocytes in response to IVIg, which could explain 

the higher risk of inflammatory diseases and failure to respond to infliximab that is associated 

with the risk variant. 

 

4.2 Materials and methods 

Cell isolation and isolation of monocytes. PBMCs were isolated from healthy control blood by 

density gradient centrifugation, using Lymphoprep (StemCell Technologies, Vancouver, BC, 

Canada). Cells were washed and suspended in RPMI supplemented with 10% autologous serum 

and penicillin/streptomycin at a density of 2.0 × 106 cells /mL for 1.5 h. Non-adherent cells 

were washed away and adherent monocytes were re-plated at a density of 2.5 × 105 cells/mL for 

24 h before use in assays. 

 

Cell stimulations. Cells were plated at a density of 2.5 × 105 cells/mL (100 L/well in a 96-well 

plates), and were left unstimulated or stimulated with 100 ng/mL LPS (Escherichia coli serotype 

127:B8; Sigma-Aldrich, St. Louis, MO, USA), 5 mg/mL of IVIg (Gamunex Immune Globulin 

Intravenous 10% solution for infusion; Transfusion Medicine, BC Children’s Hospital, 

Vancouver, BC, Canada), or both IVIg + LPS. After incubation, cell supernatants were harvested 

and clarified by centrifugation for analyses. For Fc receptor blocking experiments, antibodies 

were added 1 h prior to stimulations, at final concentrations of: IgG isotype control antibody (50 

or 100 g/mL; AB-108-C, R & D Biosystems, Minneapolis, MN, USA), FcRI blocking 
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antibody (100 g/mL, AF 1257, R & D Biosystems), FcRIIB/C blocking antibody (100 g/mL, 

AF 1330, R & D Biosystems), and FcRIII blocking antibody (50 g/mL, AF 1597, R & D 

Biosystems). For IL-10 receptor blocking experiments, antibodies were added 1 h prior to 

stimulations, at final concentrations of 5 g/mL for both the IgG isotype control antibody (clone 

RTK2758 BioLegend, San Diego, CA, USA) and IL-10 receptor blocking antibody (clone 3F9 

BioLegend).  For inhibitor studies, inhibitors were added 1 h prior to stimulations, at final 

concentrations of: DMSO (vehicle control; 0.1%), PD (50 M, Cell Signaling Technology, 

Danvers, MA, USA), SCH (1 M, MedChem Express, Princeton, NJ, USA), SB (10 M, Cell 

Signaling Technology), or BIR (180 nM, Cayman Chemical, Ann Arbor, MI, USA), 

 

Cytokine measurements. Cytokines were assayed by ELISA, according to the manufacturer’s 

instructions. ELISA kits for human IL-10, IL-12/23p40, IL-6, and TNF were from BD 

Biosciences (Mississauga, ON, Canada). 

 

SDS-PAGE and western blotting. Monocytes were stimulated for 0, 10, 40, or 120 min, as 

indicated. After stimulation, monocytes were placed on ice and rinsed twice with cold PBS. 

Whole cell lysates were prepared for SDS-PAGE by lysing in 1× Laemmli’s digestion mix, DNA 

was sheered using a 26-guage needle, and samples were boiled for 1 min. Cell lysates were 

separated on a 10% polyacrylamide gel and western blotting was carried out, as described 

previously300. Antibodies used for western blot analyses for MAPK activation experiments were 

anti-pERK1/2 (Cell Signaling Technology, 9106), anti-pp38 (Cell Signaling Technology, 4631), 

and anti-GAPDH (Fitzgerald Industries International, 10R-G109a, Acton, MA, USA). 
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Antibodies used for western blot analyses for siRNA experiments were anti-FcRI (Abcam, 

ab119843, Cambridge, UK), anti-FcRIIB (Abcam, ab151497), anti-FcRIII (Abcam, ab94773), 

anti-FcRIIA (Abcam, ab167381), and anti-β-actin (Cell Signaling Technology, 4970). 

Densitometry was performed using ImageJ software (National Institute of Health, Bethesda, MA, 

USA). 

 

Fc receptor siRNA. Monocytes were untreated (UnRx) for 48 h or pre-treated for 48 h with 

siRNAs using Lipofectamine RNAiMAX reagent (Thermo Fischer, Waltham, MA, USA) with 

10 nM of a non-silencing small interfering RNA (siRNA) (ns; silencer select negative control 

siRNA #1,Thermo Fischer) or 2 different silencer select siRNAs (si1 or si2) to the FcγRI (s5069 

and s5070, Thermo Fischer), FcγRIIA (s194408 and s223525, Thermo Fischer), FcγRIIB (s5073 

and s5075, Thermo Fischer), or FcγRIIIA (s57398 and s223526, Thermo Fischer). Cells were 

harvested for western blot analyses or stimulated, and cell free supernatants were assayed for 

cytokines, as described above.  

 

Genotyping the FCGR2A inflammatory disease susceptibility SNP, rs1801274. Blood 

samples were frozen at -20°C, and DNA was extracted using a commercially available kit, 

according to manufacturer’s instructions (QIAGEN, Hilden, Germany). DNA was used to 

genotype the FCGR2A SNP, rs1801274, using a commercially available Taqman assay 

C_9077561_20; Thermo Fischer). SNPs were considered acceptable for analysis if they had call 

rates > 95% and frequencies did not deviate from Hardy-Weinberg equilibrium (p < 0.05). 

Analyses were performed on participants before stratification by genotype.  
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Statistical analyses. Parametric or non-parametric unpaired or paired two-tailed t-tests or 

repeated measures one-way ANOVAs with Dunn’s multiple comparisons correction were used, 

where indicated.  Graphpad prism software version 6.03 was used for analyses. Differences were 

considered significant at p < 0.05. 

 

Human ethics approval. All experimental procedures were performed in accordance with 

ethical guidelines and approved by the University of British Columbia research ethics board 

(H13-03524 and H14-00622). All participants provided informed, written consent for blood 

collection for immune cell isolation and functional assays, DNA isolation, and genotyping. 

 

4.3 Results 

4.3.1 IVIg increases IL-10 production and reduces pro-inflammatory cytokine 

production by human monocytes stimulated with LPS 

We have previously reported that IVIg-activated murine BMDMs produce high levels of 

the anti-inflammatory cytokine, IL-10, and low levels of pro-inflammatory cytokines in response 

to the inflammatory stimulus, LPS322. Herein, I asked whether IVIg-activated human monocytes 

also produce more IL-10 and less pro-inflammatory cytokines in response to LPS. Peripheral 

blood monocytes from healthy control participants were unstimulated (Control (C)) or stimulated 

with LPS, IVIg, or IVIg + LPS. Unstimulated or IVIg stimulated monocytes did not produce IL-

10 (Figure 3.1A). LPS treatment induced modest amounts of IL-10 production, whereas IVIg + 

LPS treatment caused a 69% increase in IL-10 production (Figure 4.1A). Unstimulated or IVIg 

stimulated monocytes did not produce IL-12/23p40, IL-6, or TNF (Figure 4.1B). LPS induced 

high levels of IL-12/23p40 production, which was reduced by 98% when monocytes were co-
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stimulated with IVIg (Figure 4.1B). Similarly, IL-6 and TNF were produced by LPS-treated 

monocytes and their production was significantly reduced, 52% and 62% respectively, by 

concomitant treatment with IVIg (Figure 4.1B). These results show that IVIg activates human 

monocytes to produce IL-10 and reduce pro-inflammatory cytokine production in response to 

LPS.  

