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Abstract 

As the most abundant immune cells in the human body, neutrophils are often the first cell 

type to come in contact with invading microbes. These granulocytes flock to the site of 

infection or injury during the acute phase of inflammation where they provide many anti-

microbial effector mechanisms that are tightly regulated. These cells also contribute to the 

inflammatory environment by directing the responses of other immune cell populations 

through cytokine and chemokine secretion as well as communication via direct contact 1,2. 

If left unregulated during sterile injury or auto-inflammation, neutrophils can be harmful to 

the host and exacerbate the inflammatory response. This study aimed to elucidate 

mechanisms to regulate neutrophil response to stimulation. 

AlphaB-crystallin (αBC) is a small heat shock protein that possesses protective 

functions including anti-inflammatory capabilities 3. This crystallin is the highest 

upregulated gene in active multiple sclerosis (MS) lesions 4 and studies have shown that 

αBC treatment of EAE animals (a model of MS) reduced clinical disease and suppressed T 

cell activation 5. I hypothesized that αBC plays a protective role in EAE by down-

regulating the pro-inflammatory response of neutrophils.  

Under stimulatory conditions in vitro, treatment with αBC induced neutrophils to 

secrete increased amounts of IL-10 and MMP-8 as well as returned the generation of 

reactive oxygen species toward unprimed levels. Further, when grown together with 

dendritic cells (DCs), prior αBC treatment of stimulated neutrophils reduced the production 

of IL-12p40 by DCs. Although neutrophils were upregulated and hypersensitive in 

response to the induction of the EAE model, treatment with αBC did not alter the 

phenotype of these cells during the disease course.  
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Neutrophils treated with αBC in vitro exibit an altered reponse to stimulation that 

ultimately reduces the stimulation of DCs. This mechanism does not appear to play a role 

during EAE since αBC treatment did not translate to a suppression of neutrophils in the 

MS disease model. Since EAE is a T cell driven disease, it is possible that αBC treatment 

of neutrophils may be more impactful in other diseases where these granulocytes play a 

prominent role such as rheumatoid arthritis or systemic lupus erythmatosis.  
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Chapter 1: Introduction 

1.1 Introduction to the Immune System  

There are two general divisions of the immune system-innate and adaptive (Figure 

1). Innate immune cells such as macrophages, neutrophils and other granulocytes provide 

the first line of defense against pathogens and are considered to be less specific than the 

adaptive immune cells. Adaptive immune cells include T cells and B cells that elicit cell- 

and antibody-mediated immune responses respectively against specific antigens 6. It is now 

recognized however that the immune system is much more complex than innate and 

adaptive cells. Antigen presenting cells (APCs) such as dendritic cells (DCs) and 

macrophages provide a link between the innate and adaptive immune responses. The 

identification of natural killer T cells and other innate lymphocyte cells 7,8, imply that the 

immune system exists as a continuum of cells and phenotypes that are probably driven by 

the type of stimuli present in the environment. These recently recognized innate 

lymphocyte cells are generated from common lymphocyte progenitors and bridge the gap 

between innate and adaptive immunity by expressing typical T lymphocyte cytokines but 

lack antigen-specific receptors. However, this thesis focuses on how neutrophils are 

regulated and how they impact the activation of other immune cells such as DCs. Here I 

will discuss the innate and adaptive immune components in more detail with particular 

focus on neutrophils and DCs.  
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Figure 1. Immune cell development 
Schematic of immune cell development from the hematopoietic stem cell within the bone 
marrow and thymus. The cells types are labeled in black and transcription factors that drive 
each stage are labeled in grey. 
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1.1.1 Adaptive Immunology  

Adaptive immune cells provide the second wave of specialized response to an 

infection. These cells are defined by their ability to rearrange their receptors to bind 

specific antigens and rely on clonal selection to establish a collection of cells potent against  

a variety of antigens. In response to their specific antigen, they produce antigen-specific 

antibodies, immune mediators, and induce cell death 9. After clearance of infection, these 

immune cells can maintain antigenic memory to mount a rapid reaction in response to 

repeated exposure to the same infectious agent. Rogue adaptive cells can however 

recognize self-antigen and mount auto-inflammatory responses. As a consequence, their 

development is tightly regulated and a balance is required in order to harness their anti-

microbial properties to eliminate infections while suppressing the immune response once 

antigens are cleared.  

 

1.1.1.i T Lymphocytes 

T 1ymphocytes (T cells) develop from a haematopoietic precursor in the thymus 

where they undergo a rigorous selection process to ensure that they will be active against 

harmful pathogens but not self 10. This selection process involves positive selection of cells 

with competent T cell receptors (TCR) that have appropriate responses upon binding to 

major histocompatibility complex (MHC) molecules and, negative selection to eliminate 

cells with strong self-reactive TCR specificity 11,12. After selection, CD4 positive helper 

cells (Th) and CD8 positive cytotoxic cells (Tc) emerge from the thymus as naïve T cells. 

They then migrate to secondary lymphoid tissue, such as the spleen and lymph nodes, to 

await activation and differentiation direction by APCs. Differentiation involves activation 
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and cytokine production, clonal expansion, and the conversion of naïve T cells to effector T 

cells 13. Once differentiated, they impact the immune response through secreted factors that 

mediate the response of other immune cells (Th cells) or perform direct cell-to-cell 

destruction of infected or abnormal cells (Tc cells). For example, effector Th cells express 

cytokines based on phenotype (discussed below) and cell surface proteins such as CD40L, 

which activate macrophages, DCs and B cells. Tc cells express cytotoxic proteins that kill 

cells containing microbial proteins 14. 

T cells have very exclusive immune responses based on their unique TCR antigen 

specificity and, requirement for antigen presentation by other immune cells to differentiate 

into effector cells 15. In order for naïve T cells to become activated against antigens, they 

must interact with APCs that process and present antigen to T cells on MHC molecules. 

DCs act as professional APCs to naïve T cells in secondary lymphoid tissue 16 and once 

primed, there is a rapid proliferation of the T cells 17. DCs, macrophages, B cells, 

neutrophils and possibly microglia, are thought to present antigen to primed T cells in areas 

of inflammation 18-22. In addition to TCR interaction with MHC, the binding of co-

stimulatory molecules such as CD80 and CD86 on APCs to their cognate receptor, CD28, 

on T cells is required for both priming and activation of T cells 17.  

Based on the environment surrounding the T cells, these cells acquire individual 

phenotypes, such as Th1, Th2, and Th17, that are defined by transcription factor 

expression, membrane marker profiles and molecule secretion 23,24. For instance, Th1 cells 

polarize in response to interleukin (IL)-12 and are characterized by their T-box 

transcription factor TBX21 (T-bet) expression and production of the pro-inflammatory 

cytokines interferon (IFN)-γ and tumour necrosis factor (TNF)-α 25. Th1 cells drive the 
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infiltration of macrophages into sites of inflammation and mediate immunity against 

viruses and other intracellular pathogens 14. Th17 cells polarization is driven by IL-6, 

transforming growth factor (TGF)-β and IL-23 that activate RAR-related orphan receptor 

(ROR)-γt transcription factors and are defined by the production of IL-17A and F as well 

as IL-22 cytokines 25. These cells target extracellular bacteria and fungi. Interestingly, IL-

17 activates endothelial cells to produce granulocyte-colony stimulating factor (G-CSF), 

therefore these cells play a role in granulopoesis and neutrophil activation 14. Th2 cells 

were once considered anti-inflammatory but are now known to mount responses directed at 

Helminth worms and aid in humoral immunity. Polarization of these cells is driven by IL-4 

and they are defined by the activation of GATA3 transcription factor and the secretion of 

IL-4, IL-5, IL-10 and IL-13 immune modulating cytokines 25. As such, Th2 cells have been 

implicated in allergic reactions 26,27. Although originally believed to be a terminal 

differentiation upon antigen activation, it is now well known that T cell phenotypes have 

more plasticity during the life span of the cell and can partially or completely switch 

phenotypes in response to environmental cues 24,28,29. High levels of the cytokines that 

drive each Th subtype are also responsible for inducing phenotype switching and 

transcription factor expression 28.  

Regulatory T cells (Tregs) are important for suppressing immune responses 

following pathogen clearance, in infection-induced immune pathology and for cells that 

possess self-antigen recognition 30. Abnormal activation of T cells against self-antigens can 

lead to self-reactive responses and autoimmune diseases. For instance, both Th1 and Th17 

cells are implicated in auto-inflammatory diseases such as multiple sclerosis (MS) 25. The 

three main types of regulatory T cells known thus far- CD4+ Tregs, CD8+ Tregs and FoxP3- 
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- help to keep the immune system in check and reduce aberrant reactions. Natural 

CD4+FoxP3+CD25+ cells typically emerge from the thymus expressing high levels of 

CD25. However, these cells can also be induced in the periphery from naïve T cells in the 

response to TGF-β and IL-4. CD4+FoxP3+CD25+ Tregs decrease antigen presentation, 

suppress the proliferation of other T cells and produce suppressor cytokines including 

TGF-β and IL-10 31.  Tregs that are FoxP3+CD25+ can also be CD8+ and are expanded by 

low doses of IL-2 in culture. These cells express high levels of cytotoxic T-lymphocyte-

associated protein (CTLA)-4 and possibly suppress effector T cells better than CD4+ Tregs 

32. Interestingly, a subset of Tregs called FoxP3- type 1 regulatory (Tr1) cells do not 

express high levels of FoxP3 or CD25. These cells are derived from CD4+ cells in the 

presence of IL-10 and are enhanced by IFN-α. Tr1 cells produce large amounts of IL-10 

and TGF-β, suppress Ig production and antigen presentation by DCs and macrophages and 

reduce the proliferation of other Th subtypes 14.  Regulatory T cells were among the first 

immune suppressors cells identified and many ongoing studies are focused on how to 

harness their suppressive functions in inflammatory diseases.   

At the conclusion of an inflammatory response, the system also generates memory 

T cells 33. After a lifetime of exposure to antigens, memory cells make up the abundance of 

adult human lymphocytes 34. The presence of memory T cells in the peripheral blood, 

immune tissue and other tissues increases dramatically in children and young adults, where 

abundance correlates with decreased susceptibility to pathogens. Memory T cells are 

defined by the expression of CD45RO. Those cells located in lymphoid tissue are C-C 

chemokine receptor (CCR)-7+ and termed central memory T lymphocytes whereas effector 

memory T lymphocytes are those circulating or located in other tissues and are CCR7- 34.  
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These CD4+ or CD8+ central and effector memory cells are generated in response to the 

specific cytokine exposure, IL-15 and IL-7, and maintain the capacity to recall immune 

responses 35. Overall, T lymphocytes play an essential role in immunity against pathogens, 

in the development of autoimmune responses and in regulating the entire immune system. 

 

1.1.2 Antigen Presenting Cells 

APCs have the important role of linking the innate and adaptive immune responses by 

initiating the response of adaptive immune cells. Both macrophages and DCs are important 

APCs that can initiate and reactivate the adaptive immune system. They also play a key 

role in transporting processed antigens to adaptive cells in secondary lymphoid tissue 36,37. 

These cells uptake pathogens and process their cellular components which they then 

display to adaptive immune cells. Like innate immune cells, APCs do not possess the 

ability to rearrange their receptors and are therefore able to respond to, and process diverse 

pathogens. 

 

1.1.2.i Antigen Presentation  

Cells of the innate immune system, such as DCs, macrophages and neutrophils, 

process and present antigens to B and T lymphocytes. Since this thesis focuses on how 

neutrophils affect DC activation and their ability to present antigens to T cells, and that the 

EAE disease is CD4+ T cell driven, I will review here the process of antigen presentation 

on MHC class II to CD4+ T cells.  

Antigen presenting cells uptake pathogens by three main processes; 

macropinocytosis, phagocytosis, and autophagy 14,38. Macropinocytosis is a process by 
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which cells sample the extracellular fluid. Interestingly, DCs are particularly apt at this 

process in testing their surrounding for pathogens. Phagocytosis, the engulfment of 

opsonized pathogens after binding complement or Fc receptors, is an active processes 

involving actin polymerization and results in the creation of the phagosome, a vacuole 

within the cell containing the phagocytosed material surrounded by the cell membrane. 

Finally, autophagy is the process of internally engulfing cytosolic proteins and viruses for 

processing by lysosomes.  

After pathogen engulfment, antigen processing begins with the fusion of the early 

endosome to the phagosome or autophagosome which results in a small drop in pH 14. 

Early endosomes contain MHC class II molecules and toll like receptors (TLRs) that are 

essential for cell stimulation and antigen presentation 14,39. MHC class II molecules, 

produced in the endoplasmic reticulum, are dimers of the α and β chains that are bound to 

the invariant chain to prevent the binding of inappropriate peptides 38,39. In order for the 

MHC class II molecule to bind antigen peptides, the invariant chain must get degraded by 

proteases (possibly cathepsin L or S) which leaves a small c-terminal portion of the 

invariant chain peptide-CLIP in place 39. The cathepsins, along with cysteine, aspartate and 

serine proteases that process antigenic proteins, become active upon binding of the 

lysosome to the phagosome. This results in a drop in pH and creation of an oxidizing 

environment provided by reactive oxygen and reactive nitrogen species. Enzymes such as 

GILT, gamma interferon inducible lysosomal thiol reductase, provide assistance to 

proteases by further processing peptides and reducing disulfide bonds to make them more 

susceptible to proteolysis 39. Two theories exist to explain the processing of pathogenic 

proteins into antigenic peptides suitable for presentation to T cells 14: 1. Bind first-trim 
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later: MHC class II molecules are capable of binding full-length proteins which conserves 

antigenic epitopes and thus allows for proteolysis of the remaining protein, 2. Trim first-

bind later: proteases digest proteins into peptides which are then bound by MHC class II 

molecules with the help of non-binding class II major histocompatibility homologs; HLA-

DM in humans or H-2M in mice 40. HLA-DM or H-2M catalyzes the switch of CLIP to 

antigenic peptide in the binding domain of MHC class II molecules. Once peptides that are 

9-16 residues in size are processed and bound to MHC class II molecules, these complexes 

are transported to the cell surface in vesicles that fuse with the cell membrane. This 

provides a microdomain cluster of MHC class II molecules with co-stimulatory molecules 

14. Co-stimulatory molecules are upregulated by stimulated APCs and are required for the 

activation of T cells 41. Finally, T cells interact with APCs at these microdomains to form 

the APC-T cell synapse which ultimately activates the CD4+ T cells to proliferate and 

differentiate into effector cells 42.       

 

1.1.2.ii Dendritic Cells 

Development 

DCs have the crucial role in presenting processed antigen to, and directing the 

polarization of naïve and primed T cells. Myeloid and plasmacytoid DCs (mDC and pDC, 

respectively) develop in the bone marrow from a common myeloid progenitor 43 (Figure 

1.).  Expression of the transcription factors E2-2/TCF4 and PU.1 have been shown to drive 

the differentiation of pDCs 44. Although pDCs emerge in a mature state from the bone 

marrow, all varieties of mDCs are considered pre-DCs when entering into the periphery 43. 

With respect to CD4+, CD8+ and CD4-CD8- conventional DCs, their development is 
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thought to be controlled by growth factor independent (GFI)-1 and moderate levels of PU.1 

transcription factors 43,44. DCs are also derived in the periphery from monocytes under 

inflammatory conditions that drive the expression of PU.1 and are appropriately titled 

monocyte-derived DCs 44.  

 

Activation and Migration 

These professional APCs are extremely motile and constantly sample their 

environment for pathogens. In their immature state, DCs are particularly apt at using 

macropinocytosis to sample the extracellular fluid surrounding these cells 14,45. Upon 

pathogen engulfment, these cells change their physiology by decreasing antigen capture 

properties and increasing antigen presenting capabilities. Specifically, DCs hone to 

secondary lymphoid tissue, further upregulate their antigen presenting machinery such as 

MHCII and the co-stimulatory molecules, CD80 and CD86, and begin to produce cytokines 

46,47. The maturation of DCs occurs in the presence of granulocyte macrophage colony 

stimulating factor (GM-CSF), IL-4 and IL-15 and is characterized by a switch from CCR1 

and CCR5 expression to the upregulation of CD11c, TLR4, TLR7, CCR7 and MHCII 

molecules 45. Full activation of DCs occurs through binding of TLR ligands that 

subsequently leads to their polarization to secrete cytokines that target Th1, Th2, Th17, and 

Treg differentiation 48. CCR7 aids these mature pathogen carrying cells to migrate to 

secondary lymphoid tissues to interact with T cells 45. 
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 Function 

As discussed in section 1.1.2.i, DCs process antigens that are presented on either 

MHC class I or II molecules to naïve CD8+ or CD4+ T cells molecules respectively in 

secondary lymphoid tissue. Interestingly, T cell polarization can be attributed to the DC 

cytokine milieu in that specific cytokines produced by DCs drive the polarization of 

specific Th cell subtypes (discussed in section 1.1.1.i) 49. Further, DCs are capable of cross 

presenting antigens to CD8+ T cells on MHC class I molecules. Regarding this latter 

ability, antigenic peptides are processed in the phagolysosome and are either transferred to 

the endoplasmic reticulum to be loaded onto MHCI molecules by transporter associated 

with antigen processing (TAP) -1 and 2 or MHCI and TAP proteins are transferred to the 

phagosome for loading. These MHCI-peptide complexes are then transferred to the surface 

of the cell to interact with naïve CD8+ T cells 50.   

Interestingly, DCs also have an important role in the suppression of the 

inflammatory response. DCs activated by regulatory-type pathogen-associated molecular 

patterns produce IL-10 and TGF-β which can induce differentiation of regulatory T cells 48. 

They also engulf apoptotic neutrophils that have been exposed to certain pathogens such as 

Leishmania major which leads to the production of inflammatory mediators such as IL-10 

and TGF-β 51-53. Further, a natural suppressive DC population that produces copious 

amounts of IL-10 has been described as CD11cloCD45RBhi 51. It is therefore possible to 

influence the immune response by polarization of DCs to produce immunosuppressive 

factors and induce regulation by stimulating Tregs.  

In addition to T cells, DCs affect other aspects of the adaptive immune system. It 

turns out that B cells recognize intact proteins presented by APCs and DCs have the 
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mechanism(s) to uptake immune complexes of antigens and antibodies without degrading 

the proteins. This is thought to occur in two ways: 1. FCγRIIB mediated uptake of immune 

complexes into non-degenerative compartments, or 2. DC-SIGN mediated uptake into 

neutrophil endosomes 37. DCs then present that whole immune complex back to the B cells 

in the paracortex or follicular region of the lymph node which aids in antibody-mediated 

immunity 37. 

 

1.1.3 Innate Immunology 

Dolor, Calor, Rubor, Tumor, Functio Laesa: Pain, Heat, Redness, Swelling, Loss of 

Function. These cardinal signs of inflammation follow the activation of innate immune 

cells which release factors that increase blood flow, edema, and sensitivity to pain. Innate 

immune cells are differentiated from the common myeloid progenitor (Figure 1) and lack 

the ability to rearrange receptors. These cells therefore have non-specific receptors that 

recognize pathogens components, immune mediators, and other danger signals. 

Consequently, innate immune cells launch an inflammatory reaction almost instantaneously 

upon exposure to pathogens, host immune signals, or damaged or dying cells. Using pattern 

recognition receptors such as Toll-like (TLR), NOD-like (NLR) or C-type lectin receptors 

neutrophils recognize both pathogen-associated molecular patterns and self-generated 

danger-associated molecular patterns and mount an immune response to a wide variety of 

pathogens and danger signals 54. These innate immune cells also respond to noxious stimuli 

and immune mediators through complement receptors, Fc receptors, cytokine receptors, 

and G-protein coupled receptors such as chemokine receptors 55. Cells of the innate 

immune system include antigen presenting, phagocytic, and/or granulocytic type cells 
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including macrophages, and neutrophils. These cells play a crucial role in clearing infection 

and cellular debris as well as attracting other immune cells through chemokine secretion 56. 

In response to stimulation, innate immune cells produce cytokines, chemokines, 

complement proteins and eicosanoids that shape the immune response. At the site of 

infections, innate immune cells also reactivate adaptive cells for optimal pathogen 

clearance.  

 

1.1.3.i Monocytes/Macrophages 

Macrophages can be present within specific organs as tissue resident macrophages 

such as Kupffer cells in the liver, alveolar macrophages in the lungs and microglia in the 

central nervous system, or derived from circulating monocytes that enter an area of 

infection 57. Macrophages possess the advanced ability to function as both antigen 

presenting cells and innate immune mediators. Monocytes develop from common myeloid 

progenitors in the bone marrow where the transcription factors, PU.1, CCAAT-enhancer 

binding protein (C/EBP)-β, and c-Jun, play major roles in their lineage commitment 58,59. 

Upon entry into an area of infection, their differentiation into macrophages is a result of the 

inflammatory microenvironment. Monocytes enter tissue in response to inflammatory cues, 

such as chemokines, where they are exposed to different inflammatory modulators based 

on the type and stage of infection. It is these modulators that drive the differentiation and 

polarization of monocytes into macrophages 60. Macrophages are highly phagocytic cells 

and become activated upon uptake of pathogen and cellular debris. They digest pathogens 

using cysteine, aspartate, and serine proteases such as cathepsins B, D, F, L, and S, and 

present the antigenic products on MHC molecules to activate T cells 39. These cells are also 
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stimulated through their pattern-recognition receptors such as TLRs, C-type lectin 

receptors, or NLRs to produce immune mediating molecules such as cytokines and 

chemokines 14. As a consequence of their environment, macrophage responses diverge 

along an M1 (immune stimulating) or M2 (immune suppressing) trajectory - M1 and M2 

macrophages were named accordingly to correspond with Th nomenclature 61. We now 

know there is a spectrum of macrophage phenotypes ranging from immune activating to 

immune suppressing, that are driven by cytokines and other immune factors in the 

microenvironment surrounding cells 62,63. For example, classical M1 cells are promoted by 

the presence of IFN-γ and TLR ligands. These cells are pro-inflammatory in nature, 

produce toxic nitric oxide though the upregulation of inducible nitric oxide synthase 

(iNOS), are  microbicidal and  tumourcidal, and promote Th1 polarization and responses 

61,63. On the other hand, classical M2 macrophages are driven by Th2 cytokines, IL-4 and 

IL-13, and have increased phagocytosis and tissue remodelling capabilities 63. Alternative 

M2 (M2c) cells are derived in the presence of IL-10 and develop immunosuppressive 

properties as well as increased tissue remodelling capabilities 63.  It is possible that most 

immune cells, including neutrophils, possess a similar spectrum of immune activating and 

immune suppressing functions. 

 

1.1.3.ii Granulocytes 

Granulocytes are innate immune cells that store enzymes, anti-microbial products, 

receptors, chemokines and cytokines in granules within the cell for quick and easy release 

to the cell surface or environment. These cells are important in the fight against invading 

microorganisms but are also important mediators of allergy and asthma. Granulocytic cells 
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include eosinophils, basophils, mast cells and neutrophils with each type of granulocyte 

having a unique role in inflammatory responses.  

Eosinophils are circulating granulocytes that are activated by type 2 cytokines 64. 

Their granules contain histamines and enzymes such as lipid mediators, proteases, 

ribonucleases and deoxyribonucleases 65. Due to their production of nucleases they play a 

role in fighting viral infections and also parasitic infections 66. Eosinophils are known to 

follow an eotaxin gradient from the blood into an area of inflammation where they 

contribute to the fight against infectious agents by releasing cytotoxic cationic proteins: 

major basic protein, eosinophil cationic protein, eosinophil peroxidase, and eosinophil-

derived neurotoxin 65,67.  

Basophils are the largest and least common of the circulating granulocytic cells. 

These cells are a large source of IL-4 and often initiate or contribute to the type 2 immune 

response 68,69. Although basophils have large cytoplasmic granules that contain histamine, 

serotonin, heparin, and chondroitin, they also make many products including proteases, 

lipid mediators, and cytokines de novo 68. IgE baring basophils play a quintessential role in 

the allergic response but data also suggests a role for these cells in combating ectoparasitic 

and endoparasitic infections 70.   

Mast cells are similar to basophils but mature cells are located in connective and 

mucosal tissues 71. These cells also play an important role in allergy and anaphylaxis as 

their granules contain histamine and heparin and are released in response to binding of their 

high-affinity IgE receptors 72. Due to their residence in many tissue these cells also 

contribute to wound healing, angiogenesis, immune tolerance, pathogen defense and blood-

brain barrier function 73.  
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Neutrophils are vastly abundant circulating cells that are highly phagocytic and 

rapidly respond to many noxious stimuli. These cells are the focus of this thesis research 

and will be discussed extensively below. 

  

1.1.3.iii Neutrophils 

Neutrophils are phagocytic, polymorphonuclear cells that belong to the granulocyte cell 

family. These cells were first described around the turn of the 20th century by Paul Ehrlich 

as having polymorphous nuclei and, Elie Metchkinoff as neutral dye loving 

(“neutrophilic”) entities. Although they have the shortest half-life among circulating 

immune cells, they are the most abundant leukocyte in human blood and act as effector 

cells of the innate immune system.  

 

1.2 Neutrophils 

1.2.1 Development 

   Neutrophils develop from common myeloid progenitors in the bone marrow at a 

rate of 1010-1011 per day in humans 74. These cells progress though several stages of 

maturity from myeloblast, promyelocyte, myelocyte, metamyelocyte, band cell, to mature 

neutrophil while residing within the marrow (Figure 2). Most neutrophils in the bone 

marrow are in the post mitotic phase of differentiation which is controlled by transcription 

factors within each cell (Figure 2). Specifically, commitment to the neutrophil lineage is 

cultivated by expression of c-Myb, acute myeloid leukemia protein (AML)-1, and GATA 

in human myeloblasts and promyelocytes 58,75,76. The cells then enter into the myelocyte 

and metamyelocyte post-mitotic phases with the upregulation of C/EBPε and down- 
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Figure 2. Neutrophil differentiation and granule formation 
Neutrophils differentiate from common myeloid precursors within the bone marrow of 
vertebrates. They progress through several stages of maturity which are driven by 
transcription factors that are upregulated at different times throughout the stages of 
development: 1:CASP, CDP, C/EBPα, Sp1; 2:AML-1, c-Myb, C/EBPγ, GATA-1; 
3:C/EBPε, 4:Elf-1; 5:PU.1, C/EBPβ, C/EBPδ; and 6:C/EBPζ, c-jun, c-fos. Granules are 
formed in succession from primary/azurophilic (green) to secondary/specific (red), 
tertiary/gelatinase (blue) and finally secretory vesicles (yellow). The proteins that are being 
synthesized during their formation define the contents of each granule type.   
 
 



 

Page 19 

Myeloblast	

Promyelocyte	

Myelocyte	

Metamyelocyte	

Neutrophil	

Band	Cell	

Cell	 Transcrip-on	Factors	 Protein	Synthesis	

1	

5	

3	

M
P
O	
	
E
la
s
ta
s
e	

L
a
c
to
fe
r
r
in	
	
	
M
M
P
8	

M
M
P
9	

C
D
1
1
b	
	
g
p
9
1
p
ho
x	

L
y
s
o
zy
m
e	

2	 4	

6	

1°	

2°	

3°	

Secretory	



 

Page 20 

regulation of the early transcription factors c-Myb, AML-1, C/EBPγ, and GATA 75,77. 

Finally, cells transition into late phase neutrophils and mature neutrophils with the 

increased expression of PU.1, C/EBPβ, δ, ζ, and c-jun transcription factors. In vivo, 

granulopoiesis can be amplified by G-CSF 78-80, GM-CSF 81, IL-6 82, and  IL-3 83. 

A hallmark of neutrophils is the formation and presence of cytoplasmic granules. 

Granule formation occurs sequentially during neutrophil differentiation with the granular 

contents being directed by the factors that are produced during each phase (Figure 2). 

Neutrophils possess at least four types of granules with each type containing specific 

molecules. Primary or azurophilic granules contain myeloperoxidases (MPOs), neutrophil 

elastases (NEs), and β-glucuronidase and are the first granule type formed during the 

myeloblast and promyelocyte stages of development 75,84,85. As the contents of these 

granules are potentially the most harmful to the host, they are rarely exocytosed and mostly 

fuse with the phagosome upon neutrophil activation. Secondary or specific granules are 

formed during the myelocyte and metamyelocyte stages of neutrophil differentiation and 

contain lactoferrin and matrix metalloproteinase (MMP)-8 (collagenase). Tertiary or 

gelatinase granules that carry MMP-9 (gelatinase) and cathepsins are produced in band 

cells 75,86. Finally, serum albumin-filled secretory vesicles are formed in mature 

neutrophils. Secretory vesicles are the most readily exocytosed granule and carry proteins 

such as chemokine receptors and CD11b in their membranes to be embedded in the cell 

surface. These proteins are important for the migration of neutrophils from the blood into 

areas of infection 74.   

 During normal neutrophil development and turnover, immature neutrophils express 

C-X-C chemokine receptor (CXCR)-4 which decreases as the cells progress though 
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differentiation 87. Immature cells are retained in the bone marrow through CXCR4 binding 

with stromal cell-derived factor (SDF)-1 produced by stromal cells in the bone marrow. 

Immature neutrophils also express very late antigen (VLA)-4 which binds to vascular cell 

adhesion molecule (VCAM)-1 on bone marrow stromal and endothelial cells thereby 

aiding in their retention. As neutrophils mature, they begin to express CXCR2 which is 

thought to bind to MIP-2α on bone marrow endothelial cells to initiate their transcellular 

migration through endothelium 88. G-CSF produced in vivo during infection and injury can 

also increase the release of mature and immature neutrophils by decreasing SDF-1 

production by stromal cells, reducing neutrophil CXCR4 expression and increasing 

expression of MIP-2α on endothelial cells 89,90. 

 

1.2.2 Regulation of Activation and Migration 

In humans, neutrophils are usually the first immune cell to come in contact with pathogens 

and immune signals. They respond to a wide variety of stimuli using chemokine receptors, 

cytokine receptors, Fc receptors, complement receptors and pathogen-pattern receptors 

such as TLRs, C-type lectin receptors, or NLRs. Due to the potential for host tissue harm, 

powerful neutrophil activation is regulated in two steps, first priming and migration to the 

site of inflammation and then full activation 91.  