 

Figure 4.1 IVIg increases IL-10 production and reduces pro-inflammatory cytokine 

production in LPS-stimulated human monocytes.  Monocytes from healthy control 

participants were unstimulated (Control (C)) or stimulated with LPS (100 ng/mL), IVIg (5 

mg/mL), or both, for 24 h. Clarified cell supernatants were assayed for (A) IL-10, (B) IL-

12/23p40, IL-6, or TNF by ELISA. Data are mean ± SEM from n = 16 participants performed as 

independent experiments, and assayed in duplicate. *p < 0.001 for cells treated with LPS 

compared to cells treated with IVIg + LPS. Statistical analyses were performed using a non-

parametric paired t-test.  

 

4.3.2 FcRI and FcRIIB are required for IVIg-induced IL-10 production in response to 

LPS 

I next wanted to determine which Fcγ receptor(s) are required for IL-10 production by 

(IVIg + LPS)-activated monocytes. Monocytes were left untreated or pre-treated with blocking 
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antibody to the FcγRI, FcγRIIB/C, or FcγRIII, or a common isotype control antibody (Figure 

4.2A). Monocytes were then stimulated with LPS or IVIg + LPS. LPS-induced IL-10 production 

was not affected when either the FcγRI, FcγRIIB/C, or FcγRIII were blocked (Figure 4.2A, white 

bars). However, when stimulated with IVIg + LPS, blocking the FcγRI or FcγRIIB/C 

significantly decreased IL-10 production relative to the IgG control (82% of IgG control for 

FcγRI, 73% of IgG control for the FcγRIIB/C; Figure 4.2A). There was no change in (IVIg + 

LPS)-induced IL-10 production when the FcγRIII was blocked (Figure 4.2A).  

To confirm these findings, I used siRNAs specific to the FcγRI, FcγRIIB, or FcγRIIIA, to 

determine the effect of receptor knockdown on (IVIg + LPS)-induced IL-10 production. 

Monocytes were untreated or pre-treated with a non-silencing siRNA control (ns) or two siRNAs 

(si1 and si2) to the FcγRI (Figure 4.2B), FcγRIIB (Figure 4.2C), or FcγRIIIA (Figure 4.2D). Cell 

lysates were prepared, separated by SDS-PAGE and analyzed by western blotting using 

antibodies for the FcγRI, FcγRIIB, or FcγRIIIA as well as β-actin, as a loading control. 

Monocytes were then left unstimulated or stimulated with LPS, IVIg, or IVIg + LPS, and IL-10 

production was measured by ELISA. For each FcR, the UnRx and ns siRNA-treated samples 

had similar levels of receptor expression. The siRNA 1 and 2 each knocked down the FcRI by 

40% compared to the ns siRNA control (Figure 4.2B, left). (IVIg + LPS)-induced IL-10 

production was reduced significantly by siRNA1 and by siRNA2, compared to the ns siRNA 

control (31% siRNA1, 34% siRNA2; Figure 4.2B, right). The siRNA 1 and 2 knocked down the 

FcRIIB receptor by 58% and 60%, respectively, compared to the ns siRNA control (Figure 

4.2C, left).  Compared to the ns siRNA control, (IVIg + LPS)-induced IL-10 production was 

reduced significantly by siRNA1 and by siRNA2 to the FcγRIIB (45% siRNA1 and siRNA2; 

Figure 4.2C, right). Compared to the ns siRNA control, the siRNA 1 and 2 reduced the FcRIIIA 
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receptor expression by 44% and 51%, respectively (Figure 4.2D, left). However, (IVIg + LPS)-

induced IL-10 production was not reduced significantly during FcRIIIA knockdown with either 

siRNA1 or siRNA2 (p = 0.96 and p = 0.07 Figure 4.2D, right). Taken together, these results 

suggest that the FcRI and FcRIIB are important for the induction of IL-10 in response to IVIg.   
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Figure 4.2 The FcγRI and FcγRIIB are required for IVIg-induced IL-10 production in 

response to LPS. (A) Monocytes were untreated or pre-treated for 1 h with an IgG isotype 

control (50 or 100 μg/mL) or a blocking antibody against the FcγRI (100 μg/mL), FcγRIIB/C 

(100 μg/mL), or FcγRIII (50 μg/mL). Cells were stimulated with LPS (100 ng/mL) or (IVIg (5 

mg/mL) + LPS (100 ng/mL)) for 24 h. Clarified cell supernatants were assayed for IL-10. Data 

are mean ± SEM from n = 8 participants performed as independent experiments, and assayed in 

duplicate. (B-D left) Cells were untreated (UnRx) for 48 h or pre-treated for 48 h with a non-

silencing siRNA (ns) or 2 different siRNAs (si1 or si2) to the FcγRI (B), FcγRIIB (C), or 

FcγRIIIA (D). Cell lysates were prepared, separated by SDS-PAGE and analyzed by western 

blotting. Densitometry for the FcγRI (B), FcγRIIB (C), or FcγRIIIA (D) are normalized to β-

actin and relative to untreated control (UnRx). Densitometry data are mean ± SEM, 

representative of n = 3 independent experiments. Cells pre-treated with the ns siRNA control 

were unstimulated (control (C)) or stimulated with LPS (100 ng/mL), IVIg (5 mg/mL), or both, 

for 24 h, whereas the cells pre-treated with si1 or si2 were stimulated with IVIg (5 mg/mL) + 

LPS (100 ng/mL). Clarified cell supernatants were assayed for IL-10 (B-D, right). Data are mean 

± SEM from n = 9 experiments. (A-D) Monocytes were isolated from 1 participant for each of 3, 

8, or 9 independent experiments. (A) Statistical comparisons are for the IgG control to specific 

FcR blocking antibody (raw data). *p < 0.05, **p < 0.01 and ns = not statistically different. 

Statistical analyses were performed using a repeated measures one-way ANOVA with Dunn’s 

multiple comparisons test. 
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4.3.3 MAPK signalling is required for IVIg-induced IL-10 production in response to LPS 

in human monocytes 

Since murine M(IVIg + LPS) and M(Ic + LPS) require MAPK signalling for IVIg- or Ic-

induced IL-10 production in response to LPS, I next asked whether human M(IVIg) required 

MAPKs for IL-10 production in response to LPS38, 322. Monocytes were unstimulated or 

stimulated with LPS (100 ng/mL), IVIg (5 mg/mL), or both for 0, 10, 40, or 120 min. Cell 

lysates were prepared at the indicated times, separated by SDS-PAGE, and analyzed by western 

blotting using phosphospecific antibodies for ERK1/2, p38, and GAPDH, as a loading control 

(Figure 4.3A). LPS stimulation increased ERK1/2 activation compared to unstimulated cells. 

pERK1/2 was increased modestly with IVIg alone compared to unstimulated cells. (IVIg + LPS)-

activated monocytes had significantly higher and prolonged ERK1/2 activation compared to 

LPS, with 1.7, 1.6, and 1.8-fold increases at 10, 40, and 120 min, respectively. LPS stimulation 

increased p38 activation compared to unstimulated cells. IVIg alone had little impact on pp38 

levels compared to 0 and 120 min unstimulated controls. (IVIg + LPS induced significantly 

higher and prolonged p38 activation compared to LPS. (IVIg + LPS)-induced pp38 was 

increased 1.5, 1.7, and 1.8-fold at 10, 40, and 120 min, respectively, compared to LPS-induced 

pp38 at each time point.  

To investigate the requirement for MAPK signalling on (IVIg + LPS)-induced IL-10 

production, I used inhibitors to the MAPKs ERK1/2 and p38. PD inhibits the activation of 

MEK1, the ERK1/2 kinase and SCH is a novel ERK1/2 inhibitor. PD significantly reduced IL-10 

production in response to IVIg + LPS compared to the DMSO (vehicle) control (51%; Figure 

4.3B). SCH, which is a more specific ERK1/2 inhibitor, also reduced IL-10 significantly, 

although to a lesser extent (30%; Figure 4.3B). SB and BIR are potent and selective p38 
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inhibitors, SB inhibits p38 and p38β, whereas BIR inhibits p38. Compared to the solvent 

control (DMSO), both SB and BIR significantly reduced (IVIg + LPS)-induced IL-10 production 

(38% SB, 35% BIR; Figure 4.3C). These results demonstrate that the MAPKs, p38 and ERK1/2, 

are required for (IVIg + LPS)-induced IL-10 production.   
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Figure 4.3 MAPKs are required for IVIg-induced IL-10 production in response to LPS. (A) 

Monocytes from healthy control participants were unstimulated or stimulated with LPS (100 

ng/mL), IVIg (5 mg/mL), or both, for 0, 10, 40, or 120 min. Cell lysates (2.5 × 105 cells / time 

point) were prepared at the indicated times. Lysates were separated by SDS-PAGE and analyzed 

by western blotting using phosphospecific antibodies for ERK1/2, p38, and GAPDH, as a 

loading control. Results are representative of n = 5 experiments; Cells were isolated from 1 

participant for each of 5 independent experiments. Densitometry for pERK1/2 and pp38; 

normalized to GAPDH and relative to LPS at 10 min; are averaged and shown below each band 

and values are graphed and reported as mean ± SEM. In (B) and (C), Cells were pre-treated for 1 

h with an appropriate volume of DMSO, as a vehicle control, or (B) the ERK1/2 inhibitors, PD 

and SCH, or (C) the p38 inhibitors, SB and BIR, and then left unstimulated (C) or stimulated 

with LPS (100 ng/mL), IVIg (5 mg/mL), or IVIg + LPS for 24 h. Clarified cell supernatants were 

assayed for IL-10 by ELISA. (B and C) Values are reported as mean ± SEM for n = 7 

participants performed as independent experiments, assayed in duplicate. *p < 0.05, **p < 0.01, 

and ns = not statistically different for the comparisons indicated. Statistical analyses were 

performed using a two-way ANOVA in (A) and repeated measures one-way ANOVA in (B) and 

(C) with Dunn’s multiple comparisons correction.   
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4.3.4 IL-10 signalling reduces pro-inflammatory cytokine production by (IVIg + LPS)-

activated monocytes 

To determine whether IL-10 signalling contributes to lower pro-inflammatory cytokine 

production by (IVIg + LPS)-activated monocytes, I blocked IL-10 signalling with a blocking 

antibody against the IL-10 receptor during stimulation. Cells were either left untreated or pre-

treated with an IgG isotype control antibody (IgG) or an anti-IL-10 receptor blocking antibody 

(IL-10R antibody), and stimulated with LPS or IVIg + LPS. IL-10 and pro-inflammatory 

cytokines produced were measured in cell supernatants by ELISA. For all treatments, the 

unstimulated control or IVIg alone did not cause cytokine production (data not shown). 

Monocytes pre-treated with the IL-10 receptor blocking antibody produced significantly more 

IL-10 when stimulated with LPS or IVIg + LPS compared to antibody control-treated monocytes 

(94% and 81%, respectively; Figure 4.4A). IL-10 receptor blockade increased pro-inflammatory 

cytokine production in LPS and (IVIg + LPS)-stimulated monocytes compared to the IgG 

control. In response to LPS or IVIg +LPS stimulation, respectively, IL-12/23p40 production 

increased 165% and 278% (Figure 4.4B), IL-6 production increased 62% and 123% (Figure 

4.4C), and TNF production increased 80% and 144% (Figure 4.4D). These results suggest that 

IL-10 production contributes to the reduction of pro-inflammatory cytokines produced in 

response to IVIg + LPS. 
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Figure 4.4 IL-10 signalling contributes to reduced LPS-induced pro-inflammatory cytokine 

production by IVIg-activated monocytes. Monocytes from healthy control participants were 

left untreated (-) or pre-treated for 1 h with an IgG isotype control (IgG) (5 μg/mL) or an IL-10 

receptor (IL-10R) blocking antibody (5 μg/mL). Cells were then stimulated with LPS (100 

ng/mL) or (IVIg (5 mg/mL) + LPS (100 ng/mL)) for 24 h. Clarified cell supernatants were 

assayed for (A) IL-10, (B) IL-12/23p40, (C) IL-6, and (D) TNF. Data are mean ± SEM from n = 

8 participants performed as independent experiments, assayed in duplicate. *p < 0.05 and **p < 

0.01 for the comparisons indicated. Statistical analyses were performed using a repeated 

measures one-way ANOVA with Dunn’s multiple comparisons correction. 

 

4.3.5 IVIg-induced anti-inflammatory macrophage activation is lower in monocytes from 

people with the high affinity FcγRIIA risk variant 

People with the FcγRIIA high affinity gene variant have higher susceptibility to 

inflammatory diseases, such as ulcerative colitis149, 150. People with the risk variant have also 

been found to perform poorly on the antibody-based drug infliximab, which may work, in part, 

by activating macrophages to produce IL-1035, 341. Based on this, I wanted to investigate whether 

the FcγRIIA risk variant impacts monocytes anti-inflammatory responses to IVIg + LPS. 
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Monocytes from healthy control participants were unstimulated or stimulated with LPS, IVIg, or 

IVIg + LPS. Participants were genotyped for the FcγRIIA H131R polymorphism (rs1801274) 

and cytokine production was stratified to genotype. People with the CC genotype do not have the 

disease-associated gene variant, CT genotype are heterozygous for the risk variant, and the TT 

genotype are homozygous for the high affinity, disease-associated gene variant. Unstimulated 

monocytes or monocytes stimulated with IVIg alone did not produce IL-10, IL-12/23p40, IL-6, 

or TNF (data not shown). IVIg co-treatment significantly increased LPS-induced IL-10 

production by 46% in monocytes from people with the non-risk variant (CC), but did not 

significantly increase IL-10 production from people with the risk variant genotype (TT) (Figure 

4.5A). This suggests that the risk variant compromises (IVIg + LPS)-induced IL-10 production. 

When stimulated with LPS, monocytes from people with the risk variant genotype (TT) had 

modestly, but not significantly, lower IL-10 production compared to people with the non-risk 

variant genotype (CC) (30% less; p = 0.13; Figure 4.5A). Moreover, monocytes from people 

with the risk variant genotype (TT) produced significantly lower IL-10 in response to IVIg + 

LPS compared to those, who did not harbor the risk variant (42% less; Figure 4.5A). Monocytes 

heterozygous for the risk gene variant had a significantly higher IVIg-induced IL-10 in response 

to LPS, produced an intermediate amount of IL-10 when stimulated with LPS, and produced a 

similar amount of IL-10 as monocytes with the non-risk variant when stimulated with IVIg + 

LPS. These results suggest that monocytes from people with the TT risk variant genotype are 

less able to induce IL-10 production in response to IVIg. 
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Figure 4.5 Monocytes from people with the FcγRIIA disease-associated gene variant have 

lower IVIg-mediated anti-inflammatory responses to LPS.  Monocytes from healthy control 

participants were stimulated with LPS (100 ng/mL) or (IVIg (5 mg/mL) + LPS (100ng/mL)) for 

24 h. Participants were genotyped for the FcγRIIA H131R polymorphism (rs1801274); CC = 

does not have the disease-associated gene variant (low affinity), CT = heterozygous for the 

disease- associated gene variant, and TT = homozygous for the disease-associated gene variant 

(high affinity), and responses were stratified based on genotype. Clarified cell supernatants were 

assayed for (A) IL-10, (B) IL-12/23p40, (C) IL-6, and (D) TNF. Data are mean ± SEM from n = 

11 CC participants, n = 13 CT participants, and n = 20 TT participants performed as independent 

experiments, assayed in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, and ns = not statistically 

significant. Statistical analyses were performed using a repeated measures one-way ANOVA with 

Dunn’s multiple comparisons correction. 