Neutrophils can be primed by GM-CSF, lipopolysaccharide (LPS), TNF-α, IL-8 

and platelet-activating factor to name a few 92. Primed neutrophils demonstrate increased 

exocytosis of secretory vesicles to bring pattern-recognition receptors, chemokine receptors 

and adhesion molecules to the surface that results in enhanced chemotaxis and adhesion of 

these granulocytes 91,93,94. These cells also have an increased propensity for phagocytosis 
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and an increased life-span. Of note, optimum reactive oxygen species (ROS) production 

relies on the cells first being primed before becoming fully activated 74. Once primed, 

neutrophils migrate to areas of inflammation to help eliminate microbes. Stimulation with 

TLR 2 and 4 agonists was found to increase the motility of these neutrophils through the 

p38/extracellular signal-regulated kinase (ERK) pathway 95. To migrate out of the 

circulation and into target tissues, neutrophils must bind to epithelial cells lining the blood 

vessels. To accomplish this, neutrophils utilize L-selectin and P-selectin glycoprotein 

ligand 1 to roll on the epithelial cell layer 85 and, upregulate lymphocyte function-

associated antigen (LFA)-1, which binds to intercellular adhesion molecule (ICAM)-1 on 

epithelial cells 85. Expression of β2-integrins such as macrophage-1 antigen (CD11b) on 

neutrophils is important for cell adherence and arrest by binding to ICAM-1 on the 

epithelial cells 92. Finally, expression of platelet endothelial cell adhesion molecule 

(PECAM)-1 on both neutrophils and epithelial cells allows for extravasation of these 

granulocytes into the tissue 96. Once recruited to sites of injury and inflammation 

neutrophils become fully activated through microbial products such as n-formyl-methionyl-

leucyl-phenylalanine (fMLP) and LPS, interacting with opsonized particles through the 

complement and Fc receptors which are upregulated in these cells, or immune mediators 

and danger signals through chemokine, cytokine and other G-protein coupled receptors 

93,97. Activated neutrophils have increased phagocytosis, secretion of pro-inflammatory 

mediators such as cytokines and a robust oxidative burst 93.  

Neutrophils are regulated to preferentially exocytose secretory vesicles, followed by 

gelatinase granules, specific granules and finally azurophil granules. Granule release is 

controlled by the expression pattern of docking/fusion proteins such as vesicle-associated 
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membrane proteins (VAMPs) whereby readily secreted granules have increased density of 

VAMP proteins 98-100. The involvement of kinase pathways in neutrophil granule release 

has also been demonstrated. Phosphoinositide 3-kinase (PI3K) and receptor tyrosine kinase 

pathways have been associated with the extrusion of primary granules whereas the release 

of both secondary and tertiary granules has been accredited to the p38 and c-Jun N-terminal 

kinase (JNK) pathways 84,85,101. Evidence suggests that protein kinase C (PKC) and 

ERK1/2 also have a role in tertiary granule release 102,103. 

 

1.2.3 Effector Functions 

Neutrophils were once only considered to be the antimicrobial soldiers of the 

immune system. That is, they were thought to be simply sacks of antimicrobial proteins and 

proteases that were drawn to site of infections to release their contents and undergo 

apoptosis. In recent years however, it has become increasingly clear that neutrophils play a 

more active role in mediating immune cell modulation and communication than previously 

appreciated. Despite these new findings however, the effector functions of neutrophils 

remain the prominent defining feature of these cells. The effector properties of neutrophils 

as described in Table 1, include degranulation, production of cytokines and eicosanoids, 

phagocytosis, oxidative burst and neutrophil extracellular traps (NETs) production. 

Although these functions are key for the elimination of invading microbes, many of these 

features are also harmful to host tissue and need to be tightly regulated.  

Like many innate immune cell types, neutrophils are phagocytic and uniquely degrade 

microorganisms with the help of their characteristic granules that are filled with proteases, 

pre-formed antimicrobial proteins, and ROS machinery. Their granules can either fuse with  
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Table 1. Effector functions of neutrophils 
Neutrophils express a plethora of effector mechanisms in response to stimulation. Although 
these effector functions are imperative for microbial clearance, they can also be harmful to 
host tissue and thus have to be tightly regulated. This table lists the effector functions of 
neutrophils and what role they play in the fight against invading pathogens. 
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Effector Functions Properties

Degranulation - MPO Convert	H2O2,	cytotoxic	84

Degranulation	- Proteases Matrix	degradation,	neutrophil migration	104

Degranulation - Lactoferrin Bacteriocidal, iron-binding,	 activates	APCs	 118

Cytokines TNF-α,	IL-12,	IL-1β,	IL-10	93

Chemokines Attract	additional	immune	cells 114

Phagocytosis Pathogen capture	and	degradation	93

Oxidative Burst Eliminate	microbes,	 activate proteases	in	
phagolysosome	 106

NETs Capture and	kill	extracellular	microbes	109

Complement Increase	inflammatory	response	 to	pathogens	110

Eicosanoids Pro- (prostaglandins, leukotrienes)	 or	anti- (lipoxins,	
resolvins,	 protectins)	inflammatory	regulators	112,113
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the phagosome to degrade and kill pathogens that have been taken up by the cell or be 

exocytosed into the environment to provide anti-microbial support to the inflammatory 

milieu. Granule proteases such as MMPs, cathepsins and elastase have a role in 

extracellular matrix degradation, neutrophil migration and microbicidal agents 104. These 

granule products can also induce tissue damage such as in rheumatoid arthritis (RA) where 

MMPs are thought to digest collagen, tendon and bone, which severely damages joints 105. 

Within the inflammatory environment, neutrophils are large contributors of ROS using the 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system subtype 2 (NOX2) 

and MPO. They employ this machinery to generate various species of reactive oxygen, 

including O2
-, H2O2, •OH, and HOCl, to eliminate microbes within their phagosomes and 

in the environment. In the absence of the NADPH system, neutrophils are unable to 

produce oxidative bursts and hosts suffer from recurrent infections as seen in chronic 

granulomatous disease (CGD) 106. However, neutrophil generation of ROS can contribute 

to tissue damage in inflammatory responses 107.   

Highly activated neutrophils are also capable of excreting their DNA and granule 

products together in what are termed neutrophil extracellular traps or NETs. NETs are 

paramount in capturing extracellular pathogens. Two methods of NET ejection are 

currently recognized, one as a form of cell death, and the other occurs while cells are still 

viable and actively phagocytosing pathogens108,109. NETs have been implicated in the 

initiation of autoimmune diseases because they display self-molecules that are usually 

hidden within the cell into an ongoing inflammatory environment 109.  

Another effector property of neutrophils is complement release. These granulocytes 

are not only responsive to complement stimulation, as they bear complement receptors, but 



 

Page 27 

they also contribute to the complement system by releasing complement proteins (C3, C6, 

C7) 110. As a consequence, the inflammatory response to pathogens is increased. 

Neutrophils also contribute to the inflammatory milieu by secreting various cytokines and 

chemokines. Although there is less production of these proteins per cell compared to other 

innate immune cells such as macrophages, they have a relatively large contribution to the 

inflammatory environment based on the sheer numbers of neutrophils that are present at 

sites of inflammation 111. 

Finally, neutrophils are capable of producing many lipid mediators that contribute 

to, or suppress the inflammatory response. These eicosanoids are synthesized de novo and 

possibly come in waves during the neutrophil response - the release of potentially pro-

inflammatory prostaglandins and leukotrienes during the initial response, and pro-resolving 

mediators including lipoxins, resolvins and protectins later in the inflammatory response 

112,113. These lipid mediators act in an autocrine manner to attract and stimulate additional 

neutrophils 113. They also act on other cells including endothelium to promote vasodilation 

and immune cells to promote or suppress their response.  

 

1.2.4 Communication with Other Immune Cells      

In addition to the direct effects of their effectors functions during infection or injury, 

neutrophils can indirectly modulate inflammatory responses through interactions with other 

innate as well as adaptive immune cells (Figure 3). When activated, neutrophils secrete 

chemotactic factors or molecules that influence the production of these factors such as 

macrophage inflammatory protein (MIP)-1α and β, IL-8, and IL-17, that attract  
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Figure 3. Neutrophils modulate the response of other immune cells 

Neutrophils influence the response of other immune cells including, but not limited to 
macrophages, dendritic cells (DCs) and T cells. Neutrophils communicate with these other 
immune cells by releasing immune modulating molecules such as cytokines, chemokines 
and anti-microbial molecules. Neutrophils-stimulated macrophages and T cells 
subsequently secrete pro-inflammatory mediators that activate the granulocytes, reduce 
their apoptosis and enhance granulopoesis thereby perpetuating the cycle of immune 
response. Neutrophils also communicate directly with DCs through DC-SIGN (DC) and 
CD11b (neutrophil) as well as T cells through the MHC (neutrophil) and the TCR (T cell). 
Neutrophils can also suppress the immune response by secreting immune modulating 
factors such as cytokines, extracellular vesicles and NETs. 
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 macrophages, DCs, natural killer cells and more neutrophils 114. The macrophage 

chemotactic molecules secreted by neutrophils may help to explain the extensive clustering  

of these two cell types in areas of infection 115,116. Activated neutrophils also produce IFN-γ 

and TNF-α that both recruit and activate monocytes/macrophages 114. Further, secretion of 

myeloperoxidase by highly active neutrophils can bind in both its active and inactive form 

to the mannose receptor on macrophages to induce activation of these cells. Of interest, 

neutrophil-activated macrophages secrete ROS, TNF-α, IL-1β, IL-6, IL-8 and GM-CSF 

which in turn increase the survival of neutrophils, thus creating a positive feedback loop. It 

has also emerged that neutrophils may play a role in influencing M1 and M2 macrophage 

phenotypes 117. This will be further discussed below in the immunosuppressive neutrophil 

section.  

Regarding neutrophil communication with DCs, the granulocytes secrete many 

factors that have both stimulatory and suppressive effects on DCs. For instance, neutrophils 

secrete lactoferrin and cytokines that can stimulate DC maturation and activation 1,118,119.  

Neutrophil-secreted prostaglandin-E2 (PGE2) can drive DC and T cell differentiation and 

promote effector functions. PGE2 signals through the EP-4 receptor to increase IL-23 

production by DCs and ultimately Th17 cell differentiation 120. Neutrophils are also 

capable of producing IL-10 which can suppress the expression of co-stimulatory molecule 

and pro-inflammatory cytokines by DCs 121. Neutrophil-DC interactions also arise through 

direct cell-to-cell contact mediated by CD11b and CD66a on neutrophils and DC-SIGN on 

DCs 122. It is thought that DC-SIGN recognizes the specific glycosylation of neutrophil 

CD11b and fucosylation of neutrophil CD66a 123,124. This interaction regulates the 

proliferation and apoptosis of neutrophils 124. Also, the CD11b-DC-SIGN interaction can 
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result in modulation of DC activation, transport of antigens to DCs and the ability to 

influence future interactions between DCs and T cells 1,122,123,125-127. In humans, neutrophils 

induce DCs to upregulate co-stimulatory molecule, CD83 and IL-12 production. 

Ultimately, these DCs go on to induce increased T cell proliferation and impose Th1 

responses 125. Further, communication between neutrophils and DC at the blood brain 

barrier may play an immune activating role in EAE 119 

Neutrophils also modulate the adaptive immune system either directly or through 

their effects on APCs. For example, neutrophils secrete B-cell activating factor (BAFF) 

which enhances the proliferation and activation of B cells to increase the secretion of 

immunoglobulin (Ig)G and IgM 74,110. These granulocytes also upregulate co-stimulatory 

molecules expression on DCs thereby increasing their ability to activate T cells 122,123. 

Interestingly, DCs can also acquire antigen from neutrophils that can activate strong 

antigen-specific T cell responses including high levels of proliferation and Th1 polarization 

123. Mounting evidence suggests that neutrophils themselves can express MHC class I and 

II and the co-stimulatory molecules CD80 and CD86 to present antigen to adaptive cells 

128-130 such as T cells to influence Th1 and Th17 polarization 131. Notably also, Th17-

polarized T cells release IL-17 which induces the secretion of G-CSF by epithelial cells. G-

CSF has been shown to promote the survival of neutrophils and enhanced granulopoesis 

thereby perpetuating the inflammatory cycle 75,132.   

  

1.2.5 Immunosuppressive Neutrophils  

In addition to their association with promoting a pro-inflammatory milieu, 

neutrophils can produce a multitude of immune-modulating molecules that both amplify 
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and suppress immune responses. For example, suppressive properties have been described 

for MPO, NETs, and lactoferrin. In opposition to its demonstrated pro-inflammatory 

functions, MPO has been shown to negatively modulate the maturation and activation of 

DCs 133. Further, in addition to the antimicrobial properties of NETS, DCs exposed to 

NETs inhibit T cell proliferation and induce Th2 T cell polarization 134. Neutrophils also 

appear to secrete anti-inflammatory extracellular vesicles which are membrane vesicles 

containing protein, lipids and microRNA 135. These extracellular vesicles or ectosomes 

were found to decrease the differentiation of DCs and inhibit effector T cell proliferation 

136. Interestingly, neutrophils themselves can act as immunosuppressive agents. In 

particular, apoptotic neutrophils taken up by DCs decrease the ability of DCs to be 

activated 53. Finally neutrophils may have autocrine anti-inflammatory effects, such as the 

case with lactoferrin, which can be secreted by neutrophils, and modulates cell adhesion 

and motility to inhibit the migration of these cells 137.  

Because of the immunosuppressive abilities of these neutrophil products, it is appealing 

that immunosuppressive neutrophils may exist similar to that for macrophages and T cells. 

Immunosuppressive neutrophils have been reported but it is a highly contentious area of 

research. Immune-activating and suppressing neutrophils are suggested to differ in 

cytokine production, chemokine production, oxidative burst, nuclear morphology and cell 

density (Table 2). 117,138-140. The first immunosuppressive neutrophil was described by 

Tsuda and colleagues who studied methicillin-resistant Staphylococcus aureus (MRSA) 

susceptible mice 117. They categorized neutrophils from MRSA-resistant mice as PMN-I 

(N1) or immune stimulating and those from MRSA-susceptible mice as PMN-II (N2) or 

immune suppressing 117. Both N1 and N2 neutrophils secreted TNF-α,  
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Table 2. Properties of immune activating and immune suppressing neutrophils 

Neutrophils are able to modulate their environment in either an immune activating or 
suppressing manner. This table describes some of the properties that are speculated to 
define the pro-inflammatory and anti-inflammatory phenotypes of neutrophils. Many of 
these factors have been disputed in the literature and no real consensus currently exists as 
to which markers define immunosuppressive neutrophils.   
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Immune Activating Immune	Suppressing

Markers	138,141 CD11bhi,iNOS CD11blo	or	hi,	iNOS,	Arg-1,	Ym1,	
CD244

Cytokines	 117	 TNFα,	IL-12,	IL-1β IL-10, IL-4

Chemokines	 117	 MIP-1α MCP-1

Oxidative Burst	144	 Increased Increased	or	Decreased

Nucleus	 138 Multilobular Ring

Density	140 High Low
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IL-1β, keratinocyte chemoattractant (KC), and H2O2 whereas only N1 cells secreted MIP-

1α and IL-12, and only N2 cells secreted MCP-1 and IL-10. N1 cells were found to be 

CD49 positive while N2 neutrophils were CD49 negative. Interestingly when cultured 

together with macrophages, the N1 neutrophils induced a classical macrophage activation 

(M1 polarization) but N2 neutrophils induced an alternative or M2 polarized activation in 

the macrophages. Since this first observation of immune-suppressing neutrophils, other 

studies have claimed similar findings 139,141-143. Controversy has however arisen over the 

actual existence and identity of these cells. Specifically, conflicting evidence surrounds the 

markers that are suggested to label immunosuppressive neutrophils (Table 2). Many studies 

have been completed on immunosuppressive neutrophils derived from different disease 

situations. As such, these cells have shown phenotypes that are as diverse as the diseases 

that they have been isolated from. For example, some studies have shown that neutrophils 

with immunosuppressive properties are CD11bdim where others have described them as 

CD11bbright 138. This is also true for the production of ROS where studies have conflicting 

down- or upregulation with immunosuppressive properties 144. An interesting molecule, 

CD244, has been shown to be related to immunosuppressive neutrophils in C57/BL6 mice 

but has the opposite properties in other strains of mice further confusing the situation 138. 

As a result, the current compromise thinking is that there are variations in 

immunosuppressive neutrophils 138.  

An additional confounder is the possibility that these cells merely switch 

characteristics over the course of an inflammatory response. For example, it is thought that 

after the initial immune response neutrophils undergo lipid mediator class switching to 

begin producing lipoxins, resolvins, and protectins. These specialized pro-resolvin lipid 



 

Page 36 

mediators induce the neutrophils to undergo apoptosis, promote macrophage recruitment 

and neutrophil engulfment as well as inhibit DC migration and IL-12 production 113,145. 

Controversy also exists in regards to the nomenclature of these immunosuppressive 

cells. Some studies refer to them as N1/N2, an adoption from the macrophage 

nomenclature, whereas other studies refer to them as immunosuppressive neutrophils, low 

density neutrophils (LDNs), tumour-associated neutrophils (TANs) or immature 

granulocyte myeloid-derived suppressor cells (G-MDSCs) 138,139. TANs are the most 

studied neutrophil suppressor cell to date. Studies suggest that the tumour environment 

plays a role in driving the polarization of these cells 139. Further, TANs are able to suppress 

tumour reactive CD8+ T cells though iNOS production 146. Interestingly, a population of 

N2-like cells has been discovered in ischemic brains that can be enhanced by treatment 

with peroxisome proliferator-activated receptor-γ activation, a receptor that is important for 

macrophage M2 polarization 141. It is noteworthy that within this murky literature of 

immunosuppressive neutrophils, there seems to be one observation that has been repeated 

in multiple studies with different inflammatory disease models: an increase in IL-10 

production by immune-suppressing murine neutrophils 74,117,143,147-149. IL-10 released from 

neutrophils was able to suppress the DC, monocyte and macrophage inflammatory 

response as evidenced by increased levels of TNF-α in the absence of IL-10 producing 

neutrophils after infection with Mycobacterium, Escherichia, or Shigella 148.  

 

1.2.6 Neutrophils in Injury and Disease   

Neutrophils are rapidly mobilized to a site of injury or inflammation during disease. 

In an infectious situation, neutrophils are imperative for clearing harmful pathogens. 
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Unfortunately, there are many diseases where the actions of neutrophils are no longer 

beneficial such as some cancers, central nervous system (CNS) injury, and auto-

inflammatory diseases.  

 

1.2.6.i Infection and Inflammation    

 Neutrophils are critical during the early phase of infections by mobilizing effector 

mechanisms that destroy the pathogen. The importance of neutrophils is most evident in 

instances of decreased neutrophils or neutropenia. Patients with congenital neutropenia 

diseases such as Kostmann’s Syndrome and Myelokathexis, are defined by recurrent 

severe, potentially life-threatening infections that are often fatal early in life 150,151. 

Treatment with recombinant G-CSF has reduced infections in, prolonged the life-span of, 

and improved the quality of life of these patients 150,151. The importance of neutrophil 

effector mechanisms is demonstrated in diseases that limit the function of neutrophils such 

as CGD where mutations in NADPH oxidase limit the ability of neutrophils to produce an 

oxidative burst. As a consequence, patients experience repeated severe infections. 

Infectious agents such as Hepatitis viruses, Human Immunodeficiency virus, Plasmodium 

parasite (malaria) and Salmonella can also lower the neutrophil blood count which in some 

cases can delay or limit treatment options 152-154. Leukemia and chemotherapy can also 

result in devastatingly low neutrophil counts leading to increased risk of severe infection, 

fever and mortality 155. Altogether, these findings demonstrate the fundamental role of 

neutrophils during the infectious inflammatory response.  
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1.2.6.ii Cancer 

In humans and animals with cancer, neutrophils that home to tumours are called 

tumour-associated neutrophils or TANs. Both pro- and anti-tumour properties have been 

demonstrated for these cells. The tumour environment itself often has a vast effect on 

which TAN phenotype dominates. TGF-β produced within the tumour environment 

generates neutrophils with reduced cytotoxicity to tumour cells, enhanced T cells 

suppressive properties and lower levels of pro-inflammatory cytokines 139. This 

phenomenon occurs mostly in established tumours where neutrophils infiltrate the depths 

of the tumour environment 142. In early stages of cancer, neutrophils stimulate the reactivity 

of T cells against tumour cells 142,156. It also seems as though TANs are more detrimental in 

certain cancers particularly those with solid tumours because there are more infiltrating 

immunosuppressive neutrophils 157,158. More specifically, these neutrophils produce factors 

that help to promote tumorigenesis, angiogenesis and metastasis including IL-10, MMP-9, 

NE and vascular endothelial growth factor (VEGF) 159-161. Interestingly, high neutrophil-to-

lymphocyte ratios equate to a poor prognosis in many cancers 162-165.   

 

1.2.6.iii CNS Diseases 

Neutrophils play a prominent role in the pathology of sterile CNS injury and 

disease. Instances of cerebral ischemia or stroke show us that the entry of neutrophils into 

the CNS can have devastating consequences. Activated neutrophils are present in the 

meninges within 6 hours and the parenchyma by 24 hours following a stroke injury in mice 

166. After stroke, neutrophils exacerbate brain injury through NET production, respiratory 

burst and directing the inflammatory response of microglia in the CNS 166,167. Inhibition of 
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these cells leads to a favourable outcome in terms of decreased infarct size and 

inflammation in animal models 168-170. In patients suffering from stroke, high peripheral 

neutrophil-to-lymphocyte ratio indicates a poor prognosis and foreshadows loss of life 

171,172. Interestingly, immunosuppressive neutrophils have also been identified in stroke 

models and harnessing these cells may prove to be a viable treatment for stroke patients 141.    

 Neutrophils also play a role in the severity of CNS tissue damage and systemic 

inflammatory response after traumatic brain injury (TBI). Neutrophil depletion in a mouse 

model of TBI, controlled cortical impact, had the beneficial effects of reducing swelling 

and tissue loss 173. In addition, the removal of NE from the equation by performing 

controlled cortical impact injuries in NE-/- mice, also showed reduced swelling and cell 

death in the brain 174. Further, neutrophil gelatinase-associated lipocalin, a protein highly 

expressed by neutrophils, is a biomarker for severity of damage and poor prognosis 

following TBI 175. It appears that after TBI, peripheral neutrophils have elevated oxidative 

burst capacity and thus inhibition of neutrophil responses has been shown to lead to 

decreased systemic inflammatory response 176,177.  

 

1.2.6.iv Auto-Inflammatory Diseases 

A hallmark of many auto-inflammatory diseases is the increased presence of 

neutrophils. In recent years, the important role of NET formation in autoimmune diseases 

has become more fully understood. NETs serve as a major factor and possibly an initiating 

event in autoimmune diseases such as RA, systemic lupus erythmatosus (SLE), psoriasis, 

vasculitus and others178-180. When releasing NETs, it is thought that neutrophils excrete 

infectious antigens along with auto-antigens that are normally contained within the cell and 
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thus possibly triggering an autoimmune reaction. In RA patients, neutrophil-excreted NETs 

contain an increased proportion of citrullinated proteins, a post-transcriptional modification 

where arginine is converted into citrulline 180. Auto-antibodies reactive against citrullinated 

proteins and other cytoplasmic proteins are also evident in RA and SLE and precede 

symptoms in RA patients suggesting that these proteins may play a role in the autoimmune 

disease 181-183. In RA and SLE, neutrophils themselves have abnormal gene expression, as 

well as increased activation, and apoptosis 184,185. Interestingly, neutrophils from patients 

with antibodies against citrullinated proteins displayed enhanced activation and 

phagocytosis 185. Neutrophils are also able to activate other immune cells in these diseases. 

For example they activate DCs in SLE with self-DNA peptides generated during NETosis 

186. As to whether neutrophils have a causative role in autoimmune diseases, RA patients 

have an increase neutrophil-to-lymphocyte ratio 187 and,  the presence of neutrophils is 

necessary in two animal models of  RA, K/BxN serum-induced arthritis and collagen-

induced arthritis 188-190.  

 

1.3 Multiple Sclerosis 

Multiple sclerosis (MS) is a neurodegenerative autoimmune disease that affects 

millions of people across the globe. In Canada specifically, over 100,000 people are living 

with the disease (Statistics courtesy of the MS Society of Canada). Alberta has one of the 

highest rates nationwide with 1:300 people having the disease (Statistics courtesy of the 

Alberta Health, Government of Alberta). Interestingly, MS affects females almost 3 times 

more than males. These patients are most often diagnosed during the prime of life and can 

suffer from a decrease quality of life due to dizziness, bladder/bowel dysfunction, cognitive 
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impairment, fatigue, gait dysfunction, optic neuritis, pain, sensory dysfunction, sexual 

dysfunction, spasticity, tremor and weakness. The most prominent co-morbidity 

experienced by MS patients is depression suggesting this disease negatively impacts the 

patients’ ability to live their day-to-day lives191-193. There are four main clinical subtypes of 

MS based on disease course; relapsing remitting in which patients experience attacks with 

increased symptoms and CNS lesions as well as remissions where the symptoms ease, 

secondary progressive is diagnosed when patients no longer fully recover after relapses and 

the disease steadily worsens, relapsing progressive occurs when patients continue to have 

relapses and active brain lesions as the disease progresses, and primary progressive patients 

have progression from the time of diagnosis and often occurs in patients that are diagnosed 

later in life 194.     

Although there is a prominent immune response in MS, the etiology of the disease 

is currently unknown. Two theories exist on the initiation of the disease, one being 

autoimmune driven and the other being neurodegeneration driven.  Genetic evidence 

suggests that this disease is autoimmune in nature. All genetic predispositions to the MS 

disease are dominated by prevalence to immune linked genes including HLA (eg. HLA-

DRB 1501), cytokine (eg. IL-2R, IL-7R, IL-12R) and chemokine (eg. CXCR5) receptors, 

co-stimulatory molecules (eg. CD37, CD80, and CD86) and cell adhesion molecules (eg. 

VCAM-1)195.  Further, all current therapies and drugs undergoing clinical trial that have 

shown effectiveness in relapsing remitting MS are immune modifying treatments 195.  
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1.3.1 Immune Response 

MS is defined by a robust autoimmune response within the CNS that results in 

active de-myelinating lesions. Although there are many cell types involved in the 

pathogenesis of MS, these lesions are dominated by macrophages, microglia and T cells 

195,196.    

 

1.3.1.i Adaptive Immune Response in MS.  

Much of our knowledge of the immune response in MS comes from studies 

completed in an animal model called experimental autoimmune encephalomyelitis (EAE). 

This model is dominated by a T helper response to myelin antigens and as a result, we have 

a vast knowledge on the role of T cells in EAE that may be applicable to MS. MS lesions 

predominantly contain dysregulated myelin specific Th1, Th17 and CD8 T cells 195. Th1 

cells were originally thought to drive EAE and MS because IL-12p40 null mice were 

unable to acquire EAE disease 197. Interestingly, IFN-γ deficient mice developed more 

severe EAE disease possibly due to Th17 cells. Both Th1 and Th17 cells are able to induce 

adoptive transfer EAE 197. With respect to Th17 cells, due to their production of  IL-17 and 

IL-22 cytokines that disrupt endothelial cell tight junctions, these lymphocytes may play a 

role in breaking down the blood brain barrier thereby allowing many types of immune cells 

to cross into the CNS198. Of interest, the presence of CD8+ cells dominate in MS lesions as 

compared to EAE animals where pathology is dominated by CD4+ cells 197. Further, the 

CD8+ population in patients is expanded in their lesions, cerebrospinal fluid (CSF) and 

blood. Interestingly, CD8+ have shown a propensity to exhibit a regulatory role in EAE 197. 

To further exacerbate the immune outlook, MS patients have reduced expression of 
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CD4+CD25+ regulatory T cells and the important regulatory T cell transcription factor, 

FoxP3 199,200.  

Regarding other leukocytes, B cells are active during MS disease as demonstrated 

by the vast amount of patients whose cerebrospinal fluid contain immunoglobulins 

produced by B cells 195. Interestingly, B cell follicles form in the meninges of secondary 

progressive MS patients but are not present in patients with other types of the disease. This 

suggests that B cells may play a role in the progressive phase of the disease. Finally, NK T 

cells, which bridge the gap between adaptive and innate immune systems, are possibly 

protective during the disease course. Massumoto and colleagues found that animals that 

lacked NK cells had more severe EAE disease 201. It is possible that these cells have a role 

in destroying autoreactive T cells. 

 

1.3.1.ii Innate Immune Cell Response 

Innate immune cells constantly survey the CNS for invading pathogens and other 

harmful agents. This is performed by microglia within the CNS and by peripheral immune 

monocytes and DCs in the areas that allow for some interaction between blood cells and 

the brain, such as the choroid plexus or perivascular space 202. These cells are therefore in a 

prime position to uptake and process antigens present in the CNS and cerebrospinal fluid. 

Innate immune cells play a critical role in MS by priming T cells against myelin antigens in 

the periphery and also reactivating T cells in the CNS perivascular area 203. Macrophages 

and microglia dominate the inflammatory milieu in MS lesions where they clear myelin 

debris and contribute to the inflammatory response by secreting inflammatory mediators 

204. It is thought that these cells may even have a role in removing myelin from the axon 205. 
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Due to the fact that T cells are no longer present in lesions in advanced MS, one theory 

exists that the adaptive immune system mediates the relapsing remitting phase of the 

disease whereas the innate immune cells drive the degenerative secondary progressive 

phase 203.  

TLRs play an important role in most innate immune cells by recognizing pathogen 

associated molecular patterns from bacteria, viruses, parasites and cellular debris to result 

in the activation of these cells. Various TLR polymorphisms have been shown to be 

associated with MS disease course 206. Specifically, expression of TLR2 is increased in MS 

patients 207 while TLR2 is upregulated in the brains and spinal cords of mice with myelin 

oligodendrocyte glycoprotein peptide 35-55 (MOG35-55)-induced EAE and the Theiler’s 

murine encephalomyelitis virus model of MS 208-210. TLR knockout studies have 

demonstrated that some TLRs play essential roles in the development of clinical symptoms 

in the EAE mouse model. More specifically, knockout of MyD88, a TLR downstream 

signalling molecule, results in mice resistant to EAE 210-212.  Further, Miranda-Hernandez 

and colleagues found that TLR2 knockout and TLR9 knockout in female mice have less 

severe MOG35-55-induced and passive EAE as compared to wild-type (WT) animals and 

their male counterparts 212.  

 

1.3.1.ii Neutrophils in MS 

The role of neutrophils in MS is unclear. MS lesions are mainly occupied by 

macrophages, microglia and T cells but only a few studies have identified neutrophils in 

MS CNS tissues 213. As a result, neutrophils were not thought to play a role in MS 

pathology. This contrasts with neuromyelitis optica spectrum disorders such as optical-
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spinal MS where neutrophils can be found in, and often, define lesions 214-216. Recently 

however, Naegele and colleagues discovered that MS patients have more neutrophils in 

their blood as compared to healthy controls, and that the primed state of these immune cells 

was exacerbated during the relapsing phase of the disease 91. These primed neutrophils 

were found to excrete elastases and neutrophil extracellular traps that are known to attack 

pathogens and damage tissue and consequently result in the recruitment of other immune 

cells. In addition, primed neutrophils in MS were also found to excrete ROS which can 

activate macrophages directly 217.  