 

Monocytes from people with the risk variant genotype (TT) had a reduced ability to limit 

pro-inflammatory cytokine production with IVIg and produced higher amounts of pro-

inflammatory cytokines in response to LPS or IVIg + LPS, compared to monocytes with the non-

risk variant (Figure 4.5B-D). Monocytes from people with the risk variant genotype (TT) 

produced significantly higher amounts of IL-12/23p40 when stimulated with LPS and monocytes 

from some individuals with the risk variant maintained the ability to produce IL-12/23p40 when 
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stimulated with IVIg + LPS, which was ablated in monocytes from people with the non-risk 

variant (Figure 4.5B). Monocytes from participants with each of the gene variants were able to 

significantly reduce LPS-induced IL-6 production with IVIg co-treatment (Figure 4.5C). 

However, IL-6 production was significantly higher in both LPS and (IVIg + LPS)-stimulated 

monocytes from participants with the risk variant genotype (TT) compared to monocytes from 

people with the non-risk variant (Figure 4.5C). Monocytes heterozygous for the risk variant 

produced an intermediate amount of IL-6 when stimulated with LPS or IVIg + LPS. Monocytes 

from people with the non-risk variant significantly decreased LPS-induced TNF production with 

IVIg co-treatment (53%), whereas monocytes from people with the risk variant did not (Figure 

4.5D). Monocytes from participants with the risk variant genotype (TT) did not have 

significantly higher TNF production in response to LPS (p = 0.27), but produced significantly 

more TNF in response to IVIg + LPS (Figure 4.5D). Monocytes heterozygous for the risk variant 

produced an intermediate amount of TNF when stimulated with LPS, had lower TNF production 

when stimulated with IVIg + LPS, and had significantly lower LPS-induced TNF production 

when co-treated with IVIg. These results suggest that monocytes from people with the TT risk 

variant genotype are less able to limit pro-inflammatory cytokine production in response to IVIg.  

 

4.3.6 The high affinity FcγRIIA (TT) prevents (IVIg + LPS)-induced IL-10 production 

Since I observed that monocytes from people with the disease-associated gene variant 

have reduced anti-inflammatory responses to IVIg, I wanted to determine whether the FcRIIA 

plays a direct role in reducing IL-10 production. Monocytes were genotyped and UnRx or pre-

treated with a ns siRNA control or two siRNAs to the FcRIIA (si1 and si2). Cell lysates were 

prepared, separated by SDS-PAGE, and analyzed by western blotting by probing with antibodies 
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for the FcγRIIA and β-actin, as a loading control. The untreated and ns siRNA treated cells had 

similar levels of FcRIIA in both genotypes (Figure 4.6A). The siRNA1 and 2 knocked down the 

FcRIIA protein to a similar extent in monocytes harboring the non-risk and risk variants, 56% 

and 59% for siRNA1 and 46% and 56% for siRNA2 (Figure 4.6A). To determine the effect of 

reduced FcRIIA expression on anti-inflammatory responses, siRNA pre-treated monocytes were 

then unstimulated or stimulated with LPS, IVIg, or both. (IVIg + LPS)-stimulated monocytes 

from people with the non-risk variant genotype (CC) did not have increased IL-10 production 

when FcRIIA was knocked down (Figure 4.6B, left). In contrast, (IVIg + LPS)-stimulated 

monocytes from people with the risk variant genotype (TT) had significantly increased IL-10 

production with siRNA1 or with siRNA2 knockdown, compared to the ns siRNA control (39% 

increase si1, 68% increase si2; Figure 4.6B, right). This suggests that the high affinity FcRIIA 

risk variant (TT) blocks IVIg-induced IL-10 production in monocytes.  
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Figure 4.6 The FcγRIIA prevents IVIg-induced IL-10 production in monocytes from people 

with the disease-associated gene variant. Monocytes from healthy control participants with the 

non-risk genotype (CC) and risk genotype (TT) were untreated (UnRx) or pre-treated for 48 h 

with a non-silencing siRNA (ns) or 2 different siRNAs to the FcγRIIA (si1 or si2). (A) Cell 

lysates (2.5 × 105 cells/treatment) were prepared, separated by SDS-PAGE, and analyzed by 

western blotting with antibodies for the FcγRIIA and β-actin, as a loading control. Results are 

representative of n = 6 experiments for the non-risk genotype (CC) and n = 10 experiments for 

the risk genotype (TT); monocytes were derived from 1 participant for each independent 

experiment. Densitometry for the FcγRIIA; normalized to β-actin and relative to the control 

(UnRx); are averaged and shown below each band. (B-E) Monocytes pre-treated with the ns 

siRNA control were unstimulated (control (C)) or stimulated with LPS (100 ng/mL), IVIg (5 

mg/mL), or both, for 24 h, and monocytes pre-treated with FcγRIIA si1 and si2 were stimulated 

with IVIg (5 mg/mL) + LPS (100 ng/mL).  Clarified cell supernatants were assayed for (B) IL-

10, (C) IL-12/23p40, (D) IL-6, and (E) TNF.  Data are mean ± SEM and are representative of n = 

6 experiments for the non-risk genotype (CC) and n = 10 experiments for the risk genotype (TT); 

monocytes were derived from 1 participant for each independent experiment, and assayed in 

duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, and ns = not statistically different for the 

comparisons indicated. Statistical analyses were performed using a repeated measures one-way 

ANOVA with Dunn’s multiple comparisons correction.    
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FcRIIA siRNAs increased production of pro-inflammatory cytokines by (IVIg + LPS)-

stimulated monocytes from people with the non-risk variant but not by monocytes from people 

with the risk variant (Figure 4.6C-E). Specifically, IL-12/23p40 was increased significantly with 

siRNA1 and 2 in the non-risk variant monocytes (1.8-fold for siRNA1, 3.1-fold for siRNA2; 

Figure 4.6C, left). However, IL-12/23p40 production was not significantly increased by FcRIIA 

knockdown in monocytes from people with the risk variant (Figure 4.6D, right). IL-6 production 

was not increased by FcRIIA knockdown in either genotype (Figure 4.6D). In monocytes from 

people with the non-risk variant, (IVIg + LPS)-stimulated TNF production increased 

significantly with siRNA1 and with siRNA2, compared to the ns siRNA (1.5-fold for si1 and si2; 

Figure 4.6E, left). In contrast, there was no increase in (IVIg + LPS)-induced TNF production in 

monocytes from people with the risk variant when FcRIIA was knocked down (Figure 4.6E, 

bottom right).  Taken together, these results suggest that the high affinity FcRIIA risk variant 

(TT) blocks IVIg-induced IL-10 production, but it does not impact pro-inflammatory cytokine 

production directly. In contrast, the low affinity non-risk variant genotype (CC) limits (IVIg + 

LPS)-induced pro-inflammatory cytokine production.  

 

4.3.7 Monocytes from people with the FcRIIA risk variant have dysregulated IVIg-

induced MAPK phosphorylation 

I have shown that MAPK activation is required for (IVIg + LPS)-induced IL-10 

production. Since IL-10 production is compromised in people with the high affinity disease- 

associated FcRIIA gene variant, I next asked whether this was due to a failure to activate 

MAPKs. Monocytes with either the non-risk or risk variant were unstimulated (0 and 120 min) 



123 

 

or stimulated with LPS (100 ng/mL), IVIg (5 mg/mL), or both for 10, 40, or 120 min. Cell 

lysates from either genotype were analyzed by western blot for pERK1/2, pp38, and GAPDH, as 

a loading control. A representative western blot for the non-risk variant is shown and described 

in Figure 4.3A, and for the risk variant is shown and described in Figure 4.7A. Non-risk and risk 

variant western blot quantifications for n = 3 participants per variant are graphed in Figure 4.7A.  