  As to how neutrophils might contribute to MS pathology, neutrophils are able to 

recruit DCs to areas of inflammation and provoke DC maturation and influence the T cells 

priming capabilities by DCs 2. Also, neutrophil-DCs interaction results in DC-mediated 

polarization of T cells to Th1 2 and, when activated, neutrophils themselves also possess 

the equipment required for antigen presentation and T cell interaction 19. It is therefore 

possible that peripheral neutrophils may modulate the course of MS by contributing pro-

inflammatory molecules to the environment as well as interacting with, and activating, 

other types of immune cells.  

 

1.3.2 Experimental Autoimmune Encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) is an animal model of MS that 

focuses on the immune aspects of the MS disease (Table 3). EAE was discovered in 1933 

by Thomas M. Rivers 218. After his own experience with muscular atrophy, he investigated 

adverse neurological reactions to rabies vaccines that were developed in the CNS of rabbits 

219. EAE relies on the principles of vaccination to immunize animals against myelin  
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Table 3. Comparison of MS and EAE 
EAE is a widely used animal model for MS. This table demonstrates some of the key 
features where this model mimics and differentiates from the disease. This table was 
compiled from reviews by Constantinescu 221, Fletcher 197, Gandhi 222, Hoglund 195 and 
research by Naegele and colleagues 91.   
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Multiple	Sclerosis Experimental
Autoimmune	
Encephalomyelitis

Features Demyelinated	lesions,
CNS	immune	infiltration

Demyelinated	lesions,
CNS	immune	infiltration

Etiology Unknown,	Inside	out	and	
outside in	hypotheses

Immunized	against	
myelin	protein,	transfer
of	myelin-specific	T	cells	
from	immunized	animals,	
or	myelin-specific	
transgenic	TCR

Sign/Symptoms Sensory/motor
impairment,	ataxia,	
spasticity,	fatigue,	
cognitive	impairment

Classic	EAE:	Ascending	
weakness	and	paralysis,	
atypical	EAE:	torticollis,	
unilateral	or	forelimb	
paralysis,	lethargy,	optic	
disease

Disease	Course Relapsing-remitting	(80-
85%),	secondary-
progressive	(50%	of	RR),	
primary-progressive	(10-
20%),	progressive-
relapsing	(<5%)

Dependent	on	strain:	
classic:	monophasic,	
chronic	or	atypical:	
relapsing	remitting

Lesion	Location Majority	in	the	brain;
paraventricular,	optic	
nerve,	cerebellum,	
brainstem	

Classic	EAE:	majority	in	
spinal	cord,	 atypical	EAE

ImmuneResponse:	
Lesion

Th1,	Th17,	CD8	T	cells,	
oligoclonal banding,	
microglia/macrophage,	
mast	cells

Th1,	Th17,		DCs,	
microglia/macrophage,
mast	cells

Neutrophils Not	typically	in	CNS	at	
autopsy, active	in	the	
periphery	during	relapse

CNS early	in	disease	
course
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antigens. Animals exposed to myelin antigens in the presence of complete Freund’s 

adjuvant undergo a robust immune response targeted at myelin destruction in the CNS that 

ensues in progressive paralysis.  

 

1.3.2.i Neutrophils in EAE 

A role for neutrophils in EAE and other animal models of demyelination has been 

established. Neutrophils have been shown to be involved in initiating EAE 220. They were 

found to migrate into the CNS shortly after induction and dissipate shortly after peak of 

disease 220. In collaboration with Dr. Paul Kubes’s lab, we have also observed GR1+ 

neutrophils migrating into the CNS of 129S6 mice at peak of EAE disease by intravital 

imaging (Figure 4). In other neurological diseases such as stroke, the presence of  

neutrophils in the CNS also appears to be transient with peak presence at 24-48 hours after 

stroke and dissipating by 7-9 days post-stroke 223,224.  

As to whether neutrophils play a role in EAE pathogenesis, McColl and colleagues 

showed that a neutrophil depleting antibody, RB6-6C5, was able to ameliorate both active 

and passive EAE in SJL mice 225. Another study also demonstrated reduced EAE severity 

and incidence with the addition of the Ly6G 1A8 antibody that is thought to be more 

neutrophil specific than the RBC-685 antibody119. The pathological effect of the 

granulocytes may be related to their secretion of the chemokines, MIP-1α and macrophage 

chemotactic protein (MCP)-1 226, as well as the pro-inflammatory cytokine TNF-α 227 that 

would contribute to the inflammatory environment during the transient presence of 

neutrophils in the CNS. Also, a recent study by Steinbach and colleagues, demonstrated a 

role for neutrophils in DC activation at the surface of the CNS and further demonstrated 



 

Page 49 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Neutrophil extravasation into the central nervous system in experiment 
autoimmune encephalomyelitis 
Experimental autoimmune encephalomyelitis (EAE) was induced in 8-12 week old 
129SVE mice. At peak disease, intravital imaging was performed with fluorescently 
conjugated antibodies to PECAM (red) to mark the blood vessels and Gr-1 (blue) to stain 
neutrophils. Areas with little to no infiltrating neutrophils (A) as well as extensive 
neutrophil infiltration into the parenchyma (B) were observed.   
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that these interactions affect the ability of the DCs to elicit an anti-myelin T cell response 

119. This work suggested that neutrophils may be involved in demyelination, a finding 

corroborated in other models of demyelination. For example, neutrophils infiltrate the CNS 

in the lysolecithin model of demyelination shortly after injection into the spinal cord 228 and 

in the cuprizone model of demyelination, neutrophils expressing CXCR2 are crucial to 

promoting demyelination 229.   

 

1.4 AlphaB-Crystallin 

AlphaB-crystallin (αBC) is a small heat shock protein that it is located in the 

perinuclear region of cells 230. This protein has been shown to act as a chaperone 3, inhibit 

apoptosis in a variety of peripheral cells undergoing stress 3 and prevent neurotoxicity 231. 

αBC is highly expressed in lens, heart, and skeletal and cardiac muscle and moderately 

expressed in the kidney, lung, skin and brain 232,233. The ubiquitous expression of αBC 

suggests that it has a generalized cellular function 233. Bhat and colleagues suggest that in 

retinal epithelial cells, αBC may bind to lipid rafts where it is secreted from the cell by 

exosomal release 234. Two theories have been proposed for the effects of exogenous αBC 

on cellular targets; 1. this crystallin is thought to bind and cross the plasma membrane to 

exert its effects within the cell 235, and 2. αBC has been shown to bind to and exert effects 

through the TLR2/CD14 receptor 236.  

 

1.4.1 Structure  

The small heat shock protein, αBC, is an oligomeric protein that is non-uniform in 

nature. The oligomers consist of curved α-crystallin dimers. The α-crystallin domain is a 90 
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-residue conserved immunoglobulin fold that takes the form of a 7 stranded β sandwich 

containing the substrate binding site 237. At pH 7.5, a highly conserved c-terminal IXI motif 

blocks the substrate binding pocket whereas at pH 6.5 there is a chemical shift to remove 

the auto-inhibition. The palindromic C terminal extension also has chaperone activity and 

plays a role in the oligomeric assembly of these proteins 238. αBC can be phosphorylated at 

3 serine residues – Ser19, Ser45 and Ser59. Pseudophosphorylation at all three sites has 

been shown to increase chaperone activity but lowered stability 239.  It is therefore possible 

that mixed oligomers of phosphorylated and non-phosphorylated proteins are important for 

the in vivo chaperone activities of αBC 239.  

 

1.4.2 Protective Functions 

αBC expression is upregulated in many diseases where it has a number of 

demonstrated protective functions including anti-apoptotic, chaperone, anti-neurotoxic and 

anti-inflammatory properties. We and colleagues have previously shown that αBC plays a 

protective role in astrocytes and T cells in EAE by promoting survival and decreasing 

activation, respectively 240. However, the role of αBC in neutrophils in EAE is unknown. 

 

1.4.2.i Apoptosis 

Many studies have established that αBC confers protection against apoptosis in 

numerous cell types with varying assaults. In the CNS, αBC inhibits both oxidative stress-

induced and staurosporine-induced apoptosis in astrocytes 241,242. The crystallin also 

suppresses oxidative stress-induced apoptosis by binding partially processed caspase-3 and 

inhibiting its activation 241. The heat shock protein ultimately reduces ROS by increasing 
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the expression of the anti-oxidant, glutathione, in response to oxidative stress 243. αBC also 

diminishes staurosporine-induced apoptosis in lens epithelial cells by inhibiting bax and 

bcl-xs, two pro-apoptotic regulators 244. In these cells αBC also preserved the integrity of 

the mitochondria and reduced the activation of caspase-3, another pro-apoptotic regulator 

244. Of note, TNF is a dominant inflammatory cytokine present in the lesions of MS 

patients and EAE animals 245,246 and can induce apoptosis in cells that express TNFR 245. 

αBC is able to decrease TNF-induced apoptosis in the murine fibrosarcoma cell line, L929 

243.  

αBC is thought to negatively regulate apoptosis through the mitochondrial and 

death receptor pathways 247. This crystallin blocks cytochrome C to enhance mitochondrial 

integrity and inhibition of caspase-8 dependent activation of caspase-3 247. The R120G 

mutation, phosphorylation of Ser 59 and pseudophosphorylation eliminate or alter the anti-

apoptotic function of αBC and allow for mitochondrial dysfunction 248-251. Also, the 

phosphorylation of Ser 59 interferes with the ability of αBC to interact with anti-apoptotic 

protein Bcl-2 251. Altogether, the demonstrated anti-apoptotic functions of αBC may 

contribute to cell survival within the CNS in EAE.   

 

1.4.2.ii Chaperone 

The molecular chaperoning function of αBC has been repeatedly demonstrated with 

the lens being the most studied with respect to this property of the crystallin 252. Here, αBC 

exists as a heterogeneous aggregate with alphaA-crystallin (αAC) 252. Lens αBC inhibits 

the aggregation of many proteins including its family members β- and γ-crystallins 252. 

αBC is also able to inhibit the aggregation of alcohol dehydrogenase, phosphoglucose 
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isomerase, glutathione S-transferase, enolase, aldolase, lactate dehydrogenase, citrate 

synthase, and carbonic anhydrase 252. 

The structure of αBC can be divided into three sections; a hydrophobic N-terminal 

domain (1-67), a conserved C-terminal domain (68-149), and a flexible C-terminal 

extension (150-175) 253 (Figure 5). Each region can be associated with different 

chaperoning properties. The residues in the N-terminal region may be important for insulin 

chaperoning whereas the C-terminal region may be important for preventing tubulin 

aggregation and binding to actin filaments 253. Residues 73-92 of the C-terminal region are 

known to have a functional chaperone site 254.  

The protective chaperoning functions of αBC have been demonstrated in the lens of 

the eye and in other many disease states. For instance, αBC is upregulated and over-

expressed in many neurological disorders and stress conditions 252. The heat shock protein 

has been shown to bind inflammatory proteins in plasma isolated from MS patients 255. 

Further, in the neurodegenerative diseases, Huntington’s and Alzheimer’s diseases, poly-

glutamine (poly-Q) repeat expansion is associated with fibril protein aggregates and 

neuronal cell death 256,257.  In these disorders, heat shock factor 1 and nuclear factor of 

activated T cells induced the expression of αBC which then inhibited poly-Q aggregation 

256,257.  The cystallin also binds amyloid fibrils in Parkinson’s and Alzheimer’s disease to 

prevent formation and/or elongation of the aggregates 258. In Alexander’s disease, over-

expression of αBC decreases disease severity by possibly interrupting the aggregation of 

mutated glial fibrillary acidic protein (GFAP). Additional evidence to support the crucial 

role for αBC in chaperoning is that a mutation, R120G, in the αBC gene results in desmin 

aggregate formation and cardiomyopathy 250. The R120G muation disrupts the chaperone  
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Figure 5. αBC chaperone functions 
The structure of αBC can be broken down into three regions; N-terminal, conserved C-
terminal, and flexible C-terminal. The N-terminal and C-terminal regions of the αBC 
protein have been associated with chaperone functions of different molecules. This figure 
provides an example of the different molecules that are chaperoned by the different 
segments of αBC. 
  



 

Page 56 

  

αBC

N-terminal	 Conserved	 C-terminal Flexible	 C-terminal	

1-67 68-149 150-175

Prevent	aggregation	of:	

Actin filament
Tubulin aggreation
Glial fibrillary acidic	protein
Inflammatory	plasma	proteins
Protective	in	EAE

Insulin	
Alcohol	 dehydrogenase
Citrate	synthase



 

Page 57 

function of αBC and permits the aggregation of GFAP filaments 233,253. Not only does the 

R120G mutation interrupt the molecular chaperoning function, it also negatively affects the 

anti-apoptotic functions of αBC 249,250.  

 

1.4.2.iii Neurotoxicity 

The neurotoxic properties of αBC can be debated depending on the situation. αBC 

has many protective roles in the inflamed CNS including reducing nitric oxide production, 

scavenging free OH, and reducing inflammation-induced increases in intracellular calcium 

and acetylcholine degradation 231. This heat shock protein also mediates metabolism in the 

brain in response to inflammation by upregulating glucose uptake to ensure steady state 231. 

During EAE-induced CNS inflammation, αBC downregulates pro-inflammatory cytokine 

production by immune cells and astrocytes 240. Alternatively, the chaperone function of 

αBC prevents the aggregation of amyloid beta fibrils in Alzheimer’s disease and thus 

secondarily causing increased neurotoxicity 259,260. The interaction of αBC with amyloid 

beta may alter the second protein to keep it in its non-fibrillar highly toxic form 259. Thus, 

αBC interaction with amyloid beta results in the oxidation of the side chain Met35 in the 

amyloid beta protein to increase neurotoxicity 260. In this circumstance, αBC perpetuates 

the neurotoxicity suggesting a negative role. 

 

1.4.2.iv Inflammation 

Original studies on αBC expression demonstrated that there was no expression of 

this heat shock protein in immune organs and therefore concluded there was no expression 

by immune cells 232,261. Interestingly, a recent study by Chauhan and colleagues showed 
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that αBC may be upregulated in macrophages, dendritic cells, neutrophils, T cells and B 

cells in response to infection with murine gammaherpesvirus-68 or after exposure to 

lipopolysaccharide (LPS) 262. Initial studies by van Noort and colleagues have shown that 

αBC elicited an immunodominant T cell reaction in MS and suggested that it was a key 

autoantigen in the disease manifestation 263,264. Since these studies, many papers have 

opposed this notion and demonstrated immunosuppressive roles for αBC in many 

situations. We have shown that αBC modulates the activation of T cells from MS patients 

and reduces the migration of T cells in EAE 5,265. αBC was also shown to bind to and help 

eliminate pro-inflammatory plasma proteins such as complement proteins from MS patients 

255.  

The crystallin has shown anti-inflammatory properties in other CNS diseases such 

as spinal cord injury where it increased granulocyte recruitment and decreased 

inflammatory macrophage mobilization to the CNS266. In stroke models, the presence of 

αBC was shown to be beneficial where dopamine D2 receptor activation suppressed 

inflammation through αBC267,268. Further, αBC along with αAC, form oligomers that are 

major protein of the lens of the eye and function to preserve the refractory index of this 

organ 269. Here, the small heat shock protein appears to protect the eye during inflammatory 

assault by reducing bacterial-induced apoptosis and tissue destruction to the host 270. 

Finally, in the peripheral nervous system, αBC helps to mediate remyelination and, induce 

an M2-like macrophage phenotype after sciatic nerve crush injury 271 (Lim et. al., Ousman 

lab unpublished data).    

In peripheral organs, αBC is protective during damaging inflammatory event such 

as in myocarditis which is a severe inflammation of the heart muscle that is caused by 
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viruses or an autoimmune reaction 272. Interestingly, αBC is upregulated in chronic 

obstructive pulmonary disease (COPD) which is dominated by neutrophil infiltration into 

the lungs 273. Treatment of COPD with αBC resulted in downregulated macrophage 

inflammatory response and decreased migration of neutrophils and lymphocytes to the lung 

236. In summary, αBC has demonstrated various anti-inflammatory properties on immune 

cells in numerous tissues types with different inflammatory assaults.   

 

1.4.3 αBC and Kinase Pathways 

Many of the observed effects of αBC were found to be related to its effect on the 

mitogen-activated protein kinase (MAPK) pathway. Mao and colleagues discovered that 

the anti-apoptotic ability of αBC was  dependant on inhibiting ERK/p38 pathway 274 while 

the αBC-mediated inhibition of platelet granule secretion was found to be through 

decreasing adenosine diphosphate-induced phosphorylation of p44/42 and P38 275. 

Interestingly, MAPK p38 activates αBC 276 and p38/MSK1 along with Ca2+ regulate αBC 

phosphorylation during oxidative stress 277.  Finally, αBC has also been shown to activate 

the phophoinositol-3 kinase (PI3K) pathway to protect cells from oxidative stress and 

apoptosis 278,279. 

 

1.4.4 αBC and Neutrophils 

Very little is known about the role of αBC on neutrophil physiology. Due to the 

anti-inflammatory properties of αBC on other immune cells and the role of neutrophils in 

the pathology of many inflammatory diseases, this relationship warrants investigation. 

Neutrophils themselves were not thought to express αBC but a recent study suggested that 
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a small population of bone marrow neutrophils may express this protein in response to 

infection 262. Further, it has been shown that treatment of macrophages with αBC induced 

the expression of molecules known to have an inhibitory effect on neutrophils such as, 

pentraxin 3 and tumor necrosis factor-induced protein-6 236. This latter study further 

demonstrated that αBC treatment could reduce smoke-induced neutrophil migration into 

the lungs but that these cells had not taken up the αBC microparticle 236.  Although, the 

neutrophils did not uptake αBC in this study, the overall system responded to the αBC in an 

anti-inflammatory way and affected neutrophil biology. In other works, Dieterich and 

colleagues suggested that αBC plays a role in limiting the expansion and recruitment of 

Gr1+CD11b+ immature myeloid cells280. They showed that αBC-/- mice had elevated levels 

of Gr1+CD11b+ immature myeloid cells in tumor-bearing models and models of 

chemically-induced liver inflammation. Since both granulocyte and monocyte-associated 

immature cells express Gr1 and CD11b, it is possible that these cells are granulocyte in 

nature and that αBC plays a role in granulopoesis 281.  

 

1.4.5 αBC in MS and EAE 

The first association between αBC and MS was discovered in 1995 by Hans van 

Noort and colleagues who found that αBC was localized to both astrocytes and OLs in MS 

lesions and that αBC was the highest upregulated gene in acute MS lesions 4. Also, free-

floating αBC could be detected in the cerebral spinal fluid of MS patients 240. Van Noort 

and colleagues went on to show that the protein was highly immunogenic 263. Specifically, 

they found that primed T cells isolated from MS patients proliferated more in the presence 

of αBC than media alone 263. The study thus suggested that αBC was a possible autoantigen 
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associated with MS as it was the most immunodominant antigen of all myelin associated 

proteins 263. As such, subsequent studies by van Noort and others aimed to prove that αBC 

was the key autoantigen associated with MS 264. They were however unable to induce EAE 

directly with αBC or indirectly with αBC-reactive T cells. Specifically, CD4+ αBC reactive 

T cells were unable to induce EAE as compared to MOG primed T cells which caused 

severe EAE symptoms 282,283. Interestingly, the van Noort group published a paper showing 

that animals exposed to a virulent stimulus 7 days prior to injection with αBC reactive T 

cells developed very mild EAE-like symptoms 284. This suggested that αBC may modulate 

the disease but would require prior insult to the CNS before becoming antigenic. Other 

studies have demonstrated that there are three polymorphisms at positions -C249G, -

C650G and -A652G in the promoter region of the αBC gene that were faintly associated 

with susceptibility to MS and disease progression 285. However, at this point it remains 

unclear if αBC has possible auto-antigen role in MS. 

 In contrast to the auto-antigen theory, αBC may have a protective role in MS due to 

the protective functions of the crystallin such as its anti-apoptotic, chaperone, and anti-

neurotoxic properties. We and colleagues previously showed that αBC null mice 

experience worse EAE symptoms than WT mice. Also, intravenous injections of αBC into 

WT animals with symptoms of EAE 240 or from the day of immunization 5 reduced clinical 

disease. This therapeutic effect of αBC was associated with reduced inflammation of the 

CNS 5,240. Interestingly, αBC played a protective role in the survival and activation of 

astrocytes, which are hyperactive in MS 240. While reproducing this study, it was 

discovered that GR1+ neutrophils could be visualized rolling, crawling, adhering along and 
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extravasating through venules in the CNS of EAE mice (Figure 3).  The question is 

whether αBC influences neutrophil biology. 

Small heat shock proteins such as αBC interfere with the aggregation of 

inflammatory molecules thus limiting the impact of these inflammatory signalling 

pathways 255. This may be one mechanism to explain how they reduce inflammatory 

responses that rely on immunomodulatory molecules for activation. In order to elucidate 

the mechanism(s) underlying the protective effect of αBC in EAE, our lab evaluated 

whether αBC alters the activation and migratory ability of T cells, the principal immune 

cells involved in disease initiation in EAE. We recently discovered that T cells isolated 

from the spleens of αBC-treated EAE WT mice were less activated and displayed reduced 

migration towards chemokines in vitro. In addition, αBC reduced the extravasation of T 

cells from blood vessels in the parenchyma of the CNS 5. Because of these observations, 

we wondered whether αBC impacts neutrophil function in a beneficial manner in the MS 

model, EAE.  

 

1.5 Thesis Rationale 

Neutrophils are important effector cells in the inflammatory response to infection. 

These granulocytes play a crucial role in the clearance of pathogens. Unfortunately, both 

physiological and aberrant activation of neutrophils can lead to host tissue destruction and 

organ damage. Further, neutrophils are not only effector cells, but also important mediators 

of the entire immune response through communication with other immune cell types. This 

study aimed to dampen the effector properties of neutrophils as a means of protecting the 

host from aberrant neutrophil activation. 
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αBC demonstrates anti-inflammatory properties in many immune and non-immune 

cell types. Specifically, the heat shock protein has been found to suppress the activation of 

immune cells, reduce inflammation-related tissue damage and induce M2 polarization in 

macrophages. Importantly also, αBC suppressed EAE disease severity that correlated with 

reduced T cell activation and migration into the CNS. Because neutrophils may have a key 

role in the initiation of MS and EAE and in exacerbating T cell responses at the blood brain 

interface 119, the question remains whether αBC also affects the physiology of neutrophils 

that could subsequently impact the course of disease in EAE.   

 

1.6 Hypothesis 

I hypothesized that αBC would suppress the potentially detrimental effector properties of 

neutrophils and consequently reduce the activation of other immune cells such as DCs. I 

further hypothesized that αBC would be protective in EAE by inhibiting the activation of 

neutrophils. I tested this hypothesis by addressing three main aims:  

 

1. To determine whether αBC reduces neutrophil activation.  

Given that we have shown that αBC treatment reduces the activation of T cells and 

astrocytes as well as the migration of TNF-stimulated neutrophils in vivo (data not shown), 

I hypothesized that αBC plays a role in suppressing the activation status of neutrophils. To 

test this hypothesis, I utilized an in vitro culture system that consisted of neutrophils 

isolated from the bone marrow of naïve mice. I then assessed the effect of αBC treatment 

on cytokine production, markers of activation, effector mechanisms, and survival rate of 

stimulated and unstimulated neutrophils.  
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2. To assess whether αBC alters the ability of neutrophils to contribute to the 

proinflammatory environment through interaction with other immune cells.  

Neutrophils can influence DCs to polarize T cells to Th1. αBC treatment reduced T cell 

activation in EAE through direct (T cell) or indirect (APC) pathways. I therefore 

hypothesized that αBC treatment can affect the ability of neutrophils to influence the DC 

activation and potentially future DC-T cell interactions. This hypothesis was evaluated in a 

neutrophil and DC co-culture system where I assessed the interactions between cells, 

production of cytokines, and expression of activation markers by DCs after culturing with 

pre-treated neutrophils.   

 

3. To investigate whether αBC alters the immune response of neutrophils in EAE.  

Given that αBC treatment of EAE mice inhibits the activation of T cells and astrocytes as 

shown by decrease cytokine production and cell proliferation as well as T cell migration in 

vitro, I hypothesized that αBC treatment could also decrease the activation of neutrophils in 

this disease. I tested this hypothesis in wildtype (WT) EAE animals treated with αBC daily 

where recruitment of neutrophils to lymphoid and CNS tissue was measured in response to 

αBC treatment. I also tested the cytokine production, activation marker expression and 

effector mechanisms of neutrophils isolated from the EAE mice.   
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Chapter 2: Materials and Methods 

2.1 Mice 

129S6 mice from Taconic (Germantown, New York) were housed and bred in the 

specific pathogen-free conventional unit at the University of Calgary where they had access 

to food and water ad libitum. Eight to 12 week old female 129S6 mice were used in all 

experiments. All procedures were carried out in accordance with guidelines of the 

Canadian Council of Animal Care and received approval by the University of Calgary 

Animal Resources and Ethics Committee. 

 

2.2 Experimental Autoimmune Encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) is an animal model of multiple 

sclerosis where animals are immunized against myelin antigens. Eight to 12 week old 

129S6 mice were injected subcutaneously with an emulsion containing phosphate buffered 

saline (PBS) or 100µg MOG35-55 peptide (Stanford Pan Facility) mixed in a 1:1 ratio with 

Complete Freund’s Adjuvant (CFA) (BD 263910). CFA consists of Incomplete Freund’s 

Adjuvant that contains 4mg/ml Mycobacterium Tuberculosis (BD 231141). On days 0 and 

2 post-immunization, mice were intravenously injected with 400ng of Bordetella pertussis 

toxin (List Biologicals Cat# 180 Lot# 181218A1). For treatment, animals were injected 

intravenously with 100µl PBS (Gibco 14040) or 10µg of recombinant human αBC (US 

Biological C7499-53) every day from day 0. Mice were euthanized and tissues collected at 

pre-symptomatic (day 6 post-immunization (PI)), onset (approximately day 10 PI), peak 

(approximately day 15 PI), or remission (approximately day 21 PI) stages. Mice were 

examined daily and the disability score of the mice was determined from day 8 until 
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euthanasia according to the following paradigm; 0=healthy, 1=limp tail, 2=weak hind 

limbs, 3=complete hind limb paralysis, 4=complete hind limb paralysis with front limb 

weakness, 5=moribund or death.  

 

2.3 Immune Cell Isolation from Bone Marrow 

Hind limbs were removed from naïve 129S6 mice and bones carefully extracted 

from the tissue. Bone marrow was flushed from the femurs and tibias of mice using cold 

sterile D-PBS (Gibco 14040). Cells were counted and centrifuged at 1200rpm for 10 

minutes at 4°C.  

 

2.4 Immune Cell Isolation from Spleen and Lymph Node 

Spleens and lymph nodes were removed from naïve or EAE 129S6 mice and placed 

into cold PBS (Gibco 14040). The tissues were gently crushed through a 70µm cell strainer 

in 10ml PBS to obtain a single cell suspension and cells centrifuged at 1200rpm for 10 

minutes at 4°C. For flow cytometry experiments, red blood cells in the splenocytes were 

lysed for 75 seconds using 1 ml per animal of ACK lysis buffer containing 155mM NH4Cl 

(Sigma A0171), 10mM KHCO3 (Sigma 237205), and 100µM Na2EDTA (Sigma E7889) 

that was arrested with the addition of 20ml of cold PBS (Gibco 14040). Red blood cell 

lysis was not required for cells used for neutrophil isolation.  

 

2.5 Immune Cell Isolation from Blood 

Blood was collected from naïve and EAE 129S6 mice by cardiac puncture of the 

left ventricle using heparin coated syringes and placed into tubes that were heparin coated 
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and pre-chilled. Red blood cells were then lysed for 90 seconds using 10ml of ACK lysis 

buffer per 500µl of blood. The lysis reaction was arrested with the addition of 20ml of cold 

PBS (Gibco 14040). Cells were then centrifuged at 1200rpm for 10 minutes at 4°C.  

 

2.6 Immune Cell Isolation from CNS 

Mice were perfused with 40ml of ice cold 1x PBS. Brains and spinal cords were 

dissected from animals and placed in 1x HBSS (Gibco 14175) on ice. The tissues were 

gently crushed through a 70µm cell strainer to obtain a single cell suspension in 12.5 ml of 

a solution called EH media that contains Dulbecco’s Modified Eagle Medium (Gibco 

11965), 2% FBS (Sigma F1051), and 1% HEPES (Gibco 15630). Percoll gradients were 

established by adding 90% Percoll to the cell suspension and gently mixing to obtain a 

27.2% Percoll mixture. This layer was underlayed with a 57.6% Percoll-PBS mixture. 

Tubes were centrifuged at 2100rpm for 30 minutes at 21°C with slow acceleration and no 

brakes. The myelin layer was removed from the surface of the mixture. Cells were then 

collected from the Percoll gradient interface, added to fresh EH media and centrifuged at 

1200rpm for 10 minutes at 21°C.   

 

2.7 Neutrophil Isolation and Stimulation 

Neutrophils were isolated from the bone marrow of naïve 129SVE animals or the 

spleens of d9 EAE mice using a neutrophil isolation kit from MACs Miltenyi (130-097-

658) that utilizes magnetic bead separation. Cells were labelled according to the 

manufacturer’s recommendations. Briefly, cells were incubated with biotin-labelled 

antibody cocktail for 10 minutes at 4°C. Cells were then washed and incubated with anti-
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biotin magnetic beads for 15 minutes at 4°C and then passed through magnetized 

ferromagnetic matrix columns. Eluted cells were collected, counted and plated at 1 million 

cells per milliliter of RPMI 1640 media (Gibco 11875) containing 5% heat inactivated FBS 

(Sigma F1051), 100U/ml penicillin/streptomycin (Gibco 15140), and 2mM L-Glutamine 

(Gibco 25030). Cells were placed in 96-well plates (Corning 3596), 24-well plates 

(Corning 3524) or 6-well plates (Falcon 353046). For neutrophil only experiments, cells 

were stimulated with 50ng/ml GM-CSF (Invitrogen PMC2015) plus 1µg/ml LPS (Sigma 

L2654) and treated with 2µg/ml αBC73-92 peptide (Stanford Pan Facility) for 20 hours at 

37°C and 5% CO2. For neutrophil and dendritic cell co-cultures, neutrophils were 

stimulated with 5ng/ml GM-CSF (Invitrogen PMC2015) plus 100ng/ml LPS (Sigma 

L2654) and treated with 200ng/ml αBC73-92 peptide (Stanford Pan Facility) at 37°C and 5% 

CO2 for 20 hours.  

 

2.8 Dendritic Cell Isolation and Co-culture 

Dendritic cells were derived from neutrophil depleted bone marrow as described 

above. After neutrophils were eluted from the cell suspension, columns were removed from 

the magnet and the remaining cells were flushed from the columns. The neutrophil depleted 

cells were plated in 6 well plates in RPMI 1640 media (Gibco 11875) containing 10% heat 

inactivated FBS, 100U/ml penicillin/streptomycin (Gibco 15140), 2mM L-Glutamine 

(Gibco 25030) and 20ng/ml GM-CSF (Invitrogen PMC2015) for 4 days at 37°C and 5% 

CO2. Wells were then replenished with fresh GM-CSF-containing media and grown for a 

further 3 days. Dendritic cells were harvested using 0.25% trypsin and gentle scraping and 

plated at 20,000, 40,000 and 100,000 cells per well in a 96-well plate (Corning 3596), 
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50,000 cells per well in a 24-well plate (Corning 3524) or 100,000 DCs/well in a 96-well 

transwell plate (Corning 3391). Cells were then starved for 48 hours in the absence of GM-

CSF. Pre-stimulated and treated neutrophils were seeded on top of the DCs at 100,000 cells 

per well in 96-well plates or 250,000 cells per well in 24-well plates. In the transwell 

system, 200,000 neutrophils per well were added on top of the 0.4µm pore polycarbonate 

membrane.  

  

2.9 Neutrophil-DC Interactions 

Neutrophils and DCs were co-cultured for 24 hours as described previously. Wells were 

rinsed with 1xPBS and fixed with 4% para-formaldehyde in PBS. Images were captured on 

an inverted microscope using phase contrast and MetaMorph Advanced software version 

7.7.8.0 to capture images at 5 locations in each well. Neutrophils and DCs were 

distinguished by size and appearance, and interactions were counted when the two cell 

types were touching. Each dendritic cell was counted along with the number of interacting 

neutrophils. 

 

2.10 Enzyme-Linked Immunosorbent Assay 

Enzyme-linked immunosorbent assay (ELISA) measured the content of cytokines 

and other proteins in the supernatant from stimulated cells by sandwiching the molecule of 

interest using specific antibody binding. Supernatants were collected from cells 20h after 

stimulation and frozen at -20°C for storage. The following ELISA kits were used to 

measure cytokines and proteins present in the supernatants: TNF-α (R&D Systems 

DY410), IL-1β (BD 559603), IL-4 (BD 555232), IL-6 (BD 555240), IL-10 (555252), IL-
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12p40 (555165), MMP8 (Abcam ab206982), MMP9 (R&D Systems MMPT90), MIP-1α 

(R&D Systems DY450), and MCP-1 (eBiosciences 88-7391-88). Cytokines and granule 

proteins were measured in 10-50µl of supernatant. Briefly, NUNC plates were coated with 

a capture antibody followed by incubation with supernatant samples, then biotinylated 

secondary antibodies and streptavidin-horseradish peroxidase. 3, 3’, 5, 5’-

tetramethylbenzidine (TMB) substrate was used to develop the assay and detected at 

450nm. A standard curve of recombinant protein was used to quantify the ELISAs.  

 

2.11 Kinase Inhibition Assay 

The following kinase inhibitors were purchased from Millipore: LY294002 (Cat # 

440202), a phosphatidylinositol 3 kinase (PI3K) inhibitor that blocks the phosphorylation 

of Akt, SB203580 (Cat # 559389), a p38 mitogen-activated protein kinase (MAPK) 

inhibitor that prevents the activation of MAPKAPK-2 by p38 MAPK, U0126 (Cat # 

662005) that inhibits the kinase activity of MEK1/2 and downstream activation of MAPK 

p42/44 and, JNK II (Cat # 420119), a small molecule inhibitor that blocks the kinase 

activity of c-Jun N-terminal kinase by competitive inhibition with respect to adenosine 

triphosphate. 1µM of LY294002, SB203580, U0126, JNK II or DMSO control media was 

administered to neutrophils simultaneously with GM-CSF + LPS stimulation and αBC 

peptide treatment and incubated for 20h at 37°C and 5% CO2. Supernatants were collected 

and the level of IL-10 secretion was assessed by ELISA. Cells were also processed for 

viability using flow cytometry staining of propidium iodide. 
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2.12 Quantitative Polymerase Chain Reaction 

Following neutrophil stimulation for 20 hours in a 6 well plate as described above, 

plates were centrifuged at 1200rpm for 5 minutes at 4°C, media removed and cells washed 

with 1x PBS (Gibco 14040). RNA isolation was initiated by solubilizing cells with 1ml of 

Trizol (Life technologies 15596018) and scraping the mixture into pre-chilled RNase-free 

tubes. The tubes were vortexed and shaken vigorously, cold RNase-free chloroform (200µl) 

added, vortexed and shaken again and centrifuged at 12000rpm for 20 minutes at 4°C. 

RNA was isolated from the aqueous phase of the Trizol-chloroform mixture using a Qiagen 

RNeasy mini kit (74106) according to manufacturer’s instructions. The kit uses columns 

containing silica-based membranes that bound RNA while washing away contaminants. 

RNA was eluted with 30µl of RNase-free water and quantified using a Nanodrop 

spectrophotometer.  

RNA was converted to cDNA by reverse transcription with a QuantiTect RT kit 

(Qiagen 205311) according to the company’s directions. Contaminating genomic DNA was 

eliminated by an incubation with gDNA Wipeout Buffer at 42°C for 2 minutes. QuantiTect 

Reverse Transcriptase and RT primer mix were added to the RNA (70-150pg of RNA was 

used in each reaction) followed by an incubation at 42°C for 15 minutes. Reverse 

transcriptase was inactivated by incubating for 3 minutes at 95°C.  

Gene expression was subsequently analyzed by real-time PCR. Briefly, cDNA 

samples were incubated with Quantifast Sybr Green master mix (Qiagen Quantifast Sybr 

Green PCR kit 204054) along with specific primers for genes of interest: IL-10 

(Mm_Il10_1_SG QuantiTect Primer Assay), iNOS (Mm_LOC673161_1_SG QuantiTect 

Primer Assay), Arg-1 (Mm_Arg1_1_SG QuantiTect Primer Assay), Ym1 
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(Mm_Chil3_1_SG QuantiTect Primer Assay) and GAPDH (Mm_Gapdh_3_SG QuantiTect 

Primer Assay). Samples were run in triplicate with a MyiQ2 qPCR machine (BioRad). The 

real time cycle consisted of a 5 min incubation at 95°C followed by 45 cycles of 15 

seconds at 95°C and 1 minute at 60°C. All experiments were concluded with a melt curve 

of 55°-95° in 81 steps to ensure correct gene product was replicated. BioRad iQ5 software 

was used to set up the experiments and to analyze the data including calculation of the 

threshold cycle. Fold change was calculated over gene expression level in the GM-CSF + 

LPS treated cells using the following equations:  

1. Threshold cycle of gene of interest – threshold cycle of housekeeping gene (GAPDH) = 

Delta 

2. Delta - Average Delta of GM-CSF stimulated samples = Delta-Delta 

3. 2-(Delta-Delta) = Fold change    

 

2.13 Extracellular Reactive Oxygen Species  

As an indicator of ROS generation, extracellular secretion of one species of reactive 

oxygen was assessed using Amplex UltraRed reagent which reacts with H2O2 to produce 

fluorescent resorufin. Neutrophils were primed with 50ng/ml GM-CSF plus 1µg/ml LPS 

and treated with 2µg/ml αBC73-92 peptide for 2, 4 or 20 hours. Plates were centrifuged at 

1200rpm for 5 minutes at 24°C and supernatants collected and stored at 4°C for 

determination of ROS in supernatants before zymosan stimulation. The cells were then 

stimulated with 1mg/ml serum-opsonized zymosan for 1 hour, supernatant removed and 

diluted 20x in PBS (Gibco 14040). A fresh substrate solution of 20µg/ml Amplex UltraRed 

Reagent (ThermoFisher A36006) and 20U/ml horseradish peroxidase was prepared in PBS. 



 

Page 73 

50µl of the substrate solution was added to 50µl of diluted supernatant or a prepared 

standard curve of H2O2, used for quantification of reactive oxygen. The plate was incubated 

in the dark for 15 minutes at room temperature and fluorescence emission measured at 

571nm/585nm (excitation λ/emission λ) using a fluorescent microplate reader. Five 

measurements were collected per well. 

 

2.14 Intracellular Reactive Oxygen Species 

Dihydrorhodamine-123 is an intracellular reactive oxygen species indicator. It 

readily diffuses across the cell membrane where it can be oxidized to fluorescent 

rhodamine-123 and sequestered to the mitochondria. Rhodamine can be detected by the 

BL1 filter on an Attune Flow Cytometer (Applied Biosystems). This assay was used to 

detect intracellular reactive oxygen species generated by neutrophils. Bone marrow-derived 

neutrophils from naïve animals or neutrophils isolated from the spleens and blood of 

untreated and rhαBC-treated EAE animals were rested for 2 hours and incubated with 1 µM 

dihydrorhodamine-123 (Sigma D1054) for 5 minutes (naïve cells) or 30 minutes (EAE 

cells). 50ng/ml GM-CSF + 1µg/ml LPS stimulation was added to naïve cells with or 

without 2µg/ml αBC73-92 peptide in the presence of dihydrorhodamine-123 for 30 minutes. 

Neutrophils were incubated on ice for 5 minutes and then centrifuged at 1200RPM for 5 

minutes at 4°C. Finally, cells were stained for flow cytometry as described below.  

 

2.15 Flow Cytometry 

Flow cytometry was used to characterize cells by labelling them with fluorescently 

conjugated antibodies against cell surface markers. Cells were suspended in PBS 
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containing 3% heat-inactivated FBS and their Fc receptors blocked for 5 minutes at room 

temperature using unlabeled anti-CD16/CD32 antibodies (BD Bioscience 553142). Cells 

were then stained for 30 minutes at 4°C with the following BD Biosciences fluorescently-

conjugated antibodies: 12.5µg/ml FITC-conjugated CD45 (553080), 5µg/ml PerCP-

conjugated CD45 (557235), 5µg/ml APC-conjugated CD45 (559864), 5µg/ml APC-Cy7-

conjugated CD45 (557659), 25µg/ml FITC-conjugated Ly6G (551460), 10µg/ml PerCP-

conjugated Ly6G (560602), 50µg/ml FITC-conjugated CD11b (553310), 20µg/ml PE-

conjugated CD11c (557401), 20µg/ml APC-conjugated CD11c (550261), 10µg/ml PE-

conjugated CD40 (561846), 10µg/ml PerCP-conjugated CD80 (560526), 10µg/ml PE-

conjugated CD86 (560582), and 50µg/ml FITC-conjugated I-A/I-E (MHC class II, 

562009). Matching isotype control antibodies were purchased from BD Biosciences and 

used at concentrations reflecting those used for the test antibodies. An Attune acoustic 

focusing cytometer (Applied Biosystems) was used with a blue and red lasers configuration 

to measure the size, granularity and fluorescence intensity of cells bound with antibodies. 

 

2.16 Viability Assay 

Neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS and treated with 

2µg/ml αBC in the presence or absence of 1µM of LY294002, SB203580, U0126, or JNKII 

for 20 hours. The Fc receptors on cells were blocked for 5 minutes at room temperature 

with unlabeled anti-CD16/CD32 antibodies (BD Bioscience 553142). Cells were 

subsequently stored in 300µl of PBS containing 3% heat-inactivated FBS (Sigma F1051) 

on ice, resuspended and 5µl of propidium iodide added to the tube 30 seconds before 
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processing by an Attune acoustic focusing cytometer (Applied Biosystems). Cells that 

stained positive for propidium iodide were considered non-viable. 

 

2.17 Protein Isolation and Western Blotting 

Protein was isolated from cells by incubating with a whole cell protein lysis buffer 

containing the following ingredients for 20 minutes on ice: 50mM Tris-HCl (Sigma 

T5941), 1% nonidet NP-40 (Bio Basic Inc. DB0385), 1mM ethylenediaminetetraacetic  

acid (EDTA) (BioRad 161-0729), 1mM sodium vanadate (Na3VO4) (Sigma S6508), 1mM 

sodium fluoride (NaF) (Sigma S6776), 10% glycerol (Sigma G5516), 1mM dithiothreitol 

(Invitrogen Y00147), 4.5mM sodium pyrophosphate (Sigma S6422), 10mM beta-

glycerophosphate (Sigma G6251), and 1 Roche cOmplete Mini tablet with EDTA (Roche 

1183153001). Tubes were centrifuged at 14,000rpm for 20 minutes at 4°C, the supernatant 

collected and protein content assessed.  

Protein amount was measured using a bicinchoninic acid protein assay kit (Pierce 

23225). Briefly, 2µl of protein was incubated with 200µl of a substrate made according to 

manufacturer’s instructions and incubated at 37°C for 30 minutes. Absorbance was 

measured at 560nm. Sample absorbance levels were compared to a serial dilution of bovine 

serum albumin to obtain protein concentration. Proteins were stored at -20°C in a 1:1 ratio 

with loading buffer (BioRad 1610737) containing 2-mercaptothanol (BioRad 1610710). 

Thirty-50µg of protein was loaded onto SDS-PAGE gels and run at 100V for 

approximately 2 hours. Gels were transferred to a PVDF membrane (BioRad 162-0177) in 

a wet transfer system at 20 volts overnight at 4°C and membranes incubated with the 

following antibodies: anti-Arginase 1 (1:1000, Cell Signalling 9819), anti-Ym1 (1:2000, 
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Stem Cell Technologies 01404), anti-phospho-p38 (1:1000, Cell Signalling 9216), anti-

phospho-p44/p42 (phospho-ERK1/2, 1:1000, Cell Signalling 9101), anti-phospho-SAPK 

(1:1000, phospho-JNK, Cell Signalling 9251), anti-phospho-Akt (1:2000, Cell Signalling 

4060), or anti-actin (1:1000, Sigma A2066). Horseradish peroxidase-conjugated secondary 

antibodies purchased from GE Healthcare were used to detect protein bands. Membranes 

were incubated with a chemiluminescent substrate (Pierce ECL Plus 32132) and developed 

by film with GE Amersham Hyperfilm ECL Film. Films were manually developed. Films 

were scanned and the size and intensity of bands were determined using gel tools analysis 

with ImageJ software where each band is converted into a histogram based on the size and 

pixel intensity of the band. Higher histogram peaks represent darker bands whereas wider 

peaks represent large bands. The arcs over baseline (or background) in the histogram were 

then over-measured generating a value of band density. Blotting for β-actin allowed us to 

semi-quantify the protein levels using the following formula:  

Specific protein density 
Actin density 

 

2.18 Statistics 

Results representing one experiment of a set of data were expressed as box and whiskers 

plots with error bars representing minimum to maximum distribution. Statistical analyses 

were performed on these data using analysis of variance (ANOVA) with Dunnett’s or 

Šídák post hoc tests unless they were well replicates in which case statistical analysis was 

not performed. Results showing combined experiments were expressed as the mean of each 

experiment in individual scatter plot data sets. Comparisons between groups were made by 
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repeated measures two-way ANOVA with Šídák post hoc tests. Survival curves were 

analyzed by Mantel-Cox log-rank test. All statistical measures were completed using 

GraphPad Prism 6 software (GraphPad, La Jolla, CA, USA).  p<0.05 was considered 

statistically significant. 
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Chapter 3: Results 

3.1 Introduction and Rationale 

Neutrophils are phagocytic granulocytes that are essential as the first line of defense 

against invading microbes. During injury and infection with bacteria, viruses, fungi, or 

parasites, neutrophils are mobilized from the blood and bone marrow, and are quickly 

recruited to the area of infection or injury by inflammatory molecules such as chemokines 

and danger signals 74,286,287. Neutrophils efficiently kill invading microbes using a variety 

of effector mechanisms including ROS, anti-microbial peptides and protease release 104,286. 

Removing these granulocytes from the inflammatory equation, such as in cases of 

neutropenia or with use of immunosuppressive agents such as cyclosporine A that inhibits 

neutrophil calcineurin, results in a substantial increase in susceptibility to infections 288,289. 

Neutrophils are thus generally considered beneficial cells, especially during infection. 

However, dysregulation of neutrophil migration and activation during sterile injury, 

autoimmunity or even during the infection response can lead to tissue and organ damage. It 

is therefore important to understand how the pathophysiology of neutrophils can be 

regulated. 

The small heat shock protein, αBC, has many protective functions including 

immunosuppressive properties 290. We, and colleagues, have shown that αBC treatment is 

beneficial in autoimmune diseases due to its chaperoning and immune dampening effects 

5,202,240,255,272. Most of these studies focused on the anti-inflammatory effect of αBC on T 

cells and macrophages due to the involvement of these cell types in the models used. 

Whether αBC also impacts the biology of neutrophils remains unclear. Van Noort and 

colleagues have shown that in vivo, microparticle-encapsulated αBC-treated macrophages 
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reduced neutrophil activation and migration following lung injury 236. Additionally, 

Dieterich et al. found that αBC regulated the release and expansion of Gr-1+ 

immunosuppressive immature immune cells from the bone marrow during tumour 

progression 280. The direct effect of αBC neutrophil function has not however been 

elucidated. We therefore sought to establish whether αBC treatment affects how 

neutrophils respond to inflammatory stimulation. To this end, I assessed the effect of αBC 

on neutrophil cytokine secretion, effector mechanisms, activation state and 

immunosuppressive markers. I also attempted to elucidate a molecular mechanism by 

which αBC treatment impacts the actions of neutrophils.   

 

3.2 Results 

3.2.1 Neutrophil isolation and purity 

Contaminating immune cell populations can contribute to many misconceptions 

seen in studies involving neutrophils 111. I therefore tested a number of protocols to 

determine which one resulted in a high purity of neutrophils. Flow cytometry was used to 

analyze cells isolated from blood, spleen and bone marrow following various neutrophil 

derivation protocols. Cells were stained with APC-conjugated anti-CD45, FITC-conjugated 

anti-CD11b, and PerCP-conjugated anti-Ly6G and gated as CD45+ immune cells followed 

by CD11b+Ly6G+ gated neutrophils (Figure 6A). The isolation methods that were utilized 

included Percoll gradient separation and magnetic bead separation (Figure S1). Magnetic 

bead separation of bone marrow cells with a Neutrophil Isolation Kit (MACS Miltenyi) was 

the most consistent derivation method. CD45+ immune cells isolated by this method were 

90-95% CD11b+Ly6G+ neutrophils (Figure 6B, C). Subsequent experiments were thus  
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Figure 6. Purity of CD45+ Ly6G+ CD11b+ bone marrow-derived neutrophils isolated 
by magnetic bead separation 

A: Schematic of parameters used to distinguish neutrophils by flow cytometry. Cells were 
stained with APC-conjugated anti-CD45 (left panel), PerCP-conjugated anti-Ly6G and 
FITC-conjugated anti-CD11b (right panel) and analyzed by flow cytometry. B: Percentage 
of cells stained positive for CD45 (black) and Ly6G/CD11b/CD45 (grey) in the whole 
bone marrow and after isolation with the neutrophil isolation kit (neutrophil fraction). C: 
Number of CD45+ cells that were Ly6G/CD11b double negative (white bar) and 
Ly6G/CD11b double positive (grey bars) in the whole bone marrow and neutrophil 
fraction. All graphs represent one of three independent experiments with each data point 
representing pooled cells isolated from 4 mice.  
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performed on bone marrow-derived neutrophils that were separated with the MACS 

Miltenyi Neutrophil Isolation Kit.  

   

3.2.2 αBC peptide treatment of neutrophils increased the secretion of IL-10 but 

did not alter the production of other cytokines 

Neutrophils secrete a plethora of cytokines including TNF-α, IL-12p40, IL-6, IL-

1β, IL-17, and IL-10 upon activation by various stimuli 111,114,291. I initially tested multiple 

stimulation paradigms and treatment concentrations to determine which one(s) produced 

robust results (Table S1). I ultimately decided upon 50ng/ml GM-CSF + 1µg/ml LPS for 

20h with or without 2µg/ml αBC73-92 peptide treatment due to consistency in stimulation 

and response to our treatment.  

To investigate if αBC peptide treatment alters the secretion of pro-inflammatory 

cytokines by stimulated neutrophils, supernatants were assessed for cytokine secretion by 

ELISA. Although stimulation increased the level of TNF-α and IL-6 secretion by 

neutrophils, treatment with αBC peptide did not influence the secretion of these cytokines 

(Figure 7A-D). Further, stimulated neutrophils did not secrete detectable levels of the other 

pro-inflammatory cytokines IL-1β or IL-12p40 (Figure 7E-H). I therefore concluded that 

αBC treatment did not alter pro-inflammatory cytokine secretion by neutrophils. 

With respect to immunosuppressive cytokines, stimulated neutrophils treated with 

αBC peptide had enhanced IL-10 secretion over stimulation alone in 18 of 20 experiments 

(Figure 8A, B) while no IL-4 was detectable in the cultures (Figure 8C, D). The secretion 

of IL-10 was specifically enhanced by 1.3 fold (0.17 SD). To determine if the increase in 

cytokine release was reflected at the level of gene expression, mRNA was isolated from  
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Figure 7. αBC73-92 peptide treatment of neutrophils did not alter secretion of pro-
inflammatory cytokines  

Bone marrow-derived neutrophils were stimulated with 50ng/ml rmGM-CSF + 1µg/ml 
LPS for 20h. TNF-α (A, B), IL-6 (C, D), IL-1β (E, F), and IL-12p40 (G, H) production by 
untreated (white bars or circles) and 2µg/ml αBC peptide-treated (grey bars or squares) 
neutrophils. A, C, E, G: One representative graph of x=4 (TNF-α), x= 5 (IL-6), x=5 (IL-
1β), and x=5 (IL-12p40) independent experiments with error bars representing spread of 
minimum to maximum. B, D, H, F: Results represent mean and spread of 4 (TNF-α), 5 (IL-
6), 5 (IL-1β), and 5 (IL-12p40) independent experiments. Statistical analyses were 
performed by repeated measures two-way ANOVA with Šídák post hoc test * p<0.05 of 
main effect. 
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Figure 8. Stimulated neutrophils secreted more IL-10 after treatment with αBC73-92 
peptide  
IL-10 (A, B) and IL-4 (C, D) production by GM-CSF + LPS stimulated bone marrow-
derived neutrophils following no treatment (white bars or circles) and 2µg/ml αBC peptide 
treatment (grey bars or squares) for 20 hours. A & C: One representative experiment of 
x=20 (IL-10) and x=4 (IL-4) independent experiments with error bars representing spread 
of minimum to maximum. B & D: Combined data from IL-10 (x=20) and IL-4 (x=4) 
independent experiments. Statistical analyses were performed by repeated measures two-
way ANOVA with Šídák post hoc test * p<0.05 of main effect and post hoc test. Bone 
marrow-derived neutrophils were stimulated with 50ng/ml rmGM-CSF + 1µg/ml LPS and 
treated with αBC73-92 peptide for 2, 6 or 20h. E: Relative fold-change of IL-10 mRNA over 
GM-CSF + LPS stimulation by qPCR normalized to amplified GAPDH. Data are 
combined from 4 (2h), 4 (6h) and 5 (20h) experiments. Error bars represent spread 
minimum to maximum. Statistical analyses were performed by repeated measures one-way 
ANOVA with Dunnett’s post hoc test. *p<0.05 of main effect and post hoc test.  
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cells that were stimulated and treated with αBC for 2, 6 or 20h. IL-10 mRNA levels were 

increased at 2 and 6h after GM-CSF + LPS stimulation (Figure 8E) but the mRNA levels 

were not altered upon αBC treatment. This dichotomy between mRNA and cytokine 

secretion is intriguing and is likely related to the ability of neutrophils to store pre-made 

cytokines in their granules 111,292. In other words, although production of IL-10 may not 

have been altered by αBC peptide treatment, these cells could still secrete more or less pre-

formed cytokine in response to stimuli and treatment.  

It is possible that the augmented secretion of IL-10 following αBC treatment are 

indicative of neutrophils being driven towards an immunosuppressive phenotype following 

stimulation. I therefore investigated whether αBC treatment altered other aspects of 

neutrophil activation in response to stimulus. 

 

3.2.3 Neutrophils treated with αBC peptide secreted more MMP8 but not 

MMP9  

Neutrophils exhibit an array of effector mechanisms that are not entirely beneficial 

to the host. For example, in addition to the ability of proteases released by neutrophils to 

target micro-organisms, these enzymes can also cause tissue damage and pathology to the 

host 293. I therefore focused on assessing whether the secretion of two prominent matrix 

metalloproteinases (MMP) in the neutrophil repertoire (neutrophil collagenase, MMP8, 

gelatinase B, MMP9) were impacted by αBC treatment. MMPs play a prominent role in 

neutrophil migration and tissue damage in diseases such as RA 294,295. Neutrophils were 

stimulated as described above with GM-CSF + LPS and treated with αBC peptide for 20h. 

Supernatants were then examined for MMP content by ELISA. Stimulation with GM-CSF 
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+ LPS increased the secretion of both MMP8 and MMP9 by these granulocytes (Figure 

9A-D). Interestingly, treatment with αBC peptide further enhanced the secretion of MMP8 

by stimulated neutrophils by 1.128 fold (6.05 SD) (Figure 9A, B) but did not alter the 

production of MMP9 (Figure 9C, D). αBC treatment thus appeared to have specific effects 

on the secretion of certain molecules by stimulated neutrophils. For this reason, we 

continued to investigate the effect of αBC on additional neutrophil effector mechanisms.   

 

3.2.4 αBC peptide treatment altered reactive oxygen species generation by 

neutrophils 

One of the most prominent killing and tissue damaging functions attributed to 

neutrophil activation is a substantial release of ROS. I therefore evaluated if αBC altered 

ROS production by GM-CSF + LPS stimulated neutrophils. Intracellular ROS generation 

was assessed by flow cytometry using di-hydrorhodamine (DHR) staining. Although GM-

CSF + LPS stimulation increased ROS generation as measured by relative mean 

fluorescence index of DHR, αBC treatment did not modify these levels (Figure S2). Since 

DHR is sequestered to the mitochondria, this assay may have preferentially assessed for 

mitochondrial ROS which results from increased metabolism in response to stimuli. I 

therefore investigated for oxidative burst by neutrophils in response to αBC treatment.    

H2O2 secretion was assessed as an indicator of ROS generation in fresh 

supernatants from stimulated neutrophils using the AmplexRed Assay. I discovered that 

cells simulated with GM-CSF + LPS alone for 2, 4, or 20h were unable to release a 

measurable amount of ROS (Figure 10A). Neutrophils were therefore primed with GM-

CSF + LPS with and without αBC for 2, 4, or 20h and then activated with 1mg/ml of  
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Figure 9. αBC73-92 peptide treatment enhanced secretion of MMP8 by stimulated 
neutrophils  

Bone marrow-derived neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS 
for 20h. MMP8 (A, B) and MMP9 (C, D) secretion by neutrophils following no treatment 
(white bars or circles) or 2µg/ml αBC73-92 peptide treatment (grey bars or squares). A & C: 
One representative of 4 independent experiments. Error bars represent spread of data from 
minimum to maximum. B & D: Data represent mean and spread of 4 independent 
experiments. Statistical analyses were done by repeated measures two-way ANOVA with 
Šídák post hoc test. *p<0.05 of main effect and post hoc test. 
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Figure 10. αBC73-92 peptide treatment of stimulated neutrophils altered the secretion 
of ROS   
Neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS and treated with 2µg/ml 
αBC peptide for 2, 4, or 20h. Neutrophils were then further stimulated with 1mg/ml 
zymosan for 1h to induce ROS generation. A: Peroxidase secreted by neutrophils 
stimulated with GM-CSF + LPS and treated with αBC peptide for 2 (black bars), 4h (dark 
grey bars), or 20h (light grey bars) with no further stimulation. Combined data from 3 
individual experiments. Statistical analyses were completed by repeated measures two-way 
ANOVA with Šídák post hoc test. B-F: Reactive oxygen secreted by zymosan stimulated 
neutrophils following a 2h (B, C), 4h (D, E) and 20h (F, G) pre-stimulation with GM-CSF 
+ LPS with (grey bars or squares) or without (white bars or circles) treatment with αBC 
peptide. B, D, F: One representative data set of 3 (2h), 3 (4h), or 5 (20h) independent 
experiments. Error bars represent spread of minimum to maximum. C, E, G: Results 
represent combined mean and spread of 3 (2h), 3 (4h), or 5 (20h) independent experiments. 
Statistical analyses were performed by repeated measures two-way ANOVA with Šídák 
post hoc test. *p<0.05 of main effect (4h treatment, 4h and 20h stimulation) and post hoc 
test (20h treatment). 
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serum-opsonized zymosan for 1h. Neutrophils primed for 2h had no significant increase in 

ROS secretion and, treatment with αBC also did not have a significant effect (Figure 10B, 

C). Neutrophils primed with GM-CSF + LPS for 4h displayed an increase in ROS secretion 

after further stimulation with zymosan (Figure 10D, E). When treated with αBC for 4h 

during GM-CSF + LPS priming, αBC reduced the secretion of ROS by neutrophils in 

response to zymosan (Figure 10). Interestingly, after 20h of pre-treatment with GM-CSF + 

LPS, further stimulation with zymosan resulted in reduced ROS secretion as compared to 

zymosan alone (Figure 10F, G). This decreased response may be due to tolerance to other 

TLR stimulants after a long pre-treatment with LPS such as what occurs in mast cells 296. 

αBC treatment in conjunction with the 20h GM-CSF + LPS pre-stimulation resulted in a 

small shift in ROS secretion toward the levels generated by neutrophils that were not 

primed (Figure 10F, G). These data suggest that αBC treatment shifts ROS secretion 

towards unprimed levels.  

 

3.2.5 Treatment with αBC peptide did not affect the expression of neutrophil 

activation markers 

Upon activation, neutrophils upregulate membrane expression of CD11b and 

production of iNOS 297,298. During the degranulation process, granules containing CD11b in 

their membranes fuse with the cell membrane to increase the presence of this protein on the 

cell surface. Neutrophils use this CD11b for migration into tissue and to communicate 

directly with other immune cells such as DCs and T cells 122,299. I therefore assessed 

whether CD11b expression was altered by αBC. GM-CSF + LPS-stimulated and αBC 

peptide-treated neutrophils were stained with FITC-conjugated CD11b, APC-conjugated 
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CD45, and PerCP-conjugated Ly6G. As an indicator of CD11b cell surface expression 

level, flow cytometry assessed the mean fluorescence index of CD11b in 

CD45+Ly6G+CD11b+ neutrophils. Although stimulated neutrophils showed an increase in 

CD11b mean fluorescence index as compared to media control, αBC treatment did not alter 

cell surface expression of CD11b in stimulated cells (Figure 11A, B). 