ERK1/2 and p38 phosphorylation were induced in response to stimulation with LPS in 

monocytes from people with the risk variant, but were not significantly increased by concomitant 

treatment with IVIg, as for people with the non-risk variant (Figure 4.7A). I found in Figure 3 

that monocytes from people with the non-risk variant had increased (IVIg + LPS)-induced 

ERK1/2 and p38 activation. In monocytes from people with the risk variant, ERK1/2 activation 

did not significantly increase upon stimulation with (IVIg +LPS) compared to LPS at 10 or 40 

min and was only modestly higher at 120 min (Figure 4.7A).  Similarly, monocytes from people 

with the risk variant did not have increased and prolonged p38 activation upon stimulation with 

IVIg + LPS compared to stimulation with LPS alone (Figure 4.7A).   

Because MAPK activation was not induced by IVIg + LPS relative to either IVIg or LPS 

alone in monocytes from people with the FcRIIA risk variant, I asked whether IL-10 production 

was MAPK-dependent. Monocytes were genotyped and unstimulated or stimulated with LPS, 

IVIg, or IVIg + LPS in the absence or presence of inhibitors for the MAPKs, ERK1/2 or p38.  

For ERK1/2 inhibition; in monocytes from people with the non-risk variant, PD and SCH 

significantly reduced IL-10 production in response to IVIg + LPS compared to the DMSO 

control (48% and 31%, respectively; Figure 4.7B, left). In contrast, monocytes from people with 

the risk variant did not have a statistically significant decrease in IL-10 when ERK1/2 was 

inhibited.  Compared to the solvent control (DMSO), both p38 inhibitors SB and BIR 
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significantly reduced (IVIg + LPS)-induced IL-10 production in monocytes from people with the 

non-risk variant (37% SB, 41% BIR; Figure 4.7C, left), whereas modest reductions in monocytes 

from people with the risk variant did not reach significance (23% SB, p = 0.07; 55% BIR, p = 

0.07; Figure 4.7C, right).  These results suggest that monocytes from people with the high 

affinity FcRIIA risk variant fail to induce robust MAPK activation upon stimulation with IVIg 

+ LPS, which may underlie their defect in (IVIg + LPS)-induced IL-10 production. 
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Figure 4.7 (IVIg + LPS)-induced MAPK phosphorylation is lower in monocytes from 

people with the FcRIIA risk variant.  (A) Monocytes from healthy participants with the risk 

genotype (TT) were unstimulated or stimulated with LPS (100 ng/mL), IVIg (5 mg/mL), or both, 

for 0, 10, 40, or 120 min. Cell lysates (2.5 × 105 cells / time point) were prepared at the indicated 

times. Lysates were separated by SDS-PAGE and analyzed by western blotting using 

phosphospecific antibodies for ERK1/2, p38, and using GAPDH, as a loading control. 

Representative western blot from participants with the TT genotype are shown in (A).  Results 

are representative of n = 3 experiments per genotype; monocytes were derived from 1 participant 

for each of 3 independent experiments. Densitometry for pERK1/2 and pp38; normalized to 

GAPDH and relative to LPS 10 min; are averaged from n = 3 independent experiments and 

shown below each band and values are graphed as mean ± SEM for each genotype. Monocytes 

were pre-treated for 1 h with an appropriate volume of DMSO, as a vehicle control, or (B) the 

ERK1/2 inhibitors, PD and SCH; or (C) the p38 inhibitors, SB and BIR and then left 

unstimulated (C) or stimulated with LPS (100 ng/mL), IVIg (5 mg/mL), or both for 24 h. 

Clarified cell supernatants were analyzed for IL-10 by ELISA. (B and C) Values are reported as 

mean ± SEM for n = 7 participants for the CC genotype and n = 4 participants for the TT 

genotype performed as independent experiments, and assayed in duplicate.  *p < 0.05, **p < 

0.01, and ns = not statistically different for the comparisons indicated. Statistical analyses were 

performed using a two-way ANOVA in (A) and repeated measures one-way ANOVA in (B) and 

(C) with Dunn’s multiple comparisons correction for (B-C).  
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4.4 Discussion 

My data demonstrate that IVIg reduces monocyte-mediated inflammation by increasing 

production of anti-inflammatory IL-10 in response to LPS and reducing production of pro-

inflammatory cytokines. Anti-inflammatory monocyte activation is mediated by the FcRI and 

FcRIIB and requires activation of the MAPKs, ERK1/2 and p38. I also report that monocytes 

with the high affinity, disease-associated FcγRIIA gene variant have lower IL-10 production and 

higher pro-inflammatory cytokine production than monocytes from people, who do not have the 

risk variant, and respond poorly to IVIg-mediated anti-inflammatory monocyte activation. My 

data is consistent with a model in which the high affinity FcRIIA risk variant prevents anti-

inflammatory monocyte activation by IVIg, by sequestering antibodies from the FcRI and 

FcRIIB, and thus failing to induce MAPK activation required for anti-inflammatory IL-10 

production (Figure 4.8).  
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Figure 4.8 Proposed model for IVIg-induced IL-10 production in monocytes from people 

with the non-risk, low affinity FcRIIA gene variant. (A) In monocytes from people with the 

low affinity, non-risk gene variant, the FcRI induces increased IL-10 production in response to 

IVIg. ERK1/2 activation is increased, which primes cells for IL-10 production by 

phosphorylating ser10 on histone 3 opening up the IL10 promoter and phosphorylating p38, 

which drives Sp1- and STAT3-mediated transcription of IL10. (B) The high affinity, risk variant 

FcγRIIA sequesters IVIg antibodies from the FcγRI in monocytes, which prevents activation of 

ERK1/2 and p38, and limits IL-10 production. 

 

IVIg exerts its anti-inflammatory activity, at least in part, by production of IL-10, which 

is compromised in monocytes from people with the FcRIIA risk variant. My study is the first to 

report that IVIg increases IL-10 production by human monocytes. In vitro, IVIg treatment has 

similarly been reported to increase IL-10 production by human dendritic cells in response to 

LPS, compared to LPS stimulation337. IVIg decreases IL-10 production by human MCSF- 

derived macrophages in vitro, although there are key differences in this study, including the type 

of serum used to culture cells and amount of IVIg used342. In vivo, IL-10 levels are higher in the 
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serum and IL-10 production is higher by PBMCs from people with ITP post IVIg treatment338, 

339. Other antibodies can also induce IL-10 production in human monocytes. Human M(Ic) and 

M(infliximab) increase IL-10 production in response to LPS in vitro29, 30, 35. Moreover, it has 

been suggested that infliximab activates intestinal macrophages to an anti-inflammatory or 

‘regulatory’ phenotype in vivo specifically in treatment-responsive people with IBD, but not in 

non-responders332. In RA, people with the FcRIIA risk variant are less responsive to the anti-

TNFα drugs, infliximab and adalimumab, compared to people with the non-risk variant292, 341.9-

23% of people with KD are not responsive to IVIg therapy and up to 40% of people with IBD 

are, or will become, refractory to anti-TNFα therapy, approximately half of whom have not 

developed anti-drug antibodies288, 343. IVIg and anti-TNFα therapy non-responders may have the 

FcRIIA risk variant, which suggests that FcRIIA genotype may be useful in predicting 

responses to therapy.  

I have found that IVIg reduces human monocyte production of LPS-induced pro-

inflammatory cytokines IL-12/23p40, IL-6, and TNF, and reduction of these cytokines is 

impaired in monocytes from people with the FcRIIA risk variant. LPS-induced IL-12 

production is similarly decreased in human dendritic cells and macrophages treated with IVIg337, 

342. Reduced IL-6 production by human M(IVIg + LPS) is similar to that reported for human 

M(Ic + LPS), however, human M(Ic + LPS) do not reduce IL-12/23p40 and TNF production29. 