I then considered the effect of αBC treatment on iNOS synthesis. Neutrophils 

undergo increased iNOS production after activation with a variety of stimulants including 

LPS 300. I stimulated neutrophils with GM-CSF + LPS and treated with αBC peptide for 2, 

6, or 20h. mRNA isolated from these cells was then analyzed by qPCR. Neutrophils 

stimulated for 2 or 6h displayed increased levels of iNOS mRNA as compared to media 

control (Figure 12A-B) while those neutrophils activated for 20h no longer exhibited 

increased production of iNOS transcript (Figure 12C). Treatment of the activated cells with 

αBC peptide did not however alter the level of iNOS mRNA at 2, 6, or 20h as compared to 

stimulation alone.  

Except for MMP8 and ROS production, my pro-inflammatory cytokine, iNOS and 

CD11b data suggest that αBC does not alter the activation intensity of neutrophils in 

response to stimuli. Since neutrophils possessing an immunosuppressive phenotype could 

also express activation markers such as CD11b and iNOS in response to stimuli 138,139,301, 

coupled with the observed augmentation in IL-10 secretion of these cells treated with αBC, 

I further examined the phenotype of these cells by assessing for the levels of possible 

immunosuppressive markers.   
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Figure 11. αBC73-92 peptide treatment did not modulate CD11b expression by 
neutrophils  

Neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS and treated with 2µg/ml 
αBC73-92 peptide for 20h. Cells were stained with APC-conjugated anti-CD45, PerCP-
conjugated anti-Ly6G and FITC-conjugated anti-CD11b and analyzed by flow cytometry. 
The level of expression of CD11b by CD45/Ly6G positive neutrophils was assessed as 
mean fluorescence index relative to control. A: Expression of CD11b by untreated (black 
bars) or αBC peptide treated (grey bars) neutrophils. One representative data set of 6 
individual experiments. Error bars represent spread of minimum to maximum. B: 
Expression of CD11b by untreated (circles) or αBC peptide treated (squares) neutrophils in 
the combined mean and spread of 6 individual experiments. Statistical analyses were 
completed by repeated measured two-way ANOVA with Šídák post hoc test. *p<0.05 of 
main effect.  
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Figure 12. αBC73-92 peptide treatment did not influence iNOS expression by 
stimulated neutrophils 

Bone marrow-derived neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS 
with or without 2µg/ml αBC73-92 peptide treatment for 2, 6, or 20h. Results show relative 
fold change of iNOS mRNA over GM-CSF + LPS stimulation by qPCR normalized to 
amplified GAPDH.  Data represents 5 combined individual experiments. Error bars 
represent spread of minimum to maximum. Statistical analyses were performed by repeated 
measures one-way ANOVA with Dunnett’s post hoc test. *p<0.05 of post hoc test. 
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3.2.6 Possible immunosuppressive marker expression was unchanged in 

neutrophils treated with αBC peptide 

Neutrophils are speculated to possess a spectrum of phenotypes similar to that of 

macrophages that can acquire a pro-inflammatory (M1) or immunosuppressive (M2) state 

depending on the type of signals present in the milieu. The study of neutrophil phenotypes 

has been less extensive than that of the macrophage and there is no consensus currently on 

the markers identifying the different polarization states of these granulocytes 138,302. 

Possible immunosuppressive markers revealed by other studies include Arginase-1 (Arg-1) 

and Ym1 138,141. To investigate whether the production of these markers was impacted by 

αBC, mRNA was isolated from neutrophils stimulated with GM-CSF + LPS and treated 

with αBC peptide for 2, 6, or 20h. The production of Arg-1 and Ym1 mRNA was 

quantified by qPCR. There was no significant change in the production of Arg-1 after 

stimulation or αBC treatment of neutrophils (Figure 13A). In addition, although stimulation 

increased the expression of Ym1 mRNA, treatment with αBC peptide did not affect these 

levels (Figure 13B).  

To confirm that αBC peptide treatment did not alter the protein expression of the 

potential immunosuppressive markers, Arg-1 and Ym1, whole cell protein lysates from 20h 

GM-CSF + LPS-activated and αBC-treated cells, were assessed by western blotting for 

Arg-1 and Ym1 levels. Band density and size were analyzed using the analyze gels tool 

within ImageJ software where Arg-1 and Ym-1 bands were normalized to actin. Arg-1 

protein expression by neutrophils was not altered by stimulation or treatment (Figure 13C). 

Also, although Ym1 protein expression decreased after neutrophil stimulation, treatment 

with αBC did not alter the expression level of this protein (Figure 13D). Altogether, the  
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Figure 13. Treatment with αBC73-92 peptide did not alter the expression of possible 
immunosuppressive markers, arginase-1 and Ym1, by stimulated neutrophils  
Bone marrow-derived neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS 
with or without 2µg/ml αBC73-92 peptide treatment for 2, 6, or 20h. A: Relative fold change 
of arginase-1 mRNA over GM-CSF + LPS stimulation by qPCR normalized to amplified 
GAPDH. Results represent mean and spread of 4 (2h), 4 (6h), and 3 (20h) independent 
experiments. B: Results illustrate fold change of Ym1 mRNA over simulated levels by 
qPCR relative to amplified GAPDH. Representative mean and spread of 4 (2h), 4 (6h), and 
3 (20h) individual experiments. C & D: Whole cell protein extracts from neutrophils 
stimulated with GM-CSF + LPS and treated with αBC peptide for 20h were analyzed by 
western blotting. Results represent density of western blot bands relative to actin level. 
Representative blots below density graphs. C: Protein from untreated (black bars) and αBC 
peptide-treated (grey bars) cells was blotted with anti-Arg1 antibody. One representative 
data set of 4 individual experiments with representative blots below the graph. D: Protein 
from untreated (black bars) and αBC peptide-treated (grey bars) neutrophils was blotted 
with anti-Ym1 antibody. One representative data set of 2 individual experiments with 
representative blots below the graph. Statistical analyses were performed by two-way 
ANOVA with Šídák post hoc test.  *p<0.05 of main effect  
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expression of the possible immunosuppressive markers, Arg-1 and Ym1, by neutrophils 

was not altered by αBC treatment.  

  

3.2.7 αBC-mediated increase in IL-10 production may be kinase dependent 

I have shown that GM-CSF + LPS stimulated neutrophils treated with αBC peptide 

have elevated secretion of IL-10 and MMP8.  I was therefore interested in identifying the 

molecular mechanisms underlying these changes. Mitogen-activated protein kinases 

(MAPK) and phosphoinositide 3-kinases (PI3K) are known to be involved in the secretion 

of IL-10 and degranulation by neutrophils 101,148. Also, αBC treatment has been shown to 

affect various MAPK pathways as well as PI3K 274,278. I therefore investigated if these 

signalling pathways were involved in the enhanced secretion of IL-10 and MMP8.  

Inhibitors to the p38 (SB203580), PI3K (LY294002), MEK/ERK (U0126) and JNK 

(JNKII) pathways were used to assess if IL-10 production by GM-CSF + LPS-stimulated 

and αBC-treated neutrophils was altered by MAPK or PI3K inhibition. These inhibitors 

were used at a 1µM concentration based on work by Zhang and colleagues on the 

production of IL-10 by neutrophils 148. JNKII inhibitor of the JNK pathway did not reduce 

the secretion of IL-10 by neutrophils (Figure 14D). In individual experiments, the p38, 

PI3K and ERK inhibitors reduced the secretion of IL-10 by stimulated neutrophils as well 

as αBC-treated stimulated neutrophils (Figure 14A-C). When analyzing the differences 

over 3 experiments, SB203580 inhibited the production of IL-10 by both stimulated and 

treated neutrophils (Figure 14A). Interestingly, when analyzing for the inhibition by 

LY294002 (PI3K) and U0126 (MEK/ERK) over 4 and 3 experiments respectively,  
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Figure 14. PI3K & MEK/ERK kinase inhibitors reduced IL-10 secretion by αBC-
treated stimulated neutrophils  
Bone marrow-derived neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS 
with 2ug/ml αBC73-92 peptide treatment in the presence or absence of kinase inhibitors. A-
D: Neutrophils were uninhibited (white bars or circles) or inhibited with 1µM SB203580, a 
p38 specific inhibitor (A), 1µM LY294002, a PI3K specific inhibitor (B), 1µM U0126, a 
MEK/ERK specific inhibitor (C), or 1µM JNKII, a JNK specific inhibitor (D) (grey bars or 
squares) for 20h. Left panels are one representation of 3 (A), 4 (B), 3 (C), and 3 (D) 
individual experiments. Right panel results are the combined mean and spread of 3 (A), 4 
(B), 3 (C), and 3 (D) independent experiments. Statistical analyses were completed by 
repeated measures two-way ANOVA with Šídák post hoc test. *p<0.05 of post hoc test.  
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reduction of IL-10 was only significant in stimulated neutrophils that were treated with 

αBC peptide (Figure 14B-C).  

In response to stimulation, kinase pathway proteins are phosphorylated to relay the 

message from receptors to the nucleus in order to exert changes within the cells. I therefore 

examined the levels of phosphorylated proteins in various pathways. Neutrophils were 

stimulated with GM-CSF + LPS and treated with αBC peptide for 10m. Whole cell protein 

lysates were then assessed by western blotting. Membranes were stained with anti-

phospho-p38, anti-phospho-ERK, anti-phospho-JNK and anti-phospho-AKT. Data was 

normalized to the level of the housekeeping protein, actin, using ImageJ software. GM-

CSF + LPS stimulated neutrophils displayed increased levels of phosphorylated p38, AKT 

and ERK (Figure 15A-C) whereas phosphorylation of JNK was not increased after 

stimulation (Figure 15D). Treatment with αBC peptide did not alter phosphorylation of any 

of the kinase pathways: p38, PI3K (AKT), MEK/ERK or JNK. Although I did not observe 

any differences in phosphorylation of the kinase pathways in αBC-treated neutrophils, the 

inhibition data with LY294002 and U0126 (Figure 14B-C) suggests that the PI3K and 

MEK/ERK pathways may play a role in IL-10 production by stimulated neutrophils treated 

with αBC peptide.  

 

3.2.8 αBC did not affect neutrophil viability  

αBC has demonstrated anti-apoptotic functions in various cell types including astrocytes, 

lens epithelial, vascular endothelial and cardiomyocytes. To determine if αBC treatment 

exerted its effects on neutrophils by altering the viability, these cells were stimulated with 

GM-CSF + LPS and treated with αBC peptide for 20h and 44h. Cells were stained with  
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Figure 15. αBC treatment did not alter phosphorylation of kinase pathway 
components 
Whole cell protein extracts from bone marrow-derived neutrophils stimulated with 50ng/ml 
GM-CSF + 1µg/ml LPS for 10min were analyzed by western blotting. Protein from 
untreated (black bars) and αBC peptide-treated (grey bars) cells was blotted with anti-
phosphorylated p38 (A), anti-phosphorylated AKT (B), anti-phosphorylated ERK (C) and 
anti-phosphorylated JNK (D) antibodies. Results represent density of western blot bands 
relative to actin levels. Each graph is representation of the mean of 3 (A), 5 (B), 2 (C), and 
3 (D) individual experiments.  Representative blots are displayed below the density graphs. 
Statistical analyses were completed by two-way ANOVA with Šídák post hoc test. 
*p<0.05 of main effect.  
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Annexin V and PI. Annexin V binds phospholipid phosphatidylserine that is translocated to 

the outer surface of the plasma membrane early during apoptosis. PI stains nuclear 

components during late apoptosis or necrosis when membrane integrity is lost. Cells that 

were not stained for Annexin V and PI were considered viable. After 20h and 44h in 

culture treatment with αBC did not affect the viability of non-stimulated or stimulated cells 

(Figure 16A-D).  

To ensure that the inhibitor-induced reduction in IL-10 secretion by neutrophils 

shown above was not due to cell death, neutrophil viability was evaluated. These 

granulocytes were stimulated with GM-CSF + LPS and treated with αBC peptide in the 

presence or absence of 1µM of the kinase inhibitors, SB203580 (p38), LY294002 (PI3K), 

U0126 (MEK/ERK) or JNKII (JNK), for 20h. Viability was assessed by flow cytometry 

using PI staining for non-viable cells. None of the kinase inhibitors altered the viability of 

non-stimulated, GM-CSF + LPS stimulated or αBC peptide-treated cells (Figure 16E). I 

therefore deduced that the differences in IL-10 secretion after inhibitor treatment was not 

due to cell death.  

 

3.3 Summary 

αBC treatment of GM-CSF + LPS stimulated neutrophils specifically enhanced IL-

10 and MMP8 secretion by these cells. The small heat shock protein did not alter the 

secretion of other cytokines including TNF-α, IL-6, IL-12p40, IL-1β or IL-4, or the 

secretion of MMP9. Treatment with αBC also did not affect the expression of various 

activation and possible immunosuppressive markers including CD11b, iNOS, Arg-1 and 

Ym1. Moreover, neutrophil viability was not affected by αBC treatment. Of interest, αBC  
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Figure 16. αBC treatment and kinase inhibitors did not affect neutrophil viability 
A-D: Bone marrow-derived neutrophils were stimulated with 5ng/ml GM-CSF + 100ng/ml 
LPS for 20h (A & B) or 44h (C & D). Cells were stained with 5µl of FITC-conjugated 
Annexin V and 5µl of PI. Number (B & D) and percentage (A & C) of unstained, Annexin 
V and/or PI stained cells were assessed by flow cytometry. Results show the mean viable 
or non-viable cells from n=4 animals. E: GM-CSF + LPS stimulated bone marrow-derived 
neutrophils were treated with 2µg/ml αBC73-92 peptide in the presence or absence of 1µM of 
kinase inhibitors. Cells were stained with 1µg/ml PI and assessed by flow cytometry. Data 
represents the percentage of PI positive neutrophils. Results show the combined mean and 
minimum to maximum spread of data from 3 individual experiments. Statistical analyses 
were performed by repeated measures two-way ANOVA with Šídák post hoc test. *p<0.05 
of main effect.  
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treated GM-CSF + LPS primed neutrophils demonstrated a shift in ROS secretion after 

zymosan stimulation towards the levels of unprimed cells. Finally, inhibition of the PI3K, 

p38 and MEK/ERK pathways reduced the production of IL-10 by neutrophils. My data 

suggests that the PI3K and MEK/ERK pathways may play a role in the increased 

production of IL-10 by αBC peptide-treated neutrophils although more research is required 

to confirm the involvement of these pathways.  

 

3.4 Discussion 

Neutrophils are imperative for protecting the host against invading microbes. 

Unfortunately, over-exuberant activation of neutrophils in autoimmune diseases, sterile 

injury and even during infection can result in damage to host tissue. The goal of this study 

was to determine if suppressors of neutrophil activation could be identified. αBC treatment 

has shown promising inflammation dampening effects on other immune cells such as T 

cells and macrophages.  I therefore investigated if the small heat shock protein could also 

suppress neutrophil activation. I found that αBC impacted selective properties of 

neutrophils, specifically IL-10, MMP8, and ROS secretion. The biological significance of 

αBC treatment of neutrophils will be further examined in vitro in a co-culture experiment 

system in the following chapter and in vivo in chapter 5. 

 

IL-10 

αBC treatment increased the secretion of IL-10 by GM-CSF + LPS-stimulated 

neutrophils but had no effect on other cytokines (IL-1β, IL-6, IL-12p40, TNF-α, IL-4) 

assessed in this study. IL-10 is a stereotypic anti-inflammatory cytokine that plays a role in 
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suppressing Th1 T cell and CD8 T cell responses through its action on antigen presenting 

cells. Here, it is thought to reduce antigen presentation by down-regulating MHC II and co-

stimulatory molecules expression on these cells 51 and decrease TNF-α by other innate 

immune cells in models of infection-induced inflammation 148. IL-10 is not constitutively 

expressed and therefore production is minimal in unstimulated tissues. During an 

inflammatory reaction, expression of the cytokine is often upregulated during the height of 

the response where it contributes to refraction of the reaction 303. This may explain the need 

for neutrophils to be in a stimulated state before an increase in IL-10 secretion in response 

to αBC treatment was observed. Further, TLR2 and CD14 have been suggested as the 

possible receptors for exogenous αBC236. Of interest, GM-CSF has been shown to 

upregulate TLR2 and CD14 cell surface expression by neutrophils304. It is therefore 

plausible that αBC treatment has an effect almost exclusively on GM-CSF + LPS 

stimulated neutrophils because these cells expressed more of the possible receptors, thus 

making them sensitive to this treatment. The restriction of αBC to increase IL-10 in 

stimulated neutrophils also suggests that treatment of inflammatory diseases with αBC may 

have a desirable outcome whereby IL-10 production can be reserved to areas of 

inflammation such as into the synovial joints of RA patients that have a robust infiltration 

of neutrophils. The significant small increases in IL-10 secretion by neutrophils after 

treatment with αBC could amount to biological significance due to the abundance of 

neutrophils in vivo and localization to inflammation 111.  

Although contentious as to whether different phenotypes exist, neutrophils with an 

‘immunosuppressive’ state have been repeatedly described as having increased IL-10 

production 74,117,143,147-149. As such, I hypothesized that αBC could be shifting a portion of 
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neutrophils towards an immunosuppressive phenotype. I found that the there was no 

difference in the possible neutrophil immunosuppressive markers, Arg-1 and Ym1, after 

treatment with αBC suggesting that the crystallin did not polarize the cells to an 

inflammatory dampening state. It is however possible that there may be other, yet to be 

identified markers that could better distinguish phenotypes in neutrophils. Interestingly, 

there was a discrepancy in the mRNA and protein expression of Ym1 after stimulation of 

neutrophils where Ym1 mRNA was upregulated in response to stimulation but Ym1 

protein levels were down-regulated. It is possible that the Ym1 mRNA may not be 

translated into protein or that the protein is being degraded.  

 

MMPs 

Matrix metalloproteinases are defined by their ability to breakdown extracellular matrix 

components. MMP8, also known as neutrophil collagenase, plays a role in the breakdown 

of type I, II and III collagens 305. In addition to its proteinase functions, MMP-8 has a 

dichotomous role during inflammation where both pro- and anti-inflammatory functions 

have been observed 306-308. In this study, I observed that αBC treatment induced increased 

MMP8 by neutrophils but did not affect MMP9 secretion. Ramanujum and colleagues also 

found that MMP8 and MMP9 secretion was differentially altered depending on the 

activator 309. Specifically, c-MET receptor binding by hematocyte growth factor derivatives 

resulted in the upregulation of MMP8 but down-regulation of MMP9. Of note, c-MET is 

known to signal through PI3K and MEK/ERK pathways 310, pathways I found to be related 

to the αBC-induced production of IL-10. To date, there is no link between MMP8 and αBC 

although it is thought that MMP1/9 are able to degrade αBC 311,312. Since the PI3K and 
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MEK/ERK pathways are involved in αBC actions 274,278,279, it is possible that these signal 

transduction elements could be a linkage between MMP8 and αBC. One caveat of the 

MMP8 ELISA assay is that it measured total MMP8 rather than active MMP8. To 

corroborate that the excess secretion of MMP8 by αBC treated neutrophils is biological 

relevant an additional colorimetric collagenase assay could be performed.   

 

Neutrophil granules, IL-10 and MMPs 

Neutrophil granules are formed sequentially during development in the bone 

marrow and contain particular molecules based on what is being synthesized at the time of 

formation86. Specific granules contain MMP8 and are thought to be formed during 

myelocyte and metamyelocyte phases of neutrophil maturation. The IL-10R is also known 

to reside within specific granules313 and, although not well characterized, IL-10 secretion is 

thought to be associated with specific granules release by neutrophils56. Regarding the 

latter, it has been suggested that IL-10 transcription can be regulated by C/EBPε which is 

the dominant transcription factor active during specific granule formation 314. It is therefore 

possible that αBC treatment is enhancing the release of secondary/specific granules to 

result in the dual secretion of IL-10 and MMP8. Since other cytokines such as TNF-α, IL-6 

and IL-12 are thought to reside in tertiary/gelatinase granules along with MMP9 in 

neutrophils, αBC treatment may not affect the release of these granules 104,292,315. 

Alternatively, MMP8 is thought to have a role in processing IL-10, therefore the increase in 

both MMP8 and IL-10 after αBC treatment may be a feedback loop by neutrophils 316. 
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ROS 

ROS play a key role in tissue damage with their cytotoxic effects. It has been 

suggested that priming is required for robust ROS generation by neutrophils 317. I observed 

in this study that neutrophils that were primed with GM-CSF + LPS for 4 hours followed 

by a 1-hour stimulation with zymosan, showed increased ROS secretion whereas those cell 

primed for 20h before zymosan had decreased ROS secretion. This divergence in ROS 

production over time has been observed by others 317. For instance, Saturnino et al. found 

that mast cells also experience this effect when primed for long periods with endotoxin 296. 

Further, tumour-associated neutrophils show a dichotomy of neutrophil ROS generation 

that was related to the disease duration. This is possibly due to increased exposure to 

priming agents 318, 156. With respect to whether αBC is involved in ROS production, αBC 

treatment of neutrophils during priming returned ROS production by neutrophils to an 

unprimed level of secretion. This suggests that in this case αBC affected the priming of 

these cells. Furthermore, αBC has been shown to inhibit the generation of ROS in response 

to Cu2+ stimulation of lens epithelial cells 319. In this situation, αBC sequestered the Cu2+ to 

reduce the reason for ROS production. 

 

Kinase signalling pathways: Caveats 

This study corroborates other research that showed that PI3K, p38 and MEK/ERK 

pathways are involved in the secretion of IL-10 by stimulated neutrophils 148. Zhang and 

colleagues demonstrated that in the presence of inhibitors to PI3K, p38 and MEK/ERK 

kinase pathways, neutrophils failed to produce IL-10. Here, when observing changes in IL-

10 production over multiple experiments, αBC treatment-induced IL-10 secretion was 
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significantly reduced by PI3K and MEK/ERK inhibitors whereas the p38 inhibitor reduced 

IL-10 secretion regardless of treatment. Although PI3K has not been directly related to its 

anti-inflammatory properties, αBC has been shown to act through PI3K to reduce oxidative 

stress induced apoptosis 279. Further, αBC has also been associated with MEK/ERK 

signalling in relation to its anti-apoptotic functions 320.  As these kinase pathways are 

known to regulate many cellular functions, it is possible that the other effects of αBC 

treatment on neutrophils observed in our study: MMP8 and ROS secretion, are also 

regulated by these pathways.  

Although we did not observe a difference in the level of phosphorylation of the 

kinase pathways by western blot analysis after αBC treatment, it is possible that only a 

small selection of cells were responsible for the increase in IL-10 and MMP8. This would 

therefore make it difficult to see any differences in the overall phosphorylation levels when 

looking at the protein from the entire population. For that reason, we assessed if inhibitors 

for the p38, JNK, ERK and PI3K kinase pathways would selectively reduce the enhanced 

IL-10 secretion by neutrophils. The possible involvement of kinase pathways in the effect 

of αBC on neutrophil function requires additional experiments to fully elucidate and 

confirm the roles of these pathways. Firstly, the concentration of each inhibitor was chosen 

based on a literature review. To further support this data, a dose response curve should be 

performed to ensure that the proper dose of inhibitor was utilize. Further, western blot 

analysis of phosphorylation within these pathways needs to be performed to confirm that 

the correct pathway was targeted with each inhibitor. According to literature, each inhibitor 

has possible off target effects that should be assessed including; LY294002: casein-kinase 

2 and MAPK-activated protein kinase 1b and 2, and protein kinase B at 50µM, U0126; 
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MAPK kinase 1 and p38 at 10µM, SB203508: protein kinase B, glycogen synthase kinase 

beta and lymphocyte-specific protein tyrosine kinase at 10µM and JNKII: MAPK-activated 

protein kinase 1a, AMP-activated protein kinase and serine/threonine protein kinase 1 at 

10µM 321. Although these off target effects may also affect the secretion of IL-10 by 

neutrophils, the inhibitor concentrations used in this study are at least ten-fold less than 

those used in the study to determine off target effects potentially reducing these 

confounding factors. Interestingly, the inhibitors that successfully limited the secretion of 

IL-10 by αBC-treated stimulated neutrophils targeted the pathways that had increased 

phosphorylation as measured by western in both untreated and αBC-treated stimulated 

neutrophils. These data suggest that the inhibitors were targeting the correct pathways.  

Both PI3K and p38 have demonstrated involvement in secondary granule release 

although this is also true for primary granule release 322,323. The release of lactoferrin, one 

of the defining molecules present within secondary granules, in response to complement 

protein, c5a, was regulated by PI3K, p38 and ERK 324.  Therefore, it is possible that αBC 

treatment is acting through these kinase pathways to enhance the release of secondary 

granules. In future studies, the effect of αBC treatment on lactoferrin release and specific 

SNARE proteins associated with secondary granule release such as SNAP-23, syntaxin 4 

and 6, and VAMP-2, will future elucidate its role in degranulation 325,326.    
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Chapter 4: Results 

4.1 Introduction and Rationale 

Neutrophils are known to direct the inflammatory response of other antigen 

presenting cells (APCs) such as dendritic cells (DCs). They interact with DCs through 

direct cell-to-cell contact and indirectly through secreted molecules 119,122,123. For instance, 

DCs can engulf neutrophils and present the antigen that was processed by the neutrophils 

or, neutrophils can directly transfer antigen to DCs 1,2,327. Neutrophils are also able to 

induce DCs to produce the pro-inflammatory cytokine, IL-12p40 and push these APCs to 

differentiate T lymphocytes into a Th1 phenotype 123,328. Because of this interaction, 

exuberant neutrophil activation could augment and extend the pro-inflammatory properties 

of APCs such as DCs. Therefore, the ability to control neutrophil function indirectly 

regulates the actions of other, potentially harmful immune cells.  

In the previous chapter we discovered that αBC treatment of stimulated neutrophils 

mediated certain regulatory properties of neutrophils. Regulatory responses are essential in 

maintaining homeostasis and their failure can lead to immunopathology and chronic 

inflammation. I found that the heat shock protein selectively augmented the secretion of IL-

10 and MMP8, both of which have been shown to possess immunoregulatory properties 

51,307,329. For instance, in most infections, IL-10 is the essential cytokine that provokes the 

regulatory response 51 while MMP8 has a demonstrated role in resolving inflammation in 

wound repair and in reducing inflammation through inactivation of the chemokine, 

macrophage inflammatory protein (MIP)-1α 307,329. Further, ROS production by 

neutrophils, which was altered by αBC treatment (Figure 9), can dampen T lymphocyte 

responses by reducing the expression of the T cell receptor 139,330.  I was therefore 
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interested in examining whether αBC-treated neutrophils could influence the regulatory 

response of other immune cells, specifically DCs. 

DCs are professional APCs that have a major role in the priming of T cells and in 

directing the polarization of T lymphocytes during immune responses 46. These APCs take 

up, process and present antigens on MHC class I or II molecules, and express co-

stimulatory molecules to activate naïve T lymphocyte differentiation and clonal expansion 

46,47. DCs also reactivate T lymphocytes at the site of inflammation 46,331. Interestingly, DCs 

exposed to IL-10 can induce the differentiation of regulatory T lymphocytes 51. To assess if  

αBC treatment could alter neutrophil communication with DCs, I established a co-culture 

system that involved growing αBC-treated activated bone marrow-derived neutrophils with 

naïve DCs. I then analyzed the supernatants from the co-cultured cells for cytokine 

secretion as well as monitored DCs for cell surface expression of activation markers.    

 

4.2 Results 

4.2.1 Dendritic cell isolation, neutrophil isolation and their co-culture 

Significant work was involved in optimizing the isolation and culturing conditions 

for neutrophils and DCs (Figure 17). Both cell types were isolated from the bone marrow 

of naïve 129SVE mice. Neutrophils were then separated using a Neutrophil Isolation kit 

from MACS Miltenyi using a magnetic column apparatus. Non-neutrophil cells were bound 

with biotin labeled antibodies followed by anti-biotin magnetic beads. The cell suspension 

was subsequently passed through columns containing a ferromagnetic sphere matrix which 

captured the antibody/bead bound cells while in the magnet. Neutrophils flowed through 

the column while the other immune cells, including DCs, were bound to the column and  
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Figure 17. Schematic of dendritic cell and neutrophil isolation and co-culture 

Bone marrow was extracted from the femur and tibia of naïve 129SVE mice. Cells were 
magnetically captured with a MACS Miltenyi neutrophil isolation kit. Neutrophils were in 
the flow-through fraction whereas the DCs were in the magnetically-labeled fraction. 
Neutrophils were then plated on 6 well plates at 1 million cells/ml media and stimulated on 
the day of isolation for 20h. Supernatants were collected and spun to collect cell fractions. 
Neutrophils remaining on the plate were harvested with a 5-minute incubation in ice-cold 
1x PBS followed by squirting the cells off the plate. Cells were then washed 3 times with 
1x PBS to remove any stimulation and treatment. Neutrophils were then co-cultured with 
previously isolated DCs. DCs were plated on 6 well plates in 4ml of media containing 
20ng/ml GM-CSF. After 4 days, 3ml of media was exchanged for fresh media containing 
20ng/ml GM-CSF. Three days later, DCs were harvested with 0.25% trypsin for 8min at 
37°C and wash with 1x PBS. They were then plated in GM-CSF free media at various cell 
densities for 48h. Fresh neutrophils were isolated 24 hours later, stimulated for 24h and 
harvested as described. Neutrophils were then added to the DCs in a 5:1 ratio for direct 
contact experiments and 2:1 ratio for transwell experiments. Cells were co-cultured for 24h 
for cytokine production experiments and 48h for DC activation markers experiments. 
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obtained by being pushed through the column after removal of the magnet. Neutrophils 

were rested for 2 hours and then stimulated. I tested a number of stimulation and treatment 

dilutions as well as experimented with various washing techniques to ensure that there was 

no carry-over of stimulation or treatment into the DC co-culture system (Figure S3). I 

found that stimulation with 5ng/ml GM-CSF + 100ng/ml LPS and treatment with 200ng/ml 

αBC73-92 peptide, a 1:10 dilution of the original, achieved the best results. Additionally, in 

each co-culture experiment, supernatant from the neutrophils before the addition of the 

DCs was examined for IL-10 to ensure the cells had responded to the stimulation with 

5ng/ml GM-CSF + 100ng/ml LPS and treatment with 200ng/ml αBC73-92 peptide (data not 

shown). This protocol was thus used throughout the following experiments unless 

otherwise stated. 

The DC derivation protocol required cells to grow in the presence of 20ng/ml GM-

CSF over the course of one week. At 4 days post isolation, three quarters of the culture 

media and non-adherent cells were remove and replaced with fresh media containing 

20ng/ml GM-CSF. After an additional 3 days in the presence of GM-CSF, adherent cells 

were washed with PBS and harvested with 0.25% trypsin and gentle scraping. To establish 

the optimum ratio of neutrophil to DCs, DCs were then plated at various densities – 20,000, 

40,000, and 100,000 cells per well in a 96 well plate or 100,000 cells per well in a transwell 

system. The DCs were then grown in GM-CSF free media for 48h to starve the cells and to 

ensure that they were not in an activated state before co-culturing with neutrophils.  

During this time, new neutrophils and DCs were isolated. The neutrophils were 

stimulated and treated for 20h, after which they were washed repeatedly and plated on top 

of the DCs at 100,000 cells per well or, on top of the 0.4µm pored polycarbonate 
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membrane of the transwell system at 100,000, 200,000 or 400,000 cells per well. The final 

ratios chosen for optimum response to treatment were 1:5 for direct contact assays (20,000 

DCs : 100,000 neutrophils) and 1:2 for transwell assays (100,000 DCs : 200,000 

neutrophils). Cells were co-cultured for 24 hours for cytokine secretion and interaction 

assays, and 48 hours to observe for activation marker expression.    

 

4.2.2 Dendritic cell purity 

To examine the direct effects of αBC-treated neutrophils on DC function, I needed 

to obtain pure cultures of both cell types. Neutrophil purity data can be viewed in Chapter 3 

Section 3.2.1 and in Figure 4. DCs were derived from the neutrophil-depleted bone marrow 

cells as described above. Adherent (DC) cells grown in the presence of GM-CSF for 1 

week were harvested and grown in GM-CSF free media for 48h and flow cytometry was 

used to establish cell purity. Cells were stained with FITC-conjugated CD45 and APC-

conjugated CD11c. The percentage of CD11c+/CD45+ cells was determined in three 

individual experiments showing an average purity of 91.37% (2.473% SD) (Figure 18). As 

compared to other derivation protocols tested (data not shown), these cells had the most 

uniform size and granularity as determined by the forward and side scatter analysis (Figure 

18).   

 

4.2.3 Dendritic cells co-cultured with αBC-treated stimulated neutrophils 

produce less IL-12p40   

Neutrophils are known to communicate with DCs to alter the activation of these 

APCs as well as lymphocytes 119,123. I therefore assessed for the effects of αBC-treated 
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neutrophils on DC activation in a co-culture system. Neutrophils were stimulated with GM-

CSF + LPS and treated with αBC peptide for 20h. Extensively washed neutrophils were 

then seeded on top of DCs in 1:5, 1:2.5 and 1:1 ratio for 24h. ELISA was used to assess for 

cytokine secretion in the supernatant. I measured the levels of IL-12p40, IL-1β and IL-4 

which were not secreted by neutrophils in isolation (Figure 6). After culturing DCs with 

stimulated and treated neutrophils, IL-4 secretion was still not detectable in 4 experiments. 

However, co-culturing DCs with GM-CSF + LPS-stimulated neutrophils produced 

significant amounts of IL-12p40 (Figure 19A & C). αBC treatment of GM-CSF + LPS-

stimulated neutrophils reduced the secretion of IL-12p40 by DCs in a cell ratio dependent 

manner as compared to those cultured with untreated stimulated neutrophils. Specifically, 

DCs cultured in a 1:5 ratio with treated neutrophils had the largest reduction in IL-12p40 

secretion (Figure 19A & B) followed by the cells grown in a 2.5:1 ratio (Figure 19C & D). 

Importantly, DCs that were grown with the washed supernatant from wells containing 

stimulation but no neutrophils did not exhibit any secretion of IL-12p40 (Figure 18E & F) 

or IL-1β (Figure 20E & F). Although stimulated neutrophils increased the secretion of IL-

1β by DCs, DCs cultured with αBC-treated stimulated neutrophils did not exhibit altered 

IL-1β levels (Figure 20A-D).  

Even though I would not be able to differentiate between the source of IL-10 (both 

neutrophils and DCs secrete this cytokine), I also assessed for the level of IL-10 secretion 

during co-culture to determine if the cytokine remained elevated after removing αBC from 

neutrophils. This data would additionally determine whether IL-10 was a viable option to 

explore as a possible mechanism by which the neutrophils controlled the activation of DCs. 

Although there was elevated IL-10 in wells containing GM-CSF + LPS stimulated  
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Figure 18. Purity of bone marrow-derived dendritic cells 
After culturing for one week in GM-CSF-containing media and 48 hours in GM-CSF-free 
media, bone marrow–derived DCs were stained with APC conjugated anti-CD45 and PE 
conjugated CD11c and assessed by flow cytometry. A: Demonstrates gating strategies used 
to determine purity of DCs while B: Shows the DC population based on forward and side 
scatter properties. C: Indicates the average percentage of cells that were double positive for 
CD45 and CD11c. Data represents 3 individual experiments.  
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Figure 19. Stimulated neutrophils previously treated with αBC peptide induced less 
IL-12p40 production by dendritic cells  

Neutrophils were stimulated with 5ng/ml GM-CSF + 100ng/ml LPS and treated with 
200ng/ml αBC73-92 peptide for 20h. Cells were washed and co-cultured with bone marrow-
derived DCs for 24h. Supernatants were analyzed for concentration of IL-12p40 by ELISA. 
A & B: DCs were plated at a density of 20,000 cells per well with previously stimulated 
and untreated (white and black bars or circles) or αBC peptide-treated (grey bars or 
squares) neutrophils at a 1:5 ratio and plated at 100,000 cells per well. C & D: DCs were 
plated at a density of 40,000 cells per well with previous stimulated and untreated (black 
bars or dots) or αBC peptide-treated (grey bars or squares) neutrophils in a 1:2.5 ratio and 
plated at 100,000 cells per well. A & C: One representative of x=6 (A) or x=3 (C) 
individual experiments. Error bars represent spread of minimum to maximum. B & D: Data 
represents mean and spread of data of x=6 (B) or x=3 (D) individual experiments. 
Statistical analyses were performed by two-way ANOVA with Šídák post hoc test. 
*p<0.05 of main effect and post hoc test. E, F: DCs plated at 20,000 (E) or 40,000 cells per 
well (F) and grown in the washed supernatant from wells containing 5ng/ml GM-CSF + 
100ng/ml LPS +/- 200ng/ml αBC peptide. One representative experiment of 3 individual 
experiments.  
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Figure 20. αBC treatment of stimulated neutrophils did not alter IL-1β production by 
co-cultured dendritic cells  

GM-CSF (5ng/ml) + LPS (100ng/ml) stimulated neutrophils were treated with 200ng/ml 
αBC73-92 peptide for 20h. Cells were washed and co-cultured with DCs for 24h. ELISA 
was used to assess IL-1β content in the supernatants. A & B: DCs were plated at 20,000 
cells per well with 100,000 untreated (white and black bars or circles) or αBC peptide- 
treated (grey bars or squares) neutrophils. C & D: DCs were plated at 40,000 cells per well 
with 100,000 untreated (white bars or circles) or αBC peptide-treated (grey bars or 
squares) neutrophils. A & C: One representative data set of 5 (1:5) or 3 (1:2.5) individual 
experiments. Error bars represent spread of minimum to maximum. B & D: Results show 
the mean and spread of combined data from 5 (1:5) or 3 (1:2.5) independent experiments. 
Statistical analyses were completed by repeated measures two-way ANOVA with Šídák 
post hoc test. *p<0.05 of main effect. E, F: DCs were grown in the washed supernatant 
from plates containing 5ng/ml GM-CSF + 100ng/ml LPS +/- 200ng/ml αBC peptide. Cells 
were plated at 20,000 (E) and 40,000 (F) cells per well. One representative experiment of 3 
individual experiments. Error bars represent spread of data from minimum to maximum.   
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neutrophils, I was no longer able to see augmented levels of IL-10 from neutrophils 

previously stimulated with αBC in 1:5 and 1:2.5 ratios (Figure 21A-D). Further, DCs 

grown in washed supernatant did not have increased secretion of IL-10 (Figure 21E &F). 

Cells cultured at a 1:1 density did not have a significant change in IL-12p40, IL-1β, or IL-

10 secretion (Figure 22). 

 

4.2.4 αBC treatment of stimulated neutrophils did not alter activation marker 

expression by co-cultured dendritic cells 

DCs co-cultured with αBC-treated neutrophils secreted less of the pro-inflammatory 

cytokine, IL-12p40. It was therefore reasonable to hypothesize that these DCs may be 

differentially activated. Upon activation, DCs are known to upregulate cell surface 

expression of MHC and the co-stimulatory molecules, CD40, CD80 and CD8641,119. 

Following GM-CSF + LPS stimulation and αBC treatment, neutrophils were washed and 

cultured in the presence of starved DCs in 24 well plates (cell ratio 5:1; 250,000:50,000, 

respectively) for 48h. Cells were harvested with 0.25% trypsin and gently scraped off. 

Flow cytometry was used to assess the relative expression of CD40, CD80 and CD86. Cells 

were stained with APC-Cy7-conjugated anti-CD45, APC-conjugated anti-CD11c and 

FITC- or PerCP-conjugated anti-Ly6G. Only CD45+/CD11c+/Ly6G- cells were assessed for 

activation markers. Mean fluorescence index was assessed in cells stained with PE-

conjugated anti-CD40 (Figure 23A), PerCP-conjugated anti-CD80 (Figure 23B), PE 

conjugated CD-86 (Figure 23C), and FITC conjugated anti-MHCII (Figure 23D). I found 

that expression of the activation markers on DCs was not significantly altered when these 

cells were co-cultured with stimulated- or αBC-treated neutrophils (Figure 23). These data  
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Figure 21. αBC peptide treatment of stimulated neutrophils co-cultured with 
dendritic cells did not alter IL-10 production  

Bone marrow-derived neutrophils were stimulated with 5ng/ml GM-CSF + 100ng/ml LPS 
and treated with 200ng/ml αBC73-92 peptide for 20h. Cells were washed and grown in 
culture with naïve bone marrow-derived DCs for 24h. Supernatants were analyzed for IL-
10 production by ELISA assay. A & B: DCs were plated at 20,000 cells/well in a 1:5 ratio 
with previously stimulated and untreated (white and black bars or circles) or αBC peptide 
treated (grey bars or squares) neutrophils (100,000 cells/well). C & D: 40,000 DCs were 
plated per well with 100,000 stimulated and untreated (white and black bars or circles) or 
αBC peptide-treated (grey bars or squares) neutrophils. A & C: One representative 
experiment of 4 (1:5) or 3 (1:2.5) individual experiments. Error bars represent spread of 
data from minimum to maximum. B & D: Data show the combined mean and spread of 
data of x=4 (B) or x=3 (D) independent experiments. Statistical analyses were performed 
by repeated measures two-way ANOVA with Šídák post hoc test. *p<0.05 of main effect. 
E, F: DCs were grown with washed media from plates containing 5ng/ml GM-CSF + 
100ng/ml LPS +/- 200ng/ml αBC peptide for 24h. Cells were plated at 20,000 cells per 
well (E) or 40,000 cells per well (F).   
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Figure 22. αBC-treated neutrophils cultured 1:1 with DCs does not affect the 
production of cytokines by DCs  
Neutrophils were stimulated with 5ng/ml GM-CSF + 100ng/ml LPS and treated with 
200ng/ml αBC73-92 peptide for 20h. Cells were washed and co-cultured with bone marrow-
derived DCs for 24h at a density of 100,000 cells per well with previously stimulated and 
untreated (white and black bars) or αBC peptide-treated (grey bars) neutrophils at a 1:1 
ratio and plated at 100,000 cells per well. Supernatants were analyzed for concentration of 
IL-12p40 (A), IL-1β (B), and IL-10 (C) by ELISA. Left panels: one experiment was 
completed. Error bars represent spread of minimum to maximum. Right panels: dendritic 
cells plated at 100,000 cells per well and grown in the washed supernatant from wells 
containing 5ng/ml GM-CSF + 100ng/ml LPS +/- 200ng/ml αBC peptide in one experiment.   
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Figure 23. Dendritic cell antigen presenting marker expression was not altered when 
co-cultured with αBC pre-treated neutrophils  

Stimulated neutrophils were untreated (circles) or treated with αBC73-92 peptide (squares) 
for 20h. Neutrophils were washed and co-cultured with DCs (5 neutrophils: 1 DC) for 48h. 
Cells were stained with APC-Cy7-conjugated anti-CD45, APC-conjugated CD11c, PerCP- 
or FITC-conjugated Ly6G, PE-conjugated anti-CD40 (A), PerCP-conjugated CD80 (B), 
PE-conjugated CD86 (C), and FITC-conjugated anti-MHCII (D) antibodies. Surface 
expression was analyzed on CD45+CD11c+Ly6G- DCs by mean fluorescence index 
relative to control in flow cytometry. Left panel: One representative experiment of 4 
individual experiments. Error bars represent spread of data from minimum to maximum. 
Right panel: Results represent combined mean and spread of 4 independent experiments. 
Statistical analyses were performed by repeated measures two-way ANOVA with Šídák 
post hoc test.  
  



 

Page 137 

  

A)

B)

C)

D)



 

Page 138 

indicate that although αBC-treated neutrophils decreased pro-inflammatory cytokine 

secretion by DCs, they do not alter the antigen presenting machinery of DCs.  

 

4.2.5 αBC treatment did not alter neutrophil chemokine secretion 

One mechanism that neutrophils use to communicate with, and alter, DC activation 

is through direct cell-to-cell engagement. Neutrophils and DCs would need to attract each 

other in order to engage in this type of communication 328,332. I assessed if αBC treatment 

affected  how neutrophils attract DCs by assessing for the secretion of two chemokines that 

are produced by neutrophils and known to attract DCs, MIP-1α (CCL3) and MCP-1 

(CCL2), 111,333,334. I stimulated bone marrow-derived neutrophils with 50ng/ml GM-CSF + 

1µg/ml LPS and treated with 2µg/ml αBC peptide for 20h. Supernatants were assessed for 

MCP-1 and MIP-1α content by ELISA. MIP-1α secretion was increased by GM-CSF + 

LPS-stimulated neutrophils in 9 experiments (Figure 24A & B). However, αBC treatment 

did not alter the secretion of MIP-1α by unactivated or stimulated neutrophils. I did not 

observe an increase in MCP-1 secretion in neutrophils stimulated with GM-CSF + LPS 

(Figure 24C & D). 

 

4.2.6 αBC treatment of neutrophils did not alter the amount of interaction with 

dendritic cells 

Due to the observed importance of the ratio of neutrophils to DCs in the effect of 

αBC treatment on IL-12p40 secretion, I hypothesized that cell-to-cell contact was 

responsible for this phenomenon. I therefore examined whether there were any noticeable  
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Figure 24.  Neutrophils treated with αBC peptide did not have altered chemokine 
expression  

Bone marrow-derived neutrophils were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS 
for 20h. ELISA was used to assess for chemokine secretion in supernatants. MIP-1α (A, B) 
and MCP-1 (C, D) secretion from untreated (black bars or circles) or αBC peptide treated 
(grey bars or squares) was assessed. A and C show one experiment of 9 (MIP-1α) or 6 
(MCP-1) individual experiments. Error bars represent spread of data from minimum to 
maximum. The combined mean and spread of 9 (MIP-1α) (B) or 6 (MCP-1) (D) 
independent experiments are also shown. Statistical analyzes were completed by repeated 
measures two-way ANOVA with Šídák post hoc test. *p<0.05 of main effect.  
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differences in the physical interaction between neutrophils and DCs when the neutrophils 

were stimulated and treated with αBC. Since other studies had observed that stimulated 

neutrophils have increased encounters with DCs123, neutrophils were stimulated and treated 

with the heat shock protein for 20h, washed and co-cultured with DCs for 24h. Cells were 

then fixed and images captured on an inverted microscope using phase contrast. 

MetaMorph Advanced software version 7.7.8.0 was used to capture images in 5 locations 

in each well (Figure 25A). Under phase contrast, neutrophils and DCs were distinguished 

by size and appearance (Figure 25B left panel: dendritic cell-black arrowhead, neutrophils-

black arrows) and interactions were counted when the two cell types were touching (Figure 

24B right panel white arrowheads). Each DC was counted along with the number of 

interacting neutrophils. There were no significant differences in the number of interactions 

(0, 1 or multiple) that DCs encountered with stimulated or αBC-treated neutrophils (Figure 

25C & D).  

 

4.2.6 αBC pre-treated neutrophils physically separated from dendritic cells 

reduced IL-12p40 secretion 

Although neutrophils can alter the immune response of other cells through direct 

cell-to-cell contact our data suggests that αBC-treated neutrophils may be eliciting a DC 

response through another mechanism since there was no difference observed in the 

interactions between neutrophils and DC. I therefore examined if αBC-treated neutrophils 

were secreting factors that altered DC cytokine secretion. This was a possibility as the most 

prominent feature of αBC-treated neutrophils determined in the previous chapter was the 

increased secretion of the specific molecules, IL-10 and MMP8. To test this idea, I used a  
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Figure 25. Pre-treated and stimulated neutrophils did not interact differently with co-
cultured dendritic cells  
Bone marrow-derived neutrophils were stimulated with GM-CSF + LPS and treated with 
αBC peptide for 20h. Cells were washed and grown with DCs (5 neutrophils:1 DC) for 
24h. All cells were fixed with 4% paraformaldehyde and imaged using phase contrast on an 
inverted microscope. A: Images were acquired using meta- software at 5 designated 
locations per well. B: Sample images of DCs (black arrowhead) with no interactions with 
neutrophils (black arrow in left panel) and multiple interactions (white arrowheads in right 
panel) with co-cultured neutrophils. C & D: DCs with zero (white bars), one (light grey 
bars), and multiple neutrophil interactions (dark grey bars) were quantified in all images. 
C: One representative data set of 3 independent experiments. Data shows mean number of 
cell counts per well. Error bars represent standard deviation. D: Combined mean cell 
interactions of 3 individual experiments. Statistical analyses were performed by repeated 
measures two-way ANOVA with Šídák post hoc test.   
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transwell system where one cell type is grown on top of and one below the pored 

membrane to allow for secreted factors to intermingle without direct cell-to-cell contact. 

Bone marrow-derived neutrophils were stimulated with GM-CSF + LPS and treated with 

αBC peptide for 20h followed by extensive washing. Two hundred thousand neutrophils 

were seeded on top of polycarbonate membranes with 0.4µm pores with 100,000 starved 

DCs on the bottom of the well for 24h. Supernatants were then assessed for cytokine 

content using ELISA. IL-1β secretion by DCs was not altered when co-cultured with 

stimulated and αBC-treated neutrophils (Figure 26C-D). No IL-4 was detected in the 

transwell assay. However, DCs secreted significantly less IL-12p40 when co-cultured with 

αBC-treated stimulated neutrophils compared to untreated neutrophils (Figure 26A & B). 

These data suggest that via reduction of an unknown stimulatory or inhibitory secreted 

factor(s), αBC treatment of neutrophils resulted in a suppressed IL-12p40 production by 

DCs.  

 

4.3 Summary 

αBC pre-treatment of neutrophils mitigated the secretion of IL-12p40 by DCs 

induced by stimulated neutrophils. This selective down-regulation of the secretion of IL-

12p40 occurred in both a direct and indirect manner. Along with no difference in 

chemokine production by αBC-treated neutrophils, the amount of interactions between 

stimulated or αBC treated neutrophils and DCs were not altered. These data imply that 

neutrophils treated with αBC peptide secrete an unidentified molecule(s) that altered DC 

production of IL-12p40 but not that of IL-1β or IL-4. This effect was specific to cytokine  
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Figure 26. Secretory components from stimulated neutrophils treated with αBC 
peptide induced less IL-12p40 production from dendritic cells   

Stimulated and untreated (white and black bars or circles) or αBC-treated (grey bars or 
squares) neutrophils were separated from DCs in co-culture using a transwell system for 
24h. IL-12p40 (A & B) and IL-1β (C & D) cytokine production by DCs was assessed by 
ELISA. A & C: One representative of 3 independent experiments. Error bars represent 
spread of data from minimum to maximum. B & D: Results represent combined mean and 
spread of 3 individual experiments. Statistical analyses were completed by repeated 
measures two-way ANOVA with Šídák post hoc test. *p<0.05 of main effect and post hoc. 
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secretion since markers of antigen presentation were not changed in relation to the 

stimulation status of neutrophils.  

 

4.4 Discussion 

Inflammation can prolong the survival of neutrophils in tissues 335. With the sheer 

abundance and prolonged survival of neutrophils comes the increased opportunity for 

interactions between neutrophils and other immune cells. This thus allows neutrophils to 

direct a large portion of the immune response. Once an infection is cleared there is an 

imminent need to suppress the inflammatory cascade. Neutrophils can suppress the 

immune response by acting directly on T lymphocytes and APCs or, through the 

engulfment of apoptotic neutrophils by APCs such as DCs 53,330,336. During an over-

exuberant response to infection or in cases of auto-inflammation, immune suppression 

fails. In many autoimmune diseases such as RA, SLE and Crohn’s disease, there is an 

overabundance of pro-inflammatory neutrophils 93,337,338. Therefore, it would be beneficial 

to elucidate ways by which neutrophils can mediate suppression of the entire immune 

response.  

 

IL-12p40 production by DCs 

Stimulated neutrophils are known to upregulate the production of IL-12p40 and 

TNF-α by DCs 125. In our study, neutrophils secreted TNF-α themselves which eliminated 

the possibility to test for secretion of this cytokine by DCs in our co-culture system using 

the ELISA method. Intracellular flow cytometry would have allowed for us to distinguish 

between DC and neutrophil production of this cytokine. Fortunately, GM-CSF + LPS-
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stimulated neutrophils did not secrete IL-12p40 in my hands. For that reason, the secretion 

of IL-12p40 could be assessed in co-culture system without the confounding production by 

neutrophils.  

DCs utilize the secretion of IL-12p40 to mediate differentiation of naïve T 

lymphocytes into a Th1 or Th17 phenotype 49. Since my results indicate that αBC treatment 

of neutrophils reduced the secretion of IL-12p40 by co-cultured DCs, it is possible that 

αBC-treated neutrophils could suppress the ability of DCs to polarize T cells towards a Th1 

or Th17 phenotype. Also, the reduction of IL-12p40 secretion by DCs suggests that when 

these cells are grown in the presence of αBC-treated neutrophils their contribution to the 

inflammatory milieu would be reduced. Since IL-12p40 has a role in inducing Th1 

polarizing in T lymphocytes and IL-10 opposes this process, the ratio of IL-12:IL-10 is 

often used to assess inflammatory status 339,340. The reduction in pro-inflammatory IL-

12p40 secretion by DCs after culturing with αBC-treated neutrophils suggests that the 

balance could tip to an immunosuppressive milieu due to the augmented IL-10 produced by 

the neutrophils.  

An interesting observation was the ability of αBC-treated neutrophils to suppress 

IL-12p40 secretion by DCs in the transwell system. I have developed two working theories 

for this phenomenon: 1. Stimulated neutrophils treated with αBC secreted less of an 

unknown molecule(s) that drives the secretion of IL-12p40 by DCs. In the literature, one 

mechanism that neutrophils employ to induce IL-12p40 secretion by DCs is through 

secretion of TNF-α 328. I do not believe that TNF-α is the unknown secretory factor 

because I found that αBC-treated neutrophils did not secrete differential amounts of TNF-α 

(Chapter 3 Figure 7). Similarly, it is unlikely that the factor is IL-1β or IL-6 since these 
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cytokines were also not altered after αBC treatment of neutrophils. 2. Alternatively, αBC-

treated neutrophils could secrete a molecule(s) that suppressed the production of IL-12p40 

by DCs. Many factors are known to regulate the expression of IL-12p40 by DCs including 

IL-10 52. Since in the previous chapter I found that IL-10 was elevated in αBC-treated 

neutrophils, I examined for the level of IL-10 in the supernatants from the neutrophil:DC 

co-culture to establish if IL-10 was present in this system. As an unfortunate caveat of 

using ELISA in the co-culture system, I was unable to distinguish the individual 

contribution of neutrophils and DCs to the IL-10 levels. In this preparation, I did not find 

augmented IL-10 in the wells containing αBC pre-treated stimulated neutrophils. This is 

likely due to two major differences in the co-culture experiments compared to the studies 

completed in the previous chapter. One more likely explanation is that the neutrophils were 

washed profusely and were no longer in contact with the αBC treatment. The other more 

complicated scenario, as previously mentioned, is the presence of DCs in the culture that 

could be producing their own IL-10. IL-10 secretion by DCs could mask any differences in 

amount secreted by neutrophils. Although an elevation in IL-10 relative to stimulation 

alone was no longer evident in the co-culture system, it is possible that IL-10 could still 

play a role in suppressing DC function early in the co-culture system. It is also possible that 

other yet to be identified molecule(s) may contribute to the IL-12p40 suppression in DCs.  

 

Regulation of antigen presenting molecule expression in DCs  

DCs upregulate the antigen presenting molecules and co-factors, MHCI/II, CD80, 

CD40 and CD86 in response to stimulation 41. It has been shown in past studies that 

stimulated neutrophils are capable of inducing changes in the expression of these DC 
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activation markers 1,123,328. In this study, DCs were first starved of GM-CSF to ensure they 

were in a naïve, unstimulated state. Thus, the cells began with a low baseline expression of 

antigen presenting markers. When naïve DCs were co-cultured with GM-CSF + LPS-

stimulated neutrophils, I did not observe a consistent increase in the expression of MHC, 

CD40, CD80 or CD86. My study utilized a relatively low dose of GM-CSF + LPS to 

stimulate the neutrophils because I needed to ensure all stimulation would be effectively 

removed before co-culture and this was not possible with a higher dose of GM-CSF + LPS.  

As a consequence, this stimulation may not have been sufficient to induce the subsequent 

upregulation of the activation markers on the DCs. Other studies involving neutrophil/DC 

co-culturing, used distinct stimuli such as C. albicans or LPS on human blood-derived 

neutrophils or mouse-derived neutrophils stimulated with T. gondii or an in vivo immune 

response 1,119,123,328. Interestingly, in other studies that assessed for neutrophil-mediated DC 

activation, marker upregulation was study dependent. For instance, Megiovanni and 

colleagues found that CD86, CD80 and HLA were increased whereas van Gisbergen et al. 

and Bennouna and colleagues only observed CD83 and CD40 upregulation respectively 

1,123,328. One human study claimed that each donor had specific variation of co-stimulatory 

molecule 1. In my hands, I observed a dichotomous phenomenon where either CD40 or 

CD80 was elevated on DCs after neutrophil co-culture but never in the same experiment (2 

experiments for each marker). Due to the inconsistency of each specific marker the results 

were not statistically significant. Notably, in each instance of marker upregulation, αBC 

treatment was able to suppress the expression of either CD40 and CD80.  
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Neutrophil:DC interactions  

Studies have found that stimulated neutrophils interact more with DCs than naïve 

neutrophils 123. Although stimulated neutrophils did not have a significant increase in 

encounters with DCs 24h after co-culture in my study, there was a slight increase in the 

number of multiple interactions with DCs. The lack of difference in interactions between 

treated and untreated cells may be due to the small number of cells counted in each image 

or that the time point of analysis was too long. Van Gisbergen and colleagues viewed such 

interactions within minutes-hours after co-culturing the two cell types 123.  Also, capturing 

cell interactions at one time point may not be ideal. As an alternative, I could have 

followed the cell encounters over time while measuring the number of, as well as the length 

of the interactions. 

 

In summary, treatment of neutrophils with αBC peptide led to suppressed secretion 

of the pro-inflammatory cytokine, IL-12p40, by DCs. This work thus demonstrates that 

treatment of aberrant inflammation with αBC would not only affect neutrophil physiology 

but may also suppress a more comprehensive inflammatory response.     
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Chapter 5: Results 

5.1 Introduction and Rationale 

Multiple sclerosis (MS) is an autoimmune neurodegenerative disease that effects 

over 2 million people worldwide and has especially high prevalence rates within Canada 

341. MS is a debilitating disease that is often diagnosed in the prime years of life and begins 

to progressively worsen 10-20 years after diagnosis 342. Patients experience various 

symptoms including fatigue, visual loss, sensory loss, ataxia, and reduced bladder and 

bowel control. 

MS is defined by demyelinated lesions containing concentrated immune infiltration 

in the CNS.  Many immune cells are involved in the pathology of MS including both innate 

and adaptive immune cell types. Innate immune cells may be responsible for myelin 

destruction, contributing inflammatory molecules to the lesion environment, attracting 

other immune cells into the CNS and presenting self-antigens to the adaptive immune cells 

222. Studies using an animal model of MS, experimental autoimmune encephalomyelitis 

(EAE), have demonstrated the importance of self-reactive Th1 and Th17 polarized T cells 

in driving the MS-like disease 197. Further, genetic susceptibility to MS revolves around 

many immune-related components 343. For these reasons, all current effective therapies in 

MS target the immune system to reduce relapses and lesions in the CNS of patients 344. 

Although neutrophils are not often found in the lesions of MS patients at autopsies, 

mounting evidence suggests a role for these immune cells in disease initiation and 

pathology. MS patients have increased number of, and proportion of neutrophils in their 

blood 91,345. These cells are in a primed state and more active during relapse. The 

importance of these cells is demonstrated in EAE, where the depletion of neutrophils 
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resulted in almost complete ablation of the disease 119,225. It appears as though neutrophils 

play an important role in the initiation of disease in EAE animals by interacting with other 

immune cells and shaping their response to myelin antigens 119,220. This may also be the 

case for MS disease as the younger a pediatric patient is diagnosed the more likely they are 

to present with neutrophils in their cerebrospinal fluid 346.  

A protective role for αBC has been demonstrated in EAE and MS 5,240,255,265,341. 

αBC-/- mice experience exacerbated disease whereas those treated with recombinant human 

αBC have an ameliorated disease course 5,240. In EAE, αBC demonstrated its anti-

inflammatory properties by reducing the activity of T cells and monocytes, and the 

migration of T cells into the CNS. Interestingly, αBC is upregulated in the lesions of MS 

patients, possibly as a natural protective response to the inflammation 4,263,347. Notably, an 

ongoing clinical trial has found that MS patients treated with αBC had reduced lesion loads 

341. Further, in patients, αBC has been shown to bind to inflammatory proteins and reduce 

the response of T cells isolated from some relapsing-remitting patients 255,265. Thus, it is 

likely that the beneficial role of αBC in EAE and possibly MS extends to the entire 

immune response.   