My data is also consistent with in vivo observations wherein IVIg treatment reduces serum IL-6 

levels and IL-6 production by LPS-stimulated whole blood in children with KD, and reduces 

serum TNF and IL-1β levels in people with GBS344, 345. Few studies exist linking the FcγRIIA 

gene variant to antibody-mediated immune responses, but previous findings are consistent with 

my data. Mononuclear cells with the risk variant have higher production of IL-1β when activated 
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with IgG2
112. People with the risk variant receiving anti-D intravenous antibodies, which are 

antibodies to Rho(D) present on some RBCs, for ITP, have higher plasma levels of IL-6, TNFα, 

and monocyte chemoattractant protein-1 (MCP-1) post-infusion compared to people with the 

non-risk variant339. The reduction of potentially pathogenic pro-inflammatory cytokines, IL-12, 

IL-23, IL-6, and TNF, may be a unique characteristic of IVIg-induced immunosuppression, 

which is impaired in monocytes from people with the risk variant.  

I have used two independent approaches, blocking antibodies and siRNA knockdown, to 

demonstrate that the FcγRI and FcγRIIB, but not FcγRIII, are involved in (IVIg + LPS)-induced 

IL-10 production. The FcRI may activate MAPKs directly leading to IL-10 production, as 

described for murine M(Ic + LPS) and M(IVIg + LPS)27, 322. The FcRIIB may contribute to this 

pathway and/or may act indirectly by inhibiting pro-inflammatory cytokine production thereby 

eliminating compensatory induction of IL-10 and/or pro-inflammatory cytokine-mediated 

negative regulation of IL-10 production90, 134, 346. In murine bone marrow-derived M(Ic + LPS), 

IL-10 production has been attributed to the FcγRI indirectly because IL-10 production is lost in 

macrophages deficient in the Fc receptor  chain (required for signalling through the FcRI, 

FcRIII, and FcRIV), but not in FcRII or FcRIII deficient macrophages27. In vivo, inhibitory 

signalling downstream of the FcγRIII (ITAMi signalling) has been implicated in the IVIg-

dependent reduction of TNFα and MCP-1 in a murine unilateral uretral obstruction nephritis 

model; and the FcγRIIB has been implicated in IVIg’s anti-inflammatory activity in a murine 

model of intracerebral hemorrhage, although IL-10 levels were not measured130, 335. Fc 

receptors, their binding affinities, and gene polymorphisms are different in mice and humans, so 

the involvement of specific Fc receptors in disease or treatment must be assessed in human 
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cells. In whole blood from healthy humans, the FcγRI and FcγRIII are responsible for IVIg-

induced IL-10 production in response to LPS, with larger reductions in IL-10 when both 

receptors are blocked338. The differences between this study and mine could be due to 

contributions or cross-talk from other cell populations present in whole blood. In human 

macrophages in vitro, infliximab can bind and act through the FcγRI, and can promote IL-10 

production in response to LPS; and the FcγRI, FcγRIIA, FcγRIII, and FcγRIIB, are all reported 

to contribute to IL-10 production by human macrophages activated with Ic and Pam3CSK4, a 

bacterial lipoprotein35, 347, 348. Differences in FcR requirement(s) reported may reflect 

differences in monocytes and macrophages, cell surface expression of FcRs, as well as 

antibodies (isotypes or post-translational modifications).  

I have shown that the FcRIIA disease-associated gene variant limits both IL-10 

production and reduction of pro-inflammatory cytokines by M(IVIg + LPS). This is the first 

study, to my knowledge, that directly shows the differential effects that this FcRIIA genetic 

polymorphism has on macrophage IL-10 and pro-inflammatory cytokine production. The high 

affinity FcRIIA risk variant could directly limit IVIg-induced IL-10 by sequestering IgG 

antibodies from FcRI and FcRIIB, which I have shown promote IVIg-induced IL-10 

production. In addition, low level engagement of the non-risk FcRIIA gene variant (low 

affinity) may drive ITAMi-mediated reduction of pro-inflammatory cytokine production, as is 

the case for the FcαRI and FcγRIII; whereas saturation of the high affinity FcRIIA risk variant 

may promote ITAM activating signalling contributing to higher pro-inflammatory cytokine 

production129, 349.  

The activation of the MAPKs, ERK1/2 and p38, were required for (IVIg + LPS)-induced 
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IL-10 production in monocytes from people with the non-risk variant, as two distinct 

pharmacological inhibitors for each of ERK1/2 and p38, reduced IL-10 production. Murine M(Ic 

+ LPS) require the FcγRI, which actives Erk1/2 and leads to phosphorylation of serine 10 on 

histone 3 opening up the Il10 promoter, whereas p38 activation drives Sp1- and STAT3-

mediated transcription of IL-1038, 39. My data supports a similar model for human M(IVIg + 

LPS), in which ERK1/2 is activated modestly in response to IVIg alone and robustly in response 

to IVIg + LPS, priming monocytes/macrophages for IL-10 production; whereas p38 is not 

activated by IVIg and robustly activated by co-stimulation with (IVIg  + LPS) driving IL10 

transcription38, 39. Murine macrophages’ ability to elicit stronger Erk1/2 activation than seen in 

dendritic cells, leads to their ability to produce higher amounts of IL-1080. Indeed, in murine 

M(Ic + LPS), the stronger the FcγRI signalling and Erk1/2 activation, the higher the IL-10 

production39, 80. Human monocytes treated with LPS and ethanol have increased IL-10 

production, which has been shown to be driven by increased activation of p38350. Interestingly, 

pharmacological inhibition of MAPKs did not block IL-10 production by monocytes from people 

with the risk variant and MAPK activation was not enhanced by IVIg + LPS compared to LPS 

alone in monocytes from people with the FcγRIIA risk variant. This data is consistent with my 

model in which the FcRIIA risk variant sequesters antibodies from the FcRI and perhaps 

FcRIIB, preventing downstream activation of MAPKs required for IL-10 production (Figure 

4.8). 
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Chapter 5: Conclusion and future directions 

 

5.1 Conclusion 

Macrophages can have potent anti-inflammatory activity, which limits inflammation and 

tissue damage. Despite being used to treat a variety of autoimmune and inflammatory diseases, 

the mechanism(s) of action of IVIg are not well understood. The induction of IL-10 producing, 

anti-inflammatory macrophages may be a valuable therapeutic strategy to treat inflammatory 

diseases, such as IBD.  

In my thesis I addressed three questions: 1. Does IVIg induce IL-10 producing, anti-

inflammatory murine macrophages in vitro and in vivo? 2. Can IVIg or IVIg-treated 

macrophages be used to treat intestinal inflammation in mice by inducing macrophage IL-10 

production in vivo? 3. Does IVIg induce an anti-inflammatory activation state in human 

monocytes and is anti-inflammatory monocyte activation affected by an FcRIIA gene variant? 

Together, this thesis shows that IVIg activates IL-10 producing, anti-inflammatory 

murine macrophages and human monocytes, from people, who do not have the disease-

associated FcRIIA risk variant. It also shows that IVIg or IVIg-treated macrophages could be an 

effective therapy to treat IBD.  

In Chapter 2, I showed that IVIg induces high IL-10 production and low pro-

inflammatory cytokine production by murine macrophages, in response to LPS, and that IL-10 

signalling limits the production of pro-inflammatory cytokines. Activation of Erk1/2 and p38 are 

required for murine IL-10 production, similar to M(Ic + LPS). Murine peritoneal macrophages 

are activated to a high IL-10 producing activation state in vivo, when mice are given IVIg + LPS 

by intraperitoneal injection. In Chapter 3, I demonstrated that IVIg treatment or adoptive transfer 
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of M(IVIg + LPS) ameliorates symptoms of DSS-induced colitis in mice, which is dependent on 

macrophage-derived IL-10. Finally, in Chapter 4 I showed that IVIg-activated human 

monocytes, similar to murine BMDMs, produce higher levels of IL-10 and low levels of IL-

12/23p40, IL-6, and TNF, in response to LPS. IVIg-induced IL-10 production in human 

monocytes requires FcRI and FcRIIB. IL-10 production in human monocytes requires the 

activation of MAPKs, ERK1/2 and p38, similar to in murine BMDMs. I found that IVIg-induced 

anti-inflammatory macrophage activation is impaired in monocytes from people with the 

FcRIIA disease risk variant. Interestingly, the risk variant FcRIIA prevents (IVIg + LPS)-

induced IL-10 production and dysregulates MAPK activation. 