 In Chapter 3, I demonstrated that αBC affects how neutrophils respond to stimuli by 

increasing the production of the anti-inflammatory cytokine, IL-10, and the protease, 

MMP8. I expanded upon these findings in Chapter 4 where I observed the ability of αBC to 

alter the communication between neutrophils and DCs to result in reduced IL-12p40 

secretion by the DCs. I therefore hypothesize that the protective effects of αBC in EAE 

may be in part due to the immune dampening properties of the crystallin on neutrophil 
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activation. In this Chapter, I investigated if the proportion and activation state of 

neutrophils was altered in EAE mice treated with recombinant human αBC. 

 

5.2 Results 

5.2.1 Neutrophil presence in the periphery and CNS increased during the 

course of EAE 

 Studies have shown that neutrophils are elevated in the spleen and CNS of C57BL6, 

BALB/C and SJL mice during the onset and peak of EAE disease 119,132,220,226,348. I 

examined whether neutrophils would also be increased in 129SVE animals with EAE. 

Animals were immunized according to the complete EAE protocol - 100µg MOG peptide 

mixed in a 1:1 ratio with complete Freund’s adjuvant (CFA) and, two intravenous doses of 

400ng of pertussis toxin (PTX). Control animals were injected with an emulsion containing 

CFA and PBS and two doses of intravenous PTX. Cells were isolated from the spleens, 

blood, brain and spinal cords of naïve and EAE mice at the pre-symptomatic, onset, peak, 

and remission stages of disease. Neutrophil presence in each tissue was assessed by flow 

cytometry. Cells were labelled with APC-conjugated CD45, PerCP-conjugated Ly6G, and 

FITC-conjugated CD11b.  

As expected, mice immunized with MOG + CFA + PTX but not CFA + PTX 

developed EAE signs (Figure 27A). With respect to neutrophils, no difference was 

observed in the proportion of neutrophils relative to CD45+ cells or in the overall number 

of neutrophils at any stage of disease in animals immunized with complete EAE or CFA + 

PTX (Figure 27-29, S4). More specifically, neutrophils were elevated in the spleens of both 

complete EAE and CFA + PTX control mice starting at the pre-symptomatic stage of  
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Figure 27. Neutrophils are elevated in the spleens of EAE and non-EAE mice 

Eight to 12 week old 129SVE mice received MOG-CFA emulsion and 2 doses of PTX to 
induce EAE disease (black squares and black lines). Animals injected with PBS-CFA 
emulsion and 2 doses of PTX served as controls (white circles and grey lines). Cells were 
isolated from the spleens of naïve, EAE or CFA+PTX control mice at the pre-symptomatic, 
onset, peak, and remission stages of the disease. Flow cytometry was then used to assess 
for the presence of CD45+/Ly6G+/CD11b+ neutrophils. A: One representative experiment 
of 3 individual experiments with n=8 per group. Error bars represent the standard deviation 
between animals. B: One representative experiment of 3 independent experiments with n=4 
animals in each condition. Error bars represent the standard deviation between animals. C: 
Graph shows combined mean of 3 individual experiments. Error bars represent the standard 
deviation between experiments. D: Three individual experiments were plotted. Statistical 
analyses were completed by two-way ANOVA with Šídák post hoc test. *p<0.05 of post 
hoc test.    
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Figure 28.  Blood neutrophils are increased during the disease course of EAE and also 
in CFA-PTX controls 

Eight to 12 week old 129SVE mice received MOG-CFA emulsion with two doses of PTX 
to induce EAE disease (black squares and black lines). Controls consisted of mice injected 
with PBS-CFA emulsion and two doses of PTX (white circles and grey lines). Cells were 
isolated from the blood of naïve, EAE or CFA+PTX control mice at pre-symptomatic, 
onset, peak, and remission stages of the disease. Flow cytometry was used to assess for the 
presence of CD45+/Ly6G+/CD11b+ neutrophils. A: One representative experiment of 3 
independent experiments with n=4 animals in each condition. Error bars represent the 
standard deviation between animals. B: Graph shows combined mean of 3 individual 
experiments. Error bars represent the standard deviation between experiments. C: Three 
individual experiments were plotted with statistical analyses completed by two-way 
ANOVA with Šídák post hoc test. *p<0.05 of post hoc test.    
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Figure 29. Neutrophil presence in the spinal cord was increased during EAE and after 
CFA-PTX injection 

Eight to 12 week old 129SVE mice received MOG-CFA emulsion with two doses of PTX 
to induce EAE disease (black squares and black lines) or PBS-CFA emulsion with two 
doses of PTX for control (white circles and grey lines). Cells were isolated from the spinal 
cords of naïve, EAE or CFA+PTX control mice at pre-symptomatic, onset, peak, and 
remission stages of the disease. Flow cytometry was used to assess for the presence of 
CD45+/Ly6G+/CD11b+ neutrophils. A: One representative experiment of 3 independent 
experiments with n=4 animals in each condition. Error bars represent the standard 
deviation between animals. B: Graph shows combined mean of 3 individual experiments. 
Error bars represent the standard deviation between experiments. C: Three individual 
experiments were plotted. Statistical analyses were completed by two-way ANOVA with 
Šídák post hoc test.  
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disease and remained increased through remission (Figure 27B-D). Neutrophils were also 

elevated in the blood of EAE mice from the onset to remission stages with the peak 

occurring at onset of disease (Figure 28). A similar profile was also observed in the CFA + 

PTX cohort (Figure 28). Finally, the percentage of neutrophils in the spinal cords of both 

EAE and CFA + PTX mice was increased during the peak and remission stages of disease 

(Figure 29A). When experiments were combined, neutrophils were shown to be also 

upregulated in the spinal cord in pre-symptomatic mice (Figure 29B & C). I also assessed 

for neutrophils in the brains of EAE mice but the data were inconsistent (Figure S5).  

   

5.2.2 Neutrophils isolated from EAE have increased cytokine production 

compared to naïve mice 

Neutrophils can produce both pro- and anti-inflammatory cytokines during an 

inflammatory response. It has been shown that neutrophils in the CNS of EAE animals 

produce increased pro-inflammatory cytokines and chemokines 226,227. I therefore 

endeavored to confirm that neutrophils isolated from the periphery of 129S6 mice with 

EAE displayed increased cytokine secretion compared to naïve neutrophils. Of note, these 

data should be assessed with some caution as the cytokine levels from EAE neutrophils 

were compared to naïve neutrophil and were not tested in neutrophils isolated from CFA + 

PTX immunized mice. Cells were isolated from the spleens of naïve and EAE animals at 

day 9 post-induction and stimulated with 50ng/ml GM-CSF + 1µg/ml LPS for 20h. The 

pro-inflammatory cytokines, TNF-α and IL-1β were then analyzed by ELISA. Production 

of TNF-α but not IL-1β were enhanced in naïve cells upon stimulation. EAE neutrophils 

on the other hand upregulated production of both TNF-α and IL-1β that was significantly 
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higher than the activated naive cells (Figure 30A-D). I also assessed for the level of the 

anti-inflammatory cytokine, IL-10, in these cells. Neutrophils secreted increased levels of 

IL-10 in response to stimulus but there was no difference in the amount secreted by those 

isolated from EAE versus naïve animals (Figure 30E & F).  

 

5.2.3 αBC treatment reduced the severity of EAE disease 

 αBC has been shown to play a suppressive role in EAE. αBC-/- mice demonstrate 

more severe disease 240 while WT and αBC null animals injected with recombinant human 

αBC (rhu-αBC) show reduced clinical signs 5. I verified that αBC ameliorated EAE in 

129S6 mice. Animals were injected daily with 10µg of rhu-αBC from day zero of EAE 

induction and scored daily from induction to peak disease. Animals treated with rhu-αBC 

daily showed reduced severity of disease (Figure 31A & B). I also assessed the incidence 

of disease, which was recorded the day each animal began to show signs. In individual 

experiments no difference was found in the incidence but when animals were combined, 

αBC-treated mice had reduced incidence of EAE disease (Figure 31C & D).     

 

5.2.4 The presence of neutrophils in peripheral tissue and the central nervous 

system was not altered by αBC treatment    

 Neutrophils were upregulated in the periphery of immunized and EAE animals 

during the course of the disease (Figure 27 & 28). Other studies have found that neutrophils 

are important in the initiation and peak of the disease 220. I therefore examined whether 

treatment with rhu-αBC would reduce the proportion of neutrophils in immune cells in the 

blood and spleens of EAE mice at the peak of disease when the role of neutrophils has been  



 

Page 163 

 
 

 
 

 
 

 
 

 
Figure 30. Neutrophils isolated from EAE animals produce increased pro-
inflammatory cytokines 
Neutrophils were isolated from the spleens of naïve animals (black bars or circles) or 
animals 9 days after induction of EAE with MOG-CFA emulsion and PTX (grey bars or 
squares). Cells were stimulated with 50ng/ml GM-CSF + 1µg/ml LPS for 20h and secretion 
of TNF-α (A, B), IL-1β (C, D) and IL-10 (E, F) into the supernatant was assessed by 
ELISA. A, C, E: One representative graph of x=4 TNF-α, x=3 IL-1β, and x=4 IL-10 
independent experiments with error bars representing the minimum to maximum spread of 
data. Statistical analyses were performed by two-way ANOVA with Šídák post hoc test. 
*p<0.05 of main effect and post hoc test. B, D, F: Results represent mean and spread of 5 
individual experiments. Statistical analyses were completed by repeated measures two-way 
ANOVA with Šídák post hoc test. *p<0.05 of main effect and post hoc test 
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Figure 31. αBC preventative treatment reduced the severity of EAE disease 

EAE was induced in 8 to 12 week old 129SVE mice. Animals were treated with 100µl of 
PBS or 10µg/100µl of recombinant human (rh) αBC daily from day of induction. Clinical 
signs of ascending paralysis were assigned a score of 0-5 daily (A, B). Incidence was also 
recorded for each mouse at onset of disease signs (C, D). A: One representative data set of 
8 independent experiments. Error bars represent the standard deviation between n=5 
animals. Statistical analyses were performed by repeated measured two-way ANOVA with 
Šídák post hoc test. p<0.05 of post hoc test. B: Graph represents mean and spread of 8 
individual experiments with n=4-7 per experiment. Statistical analyses were performed by 
repeated measured two-way ANOVA with Šídák post hoc test. p<0.05 of post hoc test. C: 
One representative survival curve of incidence of disease in n=5 with 8 independent 
experiments. D: Survival curve of combined incidence of all animals over 8 experiments. 
Statistical analyses were completed by log rank Mantel-Cox test.    
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examined and the effect of αBC treatment is evident. Animals were treated with PBS or 

10µg of rhu-αBC daily starting on the day of EAE induction. Cells were isolated from the 

blood and spleens of αBC- and PBS-treated animals at the peak of disease and flow 

cytometry employed to assess neutrophil presence in these tissues. Cells were stained with 

APC-conjugated CD45, PerCP-conjugated Ly6G, and FITC-conjugated CD11b. 

Ly6G+/CD11b+ neutrophils were assessed as a percentage of CD45 positive immune cells. 

αBC treatment did not reduce the proportion (Figure 32) or absolute numbers (Figure S6) 

of neutrophils in the spleens (Figure 32A & B) or blood (Figure 32A & C) of EAE animals. 

I also examined whether αBC treatment would alter the influx of neutrophils into the CNS 

of EAE animals. Mice were treated with PBS or rhu-αBC daily from induction. Spinal 

cords were removed at peak disease in PBS-treated animals. The percentage of 

Ly6G+/CD11b+ neutrophils was assessed in CD45+ immune cells isolated from the spinal 

cords. αBC-treated animals had an equivalent proportion (Figure 32) and absolute number 

(Figure S6) of neutrophils in their spinal cords as the PBS-treated mice (Figure 32A & D).  

 

5.2.6 In vivo αBC treatment during EAE did not alter the secretion of 

cytokines by neutrophils 

Because pro-inflammatory cytokine secretion was upregulated in neutrophils isolated from 

EAE animals (Figure 30), I investigated whether αBC treatment of EAE animals would 

alter the secretion of pro-inflammatory and anti-inflammatory cytokines by these cells. 

Mice were treated with 10µg of rhu-αBC daily from day of induction and neutrophils were 

isolated from the spleens of these animals at the pre-onset stage (d9). Cells isolated from 

EAE animals were then stimulated with 50ng/ml GM-CSF + 1µg/ml LPS for 20h in  
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Figure 32. Neutrophil presence in the periphery and CNS of EAE animals was not 
altered by αBC treatment  

EAE was induced in 8 to 12 week old 129SVE mice. Animals were treated with 100µl of 
PBS (white bars or circles) or 10µg/100µl of recombinant human (rhu) αBC (grey bars or 
squares) daily from day of induction. Cells were isolated from the spleen (A, B), blood (A, 
C) and spinal cords (A, D) of animals when PBS mice were at peak disease. Flow 
cytometry was used to assess for the presence of CD45+/Ly6G+/CD11b+ neutrophils. A: 
One representative experiment of x=5 (spleen, blood) and x=3 independent experiments 
with n=5 animals in each condition. Error bars represent the spread of data from minimum 
to maximum between animals. B, C, D: Graph shows combined mean of x=5 (spleen, 
blood) and x=3 (spinal cord) individual experiments. Error bars represent the standard 
deviation between experiments. Statistical analyses were completed by two-way ANOVA 
with Šídák post hoc test. *p<0.05 of post hoc test. 
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culture. I found that neutrophils isolated from PBS- and αBC-treated EAE mice produced 

similar levels of TNF-α (Figure 33A & B), IL-1β (Figure 33C & D), and IL-10 (Figure 33E 

& F).  

 

5.2.7 αBC treatment of EAE did not change the intracellular ROS of 

neutrophils 

 MS patients have increased levels of ROS in their CSF 349. ROS may contribute to 

disease pathology by disrupting the blood brain barrier and specifically targeting 

susceptible oligodendrocytes 350,351. Since neutrophils are known to be large producers of 

ROS and possibly exacerbate disease through this mechanism, I investigated whether 

treatment with αBC would reduce neutrophil-generated ROS in EAE. Animals were treated 

with 10µg of rhu-BC or PBS daily from the day of EAE induction. Cells were isolated from 

the spleens and blood of animals at peak disease and incubated with dihydrorhodamine. 

The conversion of dihydrorhodamine to rhodamine was assessed in CD45+/Ly6G+/CD11b+ 

neutrophils by flow cytometry. Neutrophils isolated from the spleens of αBC-treated EAE 

animals did not generate differential levels of rhodamine (Figure 34A). Blood-derived 

neutrophils also did not exhibit altered rhodamine MFI (Figure 34B). It thus appears that 

αBC treatment does not alter intracellular reactive oxygen generation by neutrophils in 

EAE.  
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Figure 33.  αBC treatment of EAE did not modify cytokine secretion by neutrophils 

EAE was induced in 8 to 12 week old 129SVE mice. Animals were treated with 100µl of 
PBS (white bars or circles) or 10µg/100µl of recombinant human (rhu) αBC (grey bars or 
squares) daily from day of induction. Neutrophils were isolated from the spleens of animals 
at day 9 after induction of EAE and stimulated with 50ng/ml GM-CSF + 1µg/ml LPS for 
20h. Secretion of TNF-α (A, B), IL-1β (C, D) and IL-10 (E, F) into the supernatant was 
assessed by ELISA. A, C, E: One representative graph of x=4 TNF-α, x=3 IL-1β, and x=4 
IL-10 independent experiments with error bars representing the minimum to maximum 
spread of data. Statistical analyses were performed by two-way ANOVA with Šídák post 
hoc test. B, D, F: Results represent mean and spread of 5 individual experiments. Statistical 
analyses were completed by repeated measures two-way ANOVA with Šídák post hoc test.  
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Figure 34. Neutrophils isolated from αBC-treated EAE animals did not have altered 
ROS generation 

EAE was induced in 8 to 12 week old 129SVE mice. Animals were treated with 100µl of 
PBS (white bars or circles) or 10µg/100µl of recombinant human (rh) αBC (grey bars or 
squares) that was injected daily from the day of immunization. Cells were isolated from the 
spleens (A) and blood (B) of animals at peak of EAE disease and incubated with 
dihydrorhodamine for 30 minutes. Flow cytometry was used to assess dihydrorhodamine 
levels in CD45+/Ly6G+ neutrophils. Left panels: One representative graph of x=2 (spleen) 
and x=3 (blood) independent experiments with error bars representing the minimum to 
maximum spread of data of n=5 animals. Statistical analyses were performed by unpaired t- 
tests. Right panels: Results represent mean and spread of x=2 (spleen) and x=3 (blood) 
individual experiments. Statistical analyses were completed by paired t-tests. 
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5.2.8 Neutrophils did not have altered cell surface expression of CD11b after 

αBC treatment of EAE 

 Neutrophils upregulate CD11b during activation and de-granulation. Further, these 

cells communicate with and control the activation of DCs via CD11b molecules 122,123. 

Neutrophils are thought to interact with and stimulate DCs at surface of the CNS in EAE 

animals 119. I therefore assessed whether treatment of EAE animals with αBC would reduce 

neutrophil cell surface expression of CD11b. Mice were treated with PBS or 10µg of rhu-

αBC daily from the day of induction of EAE. Cells were isolated from the spleens, blood 

and spinal cords of animals at peak disease according to the score of the PBS-treated 

animals. CD11b expression on CD45+/Ly6G+ neutrophils was then assessed by flow 

cytometry. Cell surface expression of CD11b by splenic- (Figure 35A), blood- (Figure 

35B), or spinal cord (Figure 35C)-derived neutrophils was not altered by αBC treatment in 

EAE. 

 

5.3 Summary 

 Neutrophils were elevated in the periphery and spinal cord after the EAE 

immunization protocol regardless of the presence of myelin protein or disease signs. As 

compared to naïve mice, neutrophils isolated from the spleens of EAE mice were more 

responsive to stimulation in vitro and produced increased levels of TNF-α and IL-1β. 

Although treatment with αBC protected the animals by reducing the severity of the EAE 

disease signs, this benefit was not due to alterations in neutrophil numbers or function. 

Further, I found that the presence of neutrophils in the periphery or CNS of αBC-treated  
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Figure 35. Cell surface expression of CD11b by neutrophils was not altered by αBC 
treatment in EAE 

EAE was induced in 8 to 12 week old 129SVE mice. Animals were treated with 100µl of 
PBS (white bars or circles) or 10µg/100µl of recombinant human (rh) αBC (grey bars or 
squares) daily from the day of induction. Cells were isolated from the spleens (A), blood 
(B) and spinal cords (C) of animals at peak of EAE disease and flow cytometry was used to 
assess CD11b expression levels in CD45+/Ly6G+ neutrophils. Left panels: One 
representative graph of x=4 (spleen), x=4 (blood), and x=3 (spinal cord) independent 
experiments with error bars representing the minimum to maximum spread of data of n=5 
animals. Statistical analyses were performed by unpaired t-tests. Right panels: Results 
represent mean and spread of x=4 (spleen), x=4 (blood), and x=3 (spinal cord) individual 
experiments. Statistical analyses were completed by paired t-tests. 
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EAE animals and the response of the granulocytes to further stimulation remained 

unchanged following αBC treatment.  

 

5.4 Discussion 

Multiple sclerosis (MS) affects millions of people around the world leaving patients 

to suffer from debilitating symptoms. Although many advances have been made in the 

treatment of MS in recent years, a cure for the disease remains elusive. MS is a presumed 

immune-driven disease with current therapies targeting immune suppression. Although 

effective at reducing relapses and lesions, these therapies come with increasing side effects 

and fail to arrest progression 344. For these reasons, new treatments are necessary. As such 

we tested a natural protective protein, αBC, in an animal model of MS called EAE. In past 

studies, αBC has been shown to reduce the clinical signs of EAE disease by reducing T 

cell, monocyte and astrocyte activation 5,240. To further understand the protective role of 

αBC in EAE we focused on the effects of this treatment on neutrophils. The importance of 

neutrophils in EAE and MS has grown in recent years with studies showing that the 

depletion of neutrophils in EAE can ablate the disease 119,225.  

Many groups have observed an increase in the number of neutrophils during the 

course of EAE in C57BL/6, SJL and BALB/C mice as well as Lewis rats as compared to 

naïve animals 132,220,226. It has been established that the EAE disease can vary greatly 

between strains and even within strains who are reared at different facilities 352.  My intent 

for this study was to confirm that I would observe a similar increase in neutrophils in the 

129SVE mouse model. Additionally, many of these other studies have focused solely on 

the CNS when reporting elevated neutrophils in EAE with no data pertaining to peripheral 
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neutrophils which have been seen in MS patients during relapses 91,119,220,226,227. This 

peripheral presence of neutrophils may be of greater importance in understanding what role 

these cells play in the disease considering neutrophils are rarely observed in the CNS of 

patients with MS. This study focused on two key peripheral organs, spleen and blood, as 

well as the CNS to assess the effect of EAE on neutrophils throughout the animals. Finally, 

this study tested the response of the neutrophils to the immunization protocol in the 

absence of myelin peptide. In this study, I found that neutrophils were increased in the 

periphery and CNS of CFA + PTX and EAE immunized 129S6 animals relative to naïve 

animals. As a result of the elevated neutrophils after CFA + PTX immunization, I have 

developed two working theories: 1. neutrophils are simply bystanders in the EAE and MS 

diseases where the increase in number and function of these cells is merely a response to 

the inflammatory environment induced by other immune cells. This theory is negated by 

data that demonstrates the importance of neutrophils in the EAE disease by observing that 

the elimination of neutrophils ameliorates EAE signs 119,225. 2. After immunization or 

infection, neutrophils can stimulate other the immune cells in the system and thus when the 

appropriate antigen is present this can result in demyelination and clinical manifestation of 

disease or relapse. 

 

Neutrophils upregulated in response to CFA + PTX 

Neutrophils are members of the innate immune system and thus respond to a broad 

array of stimulants. For that reason, this study used mice that had been treated with CFA 

and PTX as controls for the comparison of neutrophil presence in the periphery and CNS 

during the disease course of EAE. Our original pilot studies also looked at PTX alone and 
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CFA alone (data not shown) but we ultimately decided to focus on CFA + PTX as a more 

robust control that contains everything the complete EAE mice received but without the 

myelin antigen. Importantly, no disease developed in the CFA + PTX mice. Further, I 

found no difference in neutrophil content in the periphery or CNS between CFA + PTX 

controls and complete EAE. This observation was expected in the periphery as neutrophils 

respond to many stimuli and are not selective. In contrast, the influx of neutrophils in the 

CFA + PTX control into the CNS was surprising. This may be related to the ability of PTX 

to increase the permeability of the blood brain barrier thus allowing for non-selective 

trafficking of neutrophils. In corroboration with our findings, Richard and colleagues also 

found that PTX alone could elevate and induce neutrophil migration to CNS 353,354. In 

addition, neutrophil migration to the CNS was also observed after intraperitoneal TNF-α 

injection in mice (personal communication with Dr. Bjorn Petri in Dr. Paul Kubes lab). 

These findings altogether suggest that multiple stimuli can propel neutrophils to begin 

surveying and adhering to the surface of the CNS. Interestingly, although I observed that 

neutrophil upregulation in response to CFA + PTX immunization suggesting this may be a 

non-specific response by these cells, other work has shown neutrophil ablation is able to 

reduce/eliminate signs of EAE disease 119,225. Therefore, although their response may not 

be specific to the presence of the myelin antigens, the role of neutrophils in disease 

initiation remains important.   

  

 Neutrophils in EAE  

As mentioned, most previous work focused on neutrophils in the CNS of EAE 

animals. Indeed, in this study I observed an increase in neutrophils in the immune cells 
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isolated from the CNS of EAE immunized mice as well as those that were immunized in 

the absence of the myelin antigen. One caveat of this particular experiment was that the 

cells were isolated using a percoll gradient and therefore potentially missing some high-

density neutrophils. However, few studies have found neutrophils in the CNS of MS 

patients. It is therefore important to understand how these cells could be contributing to 

disease in the periphery. Since I observed that neutrophils isolated from spleens had an 

increased pro-inflammatory cytokine response to stimuli, it is possible that these cells may 

play a role in disease development and progression from the periphery. Neutrophils may 

exacerbate the disease by contributing to the inflammatory milieu and possibly influencing 

the activation of other immune cells that then target the CNS. Since I observed that 

neutrophils remain elevated in the periphery and are more responsive to stimuli, it is also 

possible that neutrophils have a role in reactivating the immune response and initiating 

relapses.    

  

 EAE as a model for neutrophil modulation 

In this study I detected decreased EAE disease severity and incidence with αBC 

treatment thus confirming other studies that report exacerbated EAE in αBC-/- and 

ameliorated EAE in response to αBC treatment 5,240,265. Although αBC treatment protected 

mice from EAE disease, I found that the crystallin did not alter the presence of neutrophils 

in the periphery or their migration into the CNS. In Chapter 3, I found that the survival of 

neutrophils was not affected by αBC treatment in vitro (Figure 16) but, that these cells 

increased the anti-inflammatory side of the equation by augmenting their secretion of IL-10 

(Figure 8) and reducing the secretion of IL-12p40 by DCs (Figure 19 & 26). I therefore 
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theorized that αBC could be exerting its protective affects by altering the response of but 

not the abundance of neutrophils. However, I found that neutrophils from animals treated 

with αBC did not have an altered cytokine response. Also, these neutrophils did not secrete 

elevated IL-10 as seen in the non-EAE culture experiments in Chapter 3. Many variables in 

the in vivo situation may be account for these differences including but not limited to: 1. 

Because EAE is a T-cell driven disease, neutrophils may only be playing a minor role in 

this model. Our lab has shown that the immunosuppressive effects of αBC is due in part to 

reduced T cell and macrophage function 5,240. It is therefore possible that adaptive cells 

may be the primary target of αBC in EAE. This is evident in our data that suggest that 

neutrophils are upregulated in response to the immunization protocol regardless of the 

presence of myelin protein and in the absence of clinical signs. It is therefore possible that 

another disease that has increased focus on the neutrophil response such as RA or lung 

disease may be more appropriate models to observe the effects of αBC on neutrophils. 

Interestingly, van Noort and colleagues observed that αBC microparticles were not taken 

up by neutrophils in chronic obstructive pulmonary disease (COPD) but that the 

macrophages, which did intake the αBC, influenced the neutrophils to reduce the 

inflammatory response 236. Future directions for this study should therefore include 

examining other models of disease or other models of EAE that do not require 

immunization such as spontaneous T cell transgenic EAE models (2D2 mice) or viral 

induced models (Theiler’s Murine Encephalomyelitis Virus). 2. EAE is of course a much 

more complex system to be treating than single cell populations in culture. As such, other 

cells could potentially be producing factors that could inhibit the response of neutrophils to 

αBC. 3. My in vitro work evaluated bone marrow-derived cells as compared to the in vivo 
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experiments where splenic- and blood-derived neutrophils were employed. 4. Also, 

although the in vivo concentration of αBC was comparative to that used in vitro, the EAE 

experiments used rhu-αBC while the in vitro preparations were treated with an αBC73-92 

peptide. It is possible that neutrophils differentially process these two treatments. Future in 

vivo studies should therefore investigate if the αBC peptide has an impact on neutrophil 

physiology. 5. This aim tested whether αBC treatment would affect EAE-induced priming 

of neutrophils. A primed state for neutrophils was demonstrated by the observation that no 

difference was found in naïve vs EAE cytokine secretion until further stimulation. Upon 

further stimulation with GM-CSF + LPS EAE-derived neutrophils had increased secretion 

of both pro- and anti-inflammatory cytokines. It is therefore possible that αBC was not 

effective against this particular priming milieu.  6. Finally, in Chapter 4 I did not see 

elevated IL-10 after removing αBC from the neutrophils. This phenomenon could explain 

the in vivo results since there is no continued exposure to αBC after harvesting the cells 

from the EAE animals.  

 Although αBC is able to modulate neutrophil activation and ultimately how these 

cells direct the response of DCs in vitro, αBC did not alter the mobilization or activation of 

neutrophils in EAE. This brought into question the particular model chosen to test the role 

of αBC on neutrophils in disease. Importantly, future work should assess whether αBC 

treatment can affect the role of neutrophils in more neutrophilic diseases such as RA and 

lung disease.  
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Chapter 6 

6.1 Discussion 

6.1.1 Synopsis 

Neutrophils are essential in the fight against invading pathogens. They provide anti-

microbial effector mechanisms such as phagocytosis, release of proteases and other anti-

microbial products, robust oxidative bursts, and NETs. Neutrophils also modulate immune 

responses through the production of eicosanoids, cytokines and chemokines as well as 

direct communication with other immune cells. This system of high intensity offense 

against pathogens is exquisitely balanced through regulation to limit damage to host tissue. 

Unfortunately, the control of neutrophils is not fail proof. In cases of sterile injury, auto-

immunity and even during an infection, neutrophils can cause tissue destruction and 

become detrimental to the host. For that reason, there is a need to find means to regulate 

the aberrant activation of these cells.  

The goal of this research was to identify a possible regulator of neutrophil biology. 

To address this, I treated neutrophils with αBC, a heat shock protein known to have anti-

inflammatory properties. I found that stimulated neutrophils secreted increased levels of 

IL-10 and MMP8, and displayed altered ROS in response to αBC treatment. Because 

neutrophils also mediate the response of other immune cells leading to increased 

inflammatory response, I also investigated how αBC-treated neutrophils would affect the 

communication with other cell types particularly DCs. I discovered that stimulated 

neutrophils induced DCs to produce large amounts of IL-12p40 that was ablated when 

these cells were cultured with αBC-treated neutrophils. To further evaluate whether the 

effects of αBC on neutrophil activation would be biologically relevant in an autoimmune 
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disease, I evaluated whether the protective effects of αBC treatment in EAE, a model for 

MS, were due in part to its effects on neutrophil biology. I found that although neutrophils 

were more abundant and active after the EAE immunization protocol and, that αBC 

reduced the disease severity, αBC treatment did not affect neutrophil biology in this model. 

 

6.1.2 Function of IL-10  

Given that αBC increased the secretion of IL-10 by neutrophils in vitro, I will 

discuss the documented functions of IL-10 in order to assess what the increase means in 

relation to overall neutrophil function and relevance to disease models.  IL-10 is a key 

regulator of inflammation and has a role in the suppression of many immune cells 

including neutrophils, monocytes, macrophages, DCs, Th1 and Th17 cells. Specifically, IL-

10 inhibits GM-CSF suggesting that it may decrease granulopoesis as well as neutrophil 

priming, two known functions of GM-CSF 121,355. Further, this inhibition of GM-CSF 

results in reduced ROS generation and subsequent pathogen clearance 355. This anti-

inflammatory cytokine also inhibits the recruitment of neutrophils and in this scenario, 

there is a reduction in pathogen clearance during infection that ultimately leads to 

unnecessary inflammation 356,357. Alternatively, in autoimmune diseases where there is a 

large neutrophil component such as arthritis, IL-10 may be beneficial in suppressing these 

granulocytes and other immune cells 358,359. Here it was found that, arthritic mice treated 

with IL-10 had reduced number of neutrophil in the synovial joint and ultimately decreased 

disease severity 359. With respect to other immune cells, IL-10 has been shown to suppress 

monocytes and macrophages which can be detrimental during infection but beneficial 

during abhorrent activation in autoimmune and other non-infectious diseases 360. It is 
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therefore not surprising that IL-10-/- mice were found to develop spontaneous chronic 

inflammatory bowel disease that was ameliorated in pathogen-free facilities 361 due to the 

role of IL-10 in restraining the many cell populations that comprise the immune system. 