This thesis shows that IVIg infusion may be an effective therapy for IBD. IVIg is already 

a safe, approved therapy for autoimmune and inflammatory diseases, and is used off-label for an 

even larger number of diseases161. Importantly, IVIg has been used safely for over 20 years to 

treat people with IBD, who were treatment refractory, had contraindication, such as respiratory 

fungal infections, or were receiving IVIg for other reasons351, 352. In a retrospective chart review 

of 24 people, who were difficult to treat, IVIg induced remission or clinical improvement in 79% 

of people with IBD and 62.5% had endoscopic improvement351. IVIg induces a very rapid and 

clinically significant remission in aminosalicylate and steroid resistant CD with maintenance of 

remission353. Unlike anti-TNFα therapies, IVIg is not associated with a higher risk of 

malignancies or infectious diseases164, 287. These studies suggest that large scale controlled 

clinical trials should be performed to determine whether IVIg can be used to treat IBD.  

IVIg could provide an improved IL-10-based therapeutic for IBD. I have shown that IVIg 

treatment activates IL-10 producing, anti-inflammatory macrophages, which limit symptoms of 

DSS-induced colitis. This could occur by re-programming intestinal macrophages or infiltrating 
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monocytes that are exposed to LPS in the permeable, inflamed intestine. This strategy could be 

more effective than systemic rhIL-10 administration, as IL-10 production would occur at the site 

of inflammation, where LPS is present354. IVIg treatment could be very effective for people with 

IBD, who have low IL-10 levels. In CD, a lower serum IL-10 level is associated with more 

severe disease, and in a trial of rhIL-10 for CD, people who had the highest disease severity 

responded best to the therapy273, 274, 355. IVIg therapy may not be beneficial to people with high 

serum IL-10, since high amounts of IL-10 can induce IFN11, 59, 277.  

IVIg could also be used in combination with anti-TNFα therapy. Infliximab binds to 

TNFα through its Fab regions, but also binds to Fcγ receptors, through its Fc region, which is 

one of its proposed mechanisms of action347. IVIg could be used to ‘top up’ antibody levels in 

people with IBD, who are non-responsive to therapy, and would be less expensive than using 

biologics353. In addition, people with the high affinity FcRIIA gene variant (rs1801274) have a 

higher risk of failure to respond to therapy with the anti-TNFα antibody drugs, infliximab or 

adalimumab144, 158. IVIg could be used to block Fcγ receptors in people with the high affinity 

FcRIIA gene variant before anti-TNFα antibody treatment, to make it more efficacious at 

blocking TNFα in these individuals347.  

Since IVIg is a limited resource, adoptive transfer of IVIg-treated, IL-10 producing 

macrophages could be used as a cellular therapy for IBD, reducing the amount of IVIg required 

for treatment. The use of autologous cell therapies in humans is increasing356, 357. Antigen 

specific Tregs, which produce IL-10, have been tested as a therapy for people with refractory CD 

with promising results358. Encouragingly, macrophage cell therapy has also been tested in human 

renal transplant recipients297. Immunosuppressive macrophages activated with serum, MCSF, 

and IFN (M(MCSF + IFN)) “regulatory macrophages” were found to be safe and well 
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tolerated, with beneficial outcomes for people, though IL-10 production was not measured297. 

M(MCSF + IFN) are currently being tested in the ONE study, which is a multinational 

controlled clinical trial of cellular therapy for rental transplant359.  

A caveat for using ex vivo-activated macrophages as a therapy in humans is that 

macrophages are plastic cells360. Macrophages with anti-inflammatory properties could acquire 

signals in the inflamed intestine of people with IBD and convert to inflammatory 

macrophages360. However, epigenetic modifications to the IL10 promoter could make IVIg-

activated macrophages stable when used as a cell therapy in humans. Activation of Erk1/2 leads 

to transient epigenetic modifications to the Il10 promoter in murine M(Ic + LPS), which makes 

the promoter more accessible to transcription factors and allows for high production of IL-1027. I 

have found that Erk1/2 is also activated by IVIg, in murine BMDMs and human monocytes 

(ERK1/2), which could cause the same epigenetic changes as in M(Ic + LPS), leading to a high 

IL-10 producing activation state. Alternatively, strategies using enzymes that epigenetically “fix” 

macrophages into a permanent high IL-10 producing activation state by promoting prolonged 

histone phosphorylation of the IL10 promoter, could be developed for macrophage cell therapies 

in humans360.  

The activation of high IL-10 producing macrophages in the intestine could provide a 

more beneficial strategy than promoting wound healing macrophages361. Fibrosis is a common 

complication of CD that occurs due to excessive wound healing245, 246, 314, 362. Wound healing 

macrophages, although beneficial in models of intestinal inflammation, can promote fibrosis in 

some models of inflammation in mice53, 54, 317. There are high numbers of macrophages present in 

fibrotic lesions and high expression of MMP2, which breaks down extracellular matrix, in the 

mucosa of people with CD245, 246. I did not test directly whether M(IVIg + LPS) promote fibrosis 
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in vivo. However, high IL-10 producing, anti-inflammatory macrophages do not promote wound 

healing directly, so are not predicted to promote excessive wound healing and fibrotic 

complications49. Also in support, IVIg treatment is not associated with the promotion of fibrosis 

in humans, and reduces gastrointestinal fibrosis in people with systemic sclerosis 164, 287, 363, 364. 

IVIg infusion or IVI-treated macrophage cell therapy could provide an IBD therapy without the 

risk of fibrotic side effects. 

IL-10 producing, anti-inflammatory macrophages have an important role in preventing 

the development of inflammatory diseases, which result from uncontrolled immune responses. 

My results suggest that people with the high affinity FcRIIA may develop inflammatory 

diseases, such as UC and KD, due to impaired anti-inflammatory monocyte activation and higher 

inflammatory responses. Conversely, IL-10 producing monocytes/macrophages can also limit 

pathogen clearance, by the suppression of protective inflammatory Th1 cell, NK cell, and 

monocyte/macrophage responses95. Monocytes/macropahges in people with the high affinity 

FcRIIA variant may be more effective at fighting infections, although they may promote the 

development of inflammatory diseases. Indeed, H. influenzae infections and meningitis are less 

severe in people with the high affinity gene variant than people with the low affinity gene 

variant155-157. With this knowledge, personalized treatments may be developed for infections and 

immune-mediated diseases in people with either of the FcRIIA gene variants. Adjuvant 

therapies for infections that promote inflammatory monocyte/macrophage activation may 

provide better outcomes for people with the low affinity gene variant. Conversely, treatments for 

immune-mediated diseases that augment anti-inflammatory monocyte/macrophage activation 

may be useful for people with the high affinity gene variant.   
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Blocking or chemically inhibiting the FcRIIA in people with the high affinity receptor, 

prior to the treatment with IVIg or anti-TNF antibodies, could improve efficacy of these drugs 

for inflammatory diseases. My data are consistent with a model in which people with the high 

affinity FcRIIA may respond poorly to antibody-based therapies, due to antibody sequestration 

from the FcRI, which impairs ERK1/2 activation and limits IL-10 production by monocytes. 

FcRIIA-specific blocking antibodies have been created, which ameliorate FcRIIA-mediated 

thrombocytopenia in transgenic mice in vivo365. An FcRIIA small molecule inhibitor has also 

been developed, which specifically binds to both variants of this receptor366. The inhibitor 

prevents Ic-induced TNF production by a human macrophage cell line and ameliorates 

symptoms of collagen-induced arthritis in transgenic mice, which are mediated by the 

FcRIIA366. Blocking or inhibiting the high affinity FcRIIA in people, prior to the treatment 

with IVIg or anti-TNF antibodies, could prevent this receptor from sequestering antibodies 

from the receptors that mediate IL-10 production by monocytes. This could cause higher IL-10 

production by monocytes, which could result in improved therapeutic outcomes for people with 

the high affinity FcRIIA gene variant. This research holds promise for people, who respond 

poorly to IVIg or anti-TNF, and harbor the high affinity FcRIIA gene variant.  

Finally, this novel understanding of IVIg’s mechanism of action may prompt the 

development of an alternative immunotherapy to replace IVIg, as it is a limited resource367. I 

have found that the FcRI and FcRIIB are required for IVIg-induced IL-10 production. This 

indicates that antibodies, which specifically activate the FcRI and FcRIIB, could be a 

beneficial replacement therapy, as they would be independent of the high affinity FcRIIA gene 

variant genotype. FcRI and FcRIIB cross-linking may be a better therapeutic strategy than 
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promoting MAPK activation, as ERK5, ERK1/2, and p38 activation are involved in cell 

proliferation, which can cooperate to promote tumor formation305. Although FcRI agonist 

antibodies have not been developed yet, an FcRIIB-specific agonist antibody exists, which 

triggers inhibitory signalling by human B cells in vitro368, 369. IgG Fc variants that have 

preferential and enhanced binding to both the FcRI and FcRIIB could also be created. For 

example, an engineered IgG1 Fc variant has been generated that has 200-fold higher binding 

affinity for the FcRIIB, but does not bind to either of the FcRIIA variants in vitro370. Data 

presented in this thesis could allow for the translation of this mechanistic understanding into the 

development of replacement therapies that will be effective for a larger proportion of the 

population.  

 Taken together, these studies suggest a unifying mechanism of action for IVIg. I have 

found that IVIg induces an anti-inflammatory IL-10 producing activation state in murine 

macrophages and human monocytes in vitro. The FcRI and FcRIIB and MAPK activation are 

required for IL-10 production by IVIg-activated human monocytes. IVIg also induces IL-10 

production by macrophages in vivo, which ameliorate symptoms of DSS-induced colitis in mice. 

This suggests that IVIg could be an effective therapeutic strategy to treat people with IBD. 

Furthermore, IVIg-induced anti-inflammatory activation is impaired in monocytes from people 

with the disease-associated FcγRIIA gene variant, which could contribute to the development of 

inflammatory diseases and poor responses to antibody-based drugs. Adjuvant immunotherapies 

that block the high affinity FcRIIA may make antibody therapies more effective in people with 

this gene variant. This knowledge of IVIg’s mechanism could also be used to develop an IVIg 

substitute, which may be effective for people, independent of their FcγRIIA genotype. 
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5.2 Future directions 

The long-term goal of this research is to promote the development of IVIg substitutes, 

which may be effective in treating people with IBD and other immune-mediated diseases, 

independent of the FcRIIA. The critical next steps are to determine whether IVIg can reduce 

intestinal inflammation in humanized or transgenic mice and to determine whether IVIg induces 

IL-10 production by macrophages from people receiving this treatment. This research could also 

allow for a precision medicine approach to be used when treating people with IVIg or other 

antibody-based drug treatments.  

I have demonstrated, using multiple techniques, that IVIg induces IL-10 production by 

macrophages, which limits intestinal inflammation during DSS-induced colitis. However, IVIg 

should be used in other models of intestinal inflammation, such as the T cell transfer model of 

colitis or Citrobacter rodentium infectious model of colitis, to determine with more certainty 

whether IVIg-induced IL-10 is an effective therapy for intestinal inflammation in mice. 

In order for an IVIg replacement therapy to be developed, it must be determined which 

Fc receptor(s) are required for IVIg-induced IL-10 production by macrophages in a model of 

inflammation in vivo. Although I used Fc receptor deficient mice, blocking antibodies to 

receptors, and siRNA knockdown of receptor expression, different Fc receptors may be 

involved in a more complex in vivo environment. Future studies will address this limitation by 

showing whether IVIg can ameliorate inflammation in Fc receptor deficient mice. 

An important step in determining whether IVIg could be used to reduce intestinal 

inflammation in people, is to determine whether IVIg can reduce intestinal inflammation in 
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models using humanized or transgenic mice. Humanized mice, such as chimeric bone marrow 

liver thymic mice (BLT mice), have a humanized repertoire of Fcγ receptors and immune 

system, which will be useful as there are important differences in murine and human Fcγ 

receptors and macrophages. Although they have not been developed yet, transgenic mice, which 

have a full repertoire of human Fc receptors, would also be useful to test the effect of IVIg in 

models of intestinal inflammation.   

I showed that the low affinity, activating FcγRIIA reduces pro-inflammatory cytokine 

production by (IVIg + LPS)-activated monocytes, whereas the high affinity FcγRIIA does not. 

Little is known about the differential effects that this receptor has on human immune responses. 

The role of ITAMi signalling in the IVIg-induced reduction of pro-inflammatory cytokines by 

monocytes from people with the low affinity gene variant should be investigated further, by 

immunoprecipitation for the FcRIIA and western blotting for SHP-1 and SHIP. If IVIg induces 

ITAMi signalling in the low affinity FcRIIA, targeting this receptor could also provide an 

effective anti-inflammatory treatment for people with this gene variant.   

An advantage of my research is that it uses primary human cells rather than human cell 

lines to determine mechanistically how FcRIIA gene variants affect immune responses. Primary 

human cells have different Fc receptor expression levels and post-translational modifications, 

which takes human variability into account. A disadvantage of these studies, however, is that 

they do not account for combinatorial effects with other Fc receptor gene variants, such as with 

FcRIIIA gene variants. The FcγRIIIA has a gene variant, which also has a higher affinity for 

antibodies, and is associated with a higher risk of developing RA153. The combined effect of Fcγ 
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receptor gene variants on anti-inflammatory macrophage activation with IVIg will be examined 

in the future.   

It is important to validate my results using healthy control human monocytes with studies 

using monocytes derived from the peripheral blood of people receiving IVIg treatment. Future 

studies will be performed to determine whether IVIg infusion in people skews monocytes to an 

anti-inflammatory activation state, by the crosslinking of the FcγRI and FcγRIIB and activation 

of MAPKs. Monocytes will be isolated from blood taken before and after IVIg infusion in 

people, and LPS-induced cytokine production will be measured. Fcγ receptor blocking 

antibodies or siRNA, MAPK inhibitors, and western blotting will be used to validate this 

mechanism of action in monocytes from people, who have been treated with IVIg.  

Finally, my study did not test the effect of FcRIIA gene variants on the response to anti-

TNF therapies and the anti-4β7 integrin drug, vedolizumab, although what I demonstrated for 

IVIg may be relevant for these drugs as well. Infliximab, adalimumab, and vedolizumab are 

IgG1 antibodies, as are 60% of the antibodies in IVIg164. The influence of FcγRIIA genotype on 

macrophage anti-inflammatory activation with anti-TNF and anti-4β7 integrin drugs, will be 

examined in future studies, to more accurately predict whether impaired monocyte/macrophage 

anti-inflammatory activation it is associated with poor response to these drugs. Further 

investigation is required to determine whether FcRIIA (rs1801274) genotype can be used in a 

precision medicine approach to predict responsiveness to IVIg as well as other antibody-based 

biological therapies.  

Taken together, the work in this thesis may allow for the translation of IVIg therapy to 

people, who are resistant to current treatments for inflammatory bowel disease. This research 

contributes to the understanding of the mechanism of action of IVIg, which will have an impact 
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on the development of new immunotherapies that will be effective in people, independent of 

their FcγRIIA genotype. 
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