IL-10 has been labelled as a cytokine synthesis inhibitor due to its ability to reduce 

cytokine production in response to pathogens 121. Macrophages exposed to IL-10 exhibit 

reduced chemokine production, ROS synthesis, and decreased TNF receptor expression 

51,360. This may be due to limiting pathogen recognition receptor signalling by decreasing 

MyD88, TRAF6, and inhibiting NF-κB activation 358. In addition, APCs generally decrease 

MHC/HLA, ICAM-1 and CD80/86 expression as well as transcription of the p40 subunit of 

IL-12, TNF-α, IL-1, and IL-6 in response to IL-10 121. This subsequently impacts Th1 and 

Th17 T cells by inhibiting their activation and polarization 51,362. Other effects of IL-10 on 

cell polarization were discovered for macrophages where the cytokine was found to 

mediate the polarization of M2c macrophages that are involved in tissue repair and 

suppressing immune the response in autoimmune diseases 363,364. Interestingly, IL-10 may 

activate B cells, Th2 and Treg cells by possibly pushing the system toward a humoral 

versus a cellular response to infection and thereby impede pathogen clearance.  

Altogether, the immune suppressive functions of IL-10 have a dichotomous role in 

disease; a detrimental role during acute and persistent infection but beneficial effects in 

self-immune responses. Although in our model we did not find that IL-10 production by 

neutrophils increased after αBC treatment, it is still possible that αBC may induce 

immunosuppression in other inflammatory diseases through the increased secretion of IL-

10 by neutrophils and possibly other immune cells.  
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6.1.3 Function of MMP8 

In this study, I observed that neutrophils treated with αBC secreted increased levels 

of MMP8. This protease is predominantly expressed by neutrophils and is involved in the 

breakdown of the extracellular matrix by degrading type I, II and III collagens in 

physiological and pathological processes such as development, tissue remodelling, arthritis 

and metastasis. For example, MMP8 is upregulated in RA where it is thought to have 

detrimental effects by breaking down collagen in joints 365. In addition to its collagenase 

functions, MMP8 is thought to modulate cytokine and chemokine signalling by activating 

molecules such as IL-6, IL-8 and TNF-α or, inactivating others like IL-1β and MIP-1α 

329,366. Further, MMP8 plays an essential role in neutrophil migration by processing and 

activating IL-8, a major chemoattractant for neutrophils. This ability would lead to a feed-

forward recruitment system where neutrophils are able to recruit themselves. MMP8 comes 

with a positive prognosis in breast cancer where it increases the levels of active IL-6 and 

IL-8 thereby augmenting the immune response and reducing metastasis 366. In accordance 

with these findings, mice deficient in MMP8 developed spontaneous tumours and skin 

cancer 367,368. Further, in EAE, MMP8 exacerbates the chronic stage of the disease where 

the presence of MMP8 intensifies CNS immune infiltrates 369.  

In opposition to its mentioned pro-inflammatory roles, MMP8 also has anti-

inflammatory characteristics such as those observed during wound healing where the 

presence of MMP8 reduced the accumulation of immune infiltrates 329. Also, MMP8 is 

beneficial in animals with lung disease and fibrosis by reducing inflammation 306,307,366. 

This may be due to its ability to negatively regulate chemokines such as MIP-1α. Based on 
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these findings in the literature, the upregulation of neutrophil MMP8 induced by αBC may 

be deleterious or beneficial depending on the situation or disease encountered.  

 

6.1.4 Function of reactive oxygen species 

Reactive oxygen species (ROS) are generated by neutrophils through conversion of 

oxygen to its negative free-radical by the NOX2 subtype of NAPDH oxidase followed by 

the conversion into H2O2 by superoxide dismutase and finally myeloperoxidase conversion 

of H2O2 to HOCl. Each of these ROS products has both physiologic roles in pathogen 

clearance as well as pathological effects in tissue damage. The production of ROS by 

neutrophils is optimized by the priming phase of activation 370. Priming of neutrophils for 

short time periods by inflammatory agents such as LPS and GM-CSF enhance oxidative 

burst by phosphorylating the components of NADPH oxidase, NOX2, and mobilizing them 

to the plasma membrane 317. In this thesis, I assessed whether αBC treatment would alter 

the priming of neutrophils to enhance or reduce the ability of these cells to generate ROS in 

response to noxious stimuli. I observed that αBC treatment of primed cells pushed their 

ROS response towards the levels seen in the unprimed cells.     

A dichotomous role for ROS has recently been discovered in autoimmune diseases. 

Interestingly, NOX2 deficient mice develop spontaneous arthritis between 6 and 8 weeks 

of age that was correlated with increased levels of TNF-α, IL-1β, RANKL and IL-17 371. 

These animals have exacerbated disease severity in induced models of arthritis while the 

opposite was found in the EAE disease where the same mutation ameliorated disease 

severity 372. These findings suggest that the role of ROS in inflammation and tissue damage 

may be disease specific. Indeed, in conditions with reduced NADPH such as CGD, patients 
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suffer from recurrent infections due to the inability of neutrophils to produce an oxidative 

burst and mount a pathogen eliminating response 106.  

In terms of therapy, manipulation of factors such as NOX2 is likely to be a difficult 

drug target because of the possible severe immunosuppressive side effects. This is where 

my thesis work may be of interest. The beauty of the effect of αBC on neutrophil ROS 

generation that I observed is its ability to alter the possible priming stage of these cells 

while not eliminating the ability of neutrophils to produce an oxidative burst in response to 

strong stimuli. This suggests that there are promising agents, such as αBC, that may 

manipulate ROS production by neutrophils in a productive manner without the severe side 

effects. 

 

6.1.5 Function of DC IL-12p40 

IL-12 is a prototypic pro-inflammatory cytokine that drives Th1 polarization. In this 

study I found that DCs cultured with αBC-treated neutrophil had reduced production of the 

IL-12p40 subunit, a component that contributes to formation of both the IL-12 and IL-23 

cytokines. APCs that produce IL-12 and IL-23 play a role in the polarization of Th1 and 

Th17 cells respectively. The physiological roles for Th1 and Th17 cells differ in cytokine 

production profiles and the type of pathogens targeted by each cell. Th1 cells produce IFN-

γ and TNF-α and are activated against viral and intracellular pathogens such as Leishmania 

major and Mycobacterium tuberculosis 373,374. Conversely, Th17 cells secrete IL-17, IL-21 

and IL-22, and target extracellular bacteria and fungi for clearance 375-377 In addition to this 

role in infections, the Th1 and Th17 cell populations are also involved in the pathogenesis 

of autoimmune diseases and models such as psoriasis, inflammatory bowel disease, 
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classical EAE, type I diabetes, and RA. Although Th1 cells remain a contributing factor to 

these diseases, Th17 cells appear to have a dominant role in tissue inflammation and injury 

378 377. Interestingly, Th17 cells contribute to the immunopathology of neutrophils by 

secreting IL-17 which in turn promotes neutrophil migration and granulopoesis through G-

CSF upregulation. One would therefore rationalize that suppressing Th1, Th17 or 

neutrophil function would be beneficial in diseases. However, although reduced Th1 and 

Th17 responses may be beneficial in autoimmune diseases, mice lacking IL-12p40 have 

decreased ability to clear pathogens such as fungi, Chlamydia muridarum, Mycobacterium 

tuberculosis and Trypsano cruzi demonstrating the need for IL-12p40 in the fight against 

infectious agents. Thus, whether cell populations or cytokines should be manipulated 

should be guided by the pathology. The significant reduction in IL-12p40 produced by DCs 

cultured with αBC-treated neutrophils could have both beneficial or detrimental effects. 

The suppression of IL-12p40 could be advantageous in autoimmune diseases especially 

those characterized by extensive neutrophil, Th1 and Th17 involvement. However, such a 

response would be pathological during infections. 

 

6.1.6 αBC-treated neutrophils in other diseases 

6.1.6.i Infection 

 Due to the role of αBC in immune suppression 5,240,265, I hypothesize that this heat 

shock protein would have a detrimental function during acute and chronic infection. 

However, αBC-treated neutrophils may be a double-edged sword during infection because 

of their production of immune suppressing IL-10 and MMP8 that could enhance their own 

recruitment and lead to increased presence of IL-10 producing neutrophils. One would 
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concur that αBC treatment of neutrophils could lead to reduced clearance of an infection. 

Furthermore, IL-10 is key to the establishment and persistence of persistent viral infections 

such as HIV, Hepatitis B & C, Epstein Barr Virus and more 379,380. Since αBC enhances IL-

10 secretion it may thus aid in the establishment of chronic infections. Further, αBC may 

push the system towards a Th2 response by down-regulating the production of IL-12p40 by 

DCs thus leading to possible a decrease in the polarization of Th1 and Th17 cells which 

could augment Th2 differentiation. Th2 responses are thought to aid in the full-blown 

development of AIDS in HIV infected patients 381.  On the other hand however, increased 

IL-10 production from αBC-treated neutrophils could protect the host from uncontrolled 

inflammation in response to infection. Evidence in support of this notion is that the 

overexpression of IL-10 reduces the susceptibility to endotoxic septic shock whereas IL-10 

deficiency can result in prolonged inflammatory response to pathogens such as 

Pseudomonas 356. Altogether then, the use of αBC as a possible therapeutic would have to 

balance its anti-inflammatory functions with those that could prolong infections.  

 

6.1.6.ii Stroke 

αBC has previously been shown to be beneficial after ischemic stroke 382. αBC null 

mice display increased infarct size and decreased neurological function that could be 

rescued with αBC treatment which reduced the lesion size and inflammation after ischemia. 

Another study demonstrated that αBC was upregulated in ballooned neurons after stroke 

383. For this reason, it is thought that αBC may play a role in neurofilament and tissue 

remodelling ultimately leading to regeneration. In addition, I observed that αBC alters the 

immune response of neutrophils which is important as robust numbers of these cells 
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migrate to lesions after ischemia  166. Although IL-10 is upregulated by neutrophils after 

treatment with αBC, its role in stroke is uncertain. Some studies have shown a beneficial 

role for IL-10 in stroke with IL-10 null animals having increased inflammation with worse 

disease and IL-10 treatment resulting in decreased infarct size 384,385. It is therefore possible 

that αBC could impart its protective immunosuppressive effects by inducing the secretion 

of IL-10 by the mass numbers of neutrophils that enter the CNS after stroke. Interestingly, 

a recent study by Conway and colleagues showed that increased IL-10 led to immune 

suppression and ultimately a worse outcome after ischemia in female but not male patients 

386.  

In my work, αBC upregulated the production of MMP8 but other than its increase 

little is known about the role of MMP8 in ischemia 387. One study suggests that the 

presence of this MMP resulted in increased brain damage through increased 

neuroinflammation due to its role in activating TNF-α 388. ROS has also been implicated in 

stroke pathology because of the finding that NOX2 deficient animals had decreased infarct 

volumes and blood brain barrier permeability 389,390. It is speculated that there are two 

waves of ROS, one immediately following ischemia and one during reperfusion, which 

together cause extensive brain damage by increasing apoptosis and necrosis in the tissue 

391.  I observed that αBC treatment altered the priming of neutrophils and ultimately their 

ability to produce ROS. As this potentially occurred through altering the activation and 

expression profile of NOX2, known to be phosphorylated and transported to the membrane 

during priming of neutrophils, it is possible that αBC could be beneficial in reducing 

oxidative stress in response to stroke. A pathological role for IL-12 in ischemia has also 

been suggested. Following stroke, the serum level of IL-12 in patients correlated with the 
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severity of the stroke suggesting a role in the pathology 392. Further, suppressing Th1 and 

Th17 and enhancing Th2 responses reduced brain injury in an animal model of ischemia 

393. As αBC-treatment of neutrophils down-regulated the expression of IL-12p40 by DCs, 

the crystallin may play a beneficial role in stroke 382 by inducing a state of immune 

suppression by in part controlling the polarization of Th1 and Th17 cells.  

 

6.1.6.iii Lung Disease  

Neutrophils play a significant role in the inflammation and tissue damage 

associated with lung diseases including acute lung injury (ALI) and chronic obstructive 

pulmonary disease (COPD). In this section I will address how increased αBC-treated 

neutrophil production of IL-10, MMP8 and altered ROS generation may affect lung injury. 

Both IL-10 and MMP8 have demonstrated protective affects in acute lung injury. 

Exogenous IL-10 reduces inflammation and tissue damage in multiple models of ALI 

including LPS- and hypoxia-induced ALI 394,395. In these models, IL-10 inhibited 

neutrophil infiltration, reduced inflammation, decreased the presence of pro-inflammatory 

factors including MPO, IL-6, TNF-α, and MIP-2, and ultimately reduced mortality in these 

animals. Since neutrophils are prominent in the inflammatory epicenter in these diseases 

and IL-10 treatment attenuated the disease severity, it suggests that the enhanced secretion 

of IL-10 by neutrophils after αBC treatment may be beneficial in this disease.  

Like IL-10, studies on the role MMP8 in ALI have discovered a protective role for 

this proteinase. MMP8 deficient animal have more severe disease in response to LPS-, 

bleomycin- and hypoxia-induced ALI that was characterized by increased neutrophil and 

macrophage infiltration, alveolar injury and elevated mortality 307. MMP8 is thought to act 
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by inhibiting MIP-1α and therefore reducing lung damage in ALI. MMP8 deficient mice 

also have increased inflammation characterized by elevated neutrophils in the airways of 

allergen-induced airway inflammation 396. The studies suggest that αBC treatment may be 

beneficial in lung diseases through the enhanced secretion of MMP8.  

 ROS on the other hand play a detrimental role in ALI. ROS is implicated in all ALI 

models resulting from the over-reaction of the immune system to infection 397. The role of 

neutrophil produced ROS is further demonstrated in ALI induction of models with NOX2 

deficiency where animals have reduced inflammation and lung injury 398,399. Due to the 

effect of αBC on primed neutrophils to limit their ROS response towards unprimed levels, 

αBC treatment may reduce oxidative damage in ALI diseases.   

 

6.1.6.iv Rheumatoid arthritis 

 Neutrophils are a prominent cell type within the joints and synovial fluid of 

rheumatoid arthritis (RA) patients where they are thought to cause tissue damage and 

destruction 93,294. I, and others, hypothesize that αBC treatment could be beneficial in the 

treatment of RA 400. IL-10 is known to ameliorate the symptoms of RA even in models of 

established disease 401. Not only does IL-10 function by suppressing the auto-inflammatory 

reaction, the cytokine has an additional protective function in RA by down-regulating 

osteoclastogenesis from monocytes/macrophages and thereby reducing bone reabsorption 

402,403. Further, mice deficient in IL-10 suffer from exacerbated RA disease that is 

characterized by increased IL-1β and IL-33 358,404. While the initial trials of IL-10 treatment 

in RA appeared promising, trials have ultimately failed due to immunosuppressive side 

effects and the inability to titrate the correct dosage and unexpected outcomes caused by 
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increases in autoantibodies 405. The upregulation of IL-10 by neutrophils in response to 

αBC peptide treatment may be especially potent in this disease due to the large number of 

neutrophils present within arthritic joints. Therefore delivering IL-10 to the areas of 

inflammation, a viable option explored by Henningsson and colleagues, rather than a 

systemic treatment may be a better solution 406. 

 Upregulated MMP8 in prolonged RA can ultimately lead to increased mortality. 

This is suggested to be due to respiratory disease caused by increased accumulation of 

activated neutrophils in the lungs 407,408. Interestingly MMP8 may also be a compensatory 

mechanism in response to disease as mice deficient in MMP8 have increased RA severity 

that is characterized by increased inflammation, decreased neutrophil apoptosis and 

enhanced bone erosion 409,410. Also, similar to IL-10 deficient mice, MMP8 deficient mice 

display increase levels of IL-1β that appears to adversely contribute to the disease 409. 

Because αBC treatment upregulated the secretion of both IL-10 and MMP8 by neutrophils, 

it is possible that this treatment may dually control IL-1β levels which appears to be a 

factor that exacerbates RA disease. 

 αBC-treated neutrophils had the extraordinary effect of reducing the production of 

IL-12p40 by co-cultured DCs. Of note, IL-12p40 has an important role in the polarization 

of both Th1 and Th17 cells that are the major T cell subsets thought to drive the disease 

pathology in RA and do in fact correlate with disease severity 411. Further, IL-12 is elevated 

in the serum and synovial fluid of RA patients with more severe disease412. I therefore 

theorize that αBC treatment of RA would have beneficial effects by reducing the 

differentiation of these two deleterious cell types. However, because of the possible 
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immunosuppressive side effects from IL-10 production, therapy with this heat shock 

protein would have to be carefully monitored.  

 

6.1.6.v Cancer 

αBC treatment of neutrophils increased the expression of immune-suppressing IL-

10 and inhibited the production of IL-12p40 by DCs. Two key facts associate these 

research findings with cancer: 1. Tumour-associated neutrophils (TANs) are detrimental in 

long term cancer by possibly suppressing the immune response to the cancerous cells 

139,142, and, 2. Increased αBC levels equate to a poor prognosis in solid state cancers. 

Increased expression of αBC is observed in breast cancer, head and neck cancer, colorectal 

cancer and brain cancer where it correlates with disease severity and is associated with a 

poor prognosis 413-417. Interestingly, IL-10 upregulation is also associated with poor 

prognosis and decreased response to chemotherapy in solid-state cancers 418. It appears that 

IL-10 enables cancer cells to resist cytotoxic T cells by down-regulating the expression of 

MHC class I in the cancerous cells 419. I theorize that in addition to its known pro-tumour 

anti-apoptotic and angiogenic functions 414, αBC promotes the immunosuppressive 

functions of TAN/N2 cells therefore leading to a poor outcome in many types of cancer. It 

is possible that αBC also promotes the M2-like phenotype of tumour-associated 

macrophages (Lim, E-M, unpublished data) to further exacerbate the immune suppression 

towards the cancerous cells. It is therefore possible that inhibition of αBC in these cancers 

would be beneficial. 
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6.2 Relevance to the field of study  

Although neutrophils are important for mobilizing immune responses against 

harmful pathogens, the uncontrolled activation of these cells has a negative impact in lung 

disease, stroke, RA, cancer and many other inflammatory diseases. My research focused on 

identifying mechanisms that control the activation of neutrophils because it is important to 

gain insight into how neutrophils can be modulated to reduce their damaging impact on 

inflammatory disease while harnessing their beneficial properties during these diseases. 

Knowledge gained from treating neutrophils with αBC could also further elucidate what 

mechanisms are in play during neutrophil activation, how to modify them and, whether 

possible drug targets could be discovered. Current therapies targeting abhorrent neutrophils 

are focused on reducing the migration of these cells into tissue or modulating specific 

effector mechanisms 420. This approach comes with the side effects of reducing neutrophil 

migration during infection and during necessary inflammatory responses. If we could 

discover mechanisms to modulate these cells to produce molecules that are desired during 

abnormal inflammation, such as increased IL-10 observed with αBC treatment, we may be 

able to not only limit the damage induced by these cells in inflammatory diseases but to 

also use them to beneficially alter the immune milieu. With this treatment we may be able 

to mediate targeted increases in anti-inflammatory molecules to areas of inflammation and 

therefore limit side effects associated with suppressing the entire immune system. I 

theorize that neutrophils treated with αBC could move to areas of inflammation such as the 

joints of RA patients and deliver immunomodulating IL-10, MMP8 and ROS.       
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6.3 Caveats, Limitations and Alternatives 

6.3.1 Immunosuppressive neutrophils 

 In this thesis I focused on assessing for well-described properties of neutrophils that 

distinguish their activated phenotype such as ROS production, proteinase secretion, and 

CD11b expression 91. Some studies claim that immunosuppressive neutrophils exist but this 

is highly controversial. In the papers that claim that they do, these immunosuppressive 

neutrophils were identified as expressing either higher or lower levels of arginase-I, Ym1, 

CD244, CD11blo, CD11bhi, CD124, CD62Llo/CD16high, CD11c, CD32, CD35, CD45, 

CD66b, and ROS compared to immune-activating neutrophils 138,141,299,421. I attempted to 

determine whether the αBC-treated neutrophils were augmented for IL-10 and Arg-1 (and 

thus immunosuppressive) but I could not detect an increase in Arg-1. As such, I was unable 

to confidently classify αBC-treated neutrophils as a regulatory phenotype. The controversy 

around immunosuppressive neutrophils arose because many studies could not replicate the 

identifying markers found in previous studies. Due to these uncertainties, some researchers 

in the field are now questioning the entire principle of immunosuppressive neutrophils. For 

these reasons the research community needs to come together to figure out how to define 

neutrophil subtypes, if they exist, and reduce doubt about the variations of phenotypes. One 

way in which the field could address the confusion surrounding neutrophil phenotypes 

would be to first develop a method to achieve 100% pure populations of both murine and 

human neutrophils. This may be possible be combining isolation techniques such as 

magnetic bead isolation followed by auto-fluorescent fluorescence-activated (FACS) cell 

sorting, a technique that in one study demonstrated over 99% purity when isolating human 

neutrophils 422. Pure populations of neutrophils from assays and diseases (these 
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granulocytes have shown a tendency toward an immunosuppressive phenotype in diseases 

such as cancer or in MRSA resistant mice) in which altered phenotypes have been 

proposed to exist can then be subjected to RNA sequencing to determine their 

transcriptional profiles and hence definitively define the possible phenotypes. 

Alternatively, because granules contribute to the identity of neutrophils as a whole, it may 

also prove interesting to observe the varieties of granules that are released by different 

presumed neutrophils phenotypes as these may be associated with or driving the overall 

function of these cells. In addition, by using clues from other immune cells one can hope to 

discover factors, such as IL-4/IL-13 cytokines in M2 macrophage and IL-12 in T helper 

cell polarization, that may push neutrophils towards one phenotype or another and also help 

to identify possible transcription factors that are driving immune activating versus immune 

suppressing functions. 

 

6.3.2 Neutrophil purity 

 The purity of murine neutrophils utilized in in vitro studies has traditionally been a 

struggle for neutrophil researchers especially when using methods such as ELISA to assess 

the production of cytokines, chemokines and other immune modulating molecules that are 

produced by these cells. Since each neutrophil cell produces significantly less of these 

molecules than other immune cells such as macrophages and DCs, any contaminating 

APCs can confound the data. Although I attempted to derive a pure population of 

neutrophil cells for my work by testing various isolation methods, there was still a small 

amount of contaminating cells in the final populations. Thus, therein lies some doubt about 

the ELISA results. This may be addressed in the future by using techniques such as 
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intracellular flow cytometry or to employ additional techniques such as auto-fluorescent 

FACS mentioned above to achieve high cell purity.  

 

6.3.3 Co-culture system 

In this study, I examined the effect of αBC treatment of neutrophils on the 

communication between these cells and DCs. This was achieved using a co-culture system 

where both DCs and neutrophils were present with both thus contributing factors to the 

environment. I was limited to this system versus using a conditioned media system because 

the stimulant would remain in the media of the neutrophils and could thus directly activate 

DCs. Because secretion of cytokines was analyzed in the supernatant by ELISA, I was not 

able to distinguish the cytokines produced by neutrophils and DCs. I was therefore limited 

to assessing for those cytokines that were not expressed by neutrophils such as IL-1β, IL-4 

and IL-12p40. Even though neutrophils did not express these cytokines when cultured 

alone, some doubt remains about which cell was producing the cytokines in the co-culture 

system since it is possible that neutrophils secrete these cytokines when grown together 

with other cells 2,423. I may have mitigated this possibility by removing all of the 

stimulation from the co-culture system so that the DCs were only responding to the factors 

expressed by the pre-stimulated and treated neutrophils. For the future, an alternative 

solution would be to perform intracellular flow cytometry on the co-cultured cells to 

validate that DCs were the source of the cytokine changes. A caveat to this would be the 

difficulty in removing DCs from the plate surface which would result in leakiness of their 

cell membranes and possible diffusion of cytokines and the staining. Another option 

therefore would be to use FACs to separate the DCs, when these cells are removed from 
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the plate they are still distinguishable by surface markers, and then perform assays that do 

not require intact membranes such as western blotting or PCR on the cells to look for 

enhanced expression of the various cytokines and other factors. 

 

6.3.4 EAE as a model for MS 

EAE is the most widely used model of MS. Despite the popularity of this model, 

limitations exist. EAE adequately demonstrates the immunological aspects of MS. In fact, 

of the 11 FDA approved mediations for MS, including IFN-β 1a, IFN-β 1b, pegIFN-β 1a, 

glatiramer acetate, daclizumab, teriflunomide, fingolimod, dimethyl fumerate, 

alemtuzumab, mitoxantrone and natalizumab, 5 were derived from the EAE model and 

impact various aspects of the immune response ranging from pushing the polarization of T 

cells from Th1 to Th2 (glatiramer acetate) to limiting migration into the CNS 

(Natalizumab). EAE is however limited in its modeling of the neurological elements of the 

MS disease 221,424. This limitation has been devastatingly demonstrated when therapies 

developed in the EAE model have failed or exacerbated MS 425. One gaping pitfall of these 

discrepancies is that therapies that are successful in EAE are often brought forward into 

human trials only to fail whereas those that fail in EAE would probably never get ethics 

approval to do a human trial so are never tested outside of this model. It is therefore 

important to continue exploration of new models that would better mimic the entire MS 

disease. Although the current therapies for MS tackle the immunological aspects of the 

disease, one possible reason that therapies have failed to help progressive patients is that 

they fail to address the neurodegenerative and repair phases of MS when the immune 

response may no longer be relevant. Although αBC treatment was not effective in reducing 
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the neutrophil response in EAE, the crystallin does reduce the pro-inflammatory state 240 

and CNS migration 5 of macrophages and T cells in EAE. Further, the crystallin dampened 

the activation of T cells from a subset of relapsing-remitting MS patients implicating its 

relevance to the human disease 265. Excitingly, based on these and other studies, Dr. Hans 

van Noort translated the αBC findings to MS patients in Phase 1 and Phase 2a trials 

showing that αBC is safe and possibly efficacious 341. 

 

6.3.5 EAE as a model for neutrophil inflammation 

Neutrophils are not a prominent feature of MS pathology. Although these cells are 

increased in the periphery and CNS in EAE, their relative contribution to the disease is not 

fully understood. EAE is thought to be a T cell driven disease and therefore may not be the 

best disease model to study whether αBC alters neutrophil biology during inflammation.  

αBC is known to affect the pathophysiology of T cells and macrophages in EAE, thus these 

effects might overwhelm any differences in neutrophil biology, as they are not the key 

players in this model. Further, in our study we determined that neutrophils were also 

upregulated in the periphery and CNS after mice were immunized in the absence of the 

myelin antigen. Thus the immunization protocol and forcing the immune response may be 

confounding factors in studying neutrophils in EAE. Future studies could examine the 

effect of αBC on neutrophils in different disease scenarios that are more neutrophil-driven 

such as RA, lung disease, neuromyelitis optica and even MS models that do not require 

immunization of the animal such as TMEV or spontaneous T cell transgenic mice. 
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6.3.6 Differences between murine and human neutrophils 

 Inherent differences between mouse and human neutrophils are immediately evident when 

one looks at blood samples from each species. Neutrophils comprise 70% of human 

circulating immune cells whereas murine blood consists of only 10-25% neutrophils 426. 

Other differences exist between the two species including differences in nuclear 

morphology and expression of immune-regulating molecules 111. Cytokines such as IL-10 

are readily produced by mouse neutrophils but it was only recently that some studies have 

shown IL-10 production by human neutrophils but only in specific situations 427,428. 

Additionally, human azurophilic granules can be divided into defensin positive and 

negative whereas mouse neutrophils do not even produce defensins 74. These differences 

between mouse and human neutrophils have led to doubt over the relevance of murine 

studies of neutrophil physiology. Because of this, a model of humanized neutrophils 

produced by mice was developed 429. Also, to counter the criticism about relevance, 

researchers are now testing some of their main findings on human blood-derived 

neutrophils.  

 

6.4 Future Directions 

6.4.1 αBC treatment of neutrophils 

In this thesis, I found that αBC treatment of neutrophils increased the secretion of 

IL-10 and MMP8 by these cells. I suggested that these two molecules were specifically 

upregulated due to the release of specific granules by these treated cells. To ascertain if this 

is truly the case additional work is needed. The first step is to identify the granular 

localization of IL-10 by analyzing subcellular fractions of neutrophils for the presence of 
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IL-10 using ELISA and western blotting 430. One can also use advanced confocal imaging 

techniques to view the co-localization of IL-10 and MMP8 within these cells. To confirm 

that αBC-treated neutrophils are indeed releasing increased specific granules we can assess 

for release of lactoferrin, a defining molecule of specific granules, using readily available 

commercial ELISA kits.  Finally, to examine the overall role of αBC on granule release one 

could evaluate for the cell surface expression of the various VAMP molecules known to 

exist in the different granule subtypes and which have a role in degranulation 99,100.     

The mechanism for the effect of αBC on neutrophil activation remains to be 

confirmed. I found that two kinase pathways; MAPK/ERK and PI3K, may play a role in 

the effects of αBC on neutrophil activation but due to discrepancies in the western blotting 

and inhibitor data, as well as additional caveats in the inhibitor experiments the impact of 

these kinases needs to be further studied. Possible experiments include controls for 

assessing targeted inhibition and isolating neutrophils from individual animals to assess for 

the effects of U0126 and LY294002 inhibitors on IL-10 as well as MMP8 secretion. This 

will allow for further understanding of the biological significance of these inhibitors and 

therefore the possible role of these kinases in αBC function. Additionally, the mechanism 

underlying the effect of αBC on neutrophils may involve other pathways that have not been 

examined in this study. Future research should assess the role of other pathways associated 

with αBC function or neutrophil degranulation including TLR2, NF-κB, JAK-STAT, and 

Ral GTPase.  
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6.4.2 αBC alters the communication between neutrophils and dendritic cells  

 This study characterized DCs after culturing them with αBC-treated neutrophils. 

Crystallin treatment of neutrophils led to decreased IL-12p40 production by co-cultured 

DCs but no change in the expression of co-stimulatory molecules by the APCs. This 

decrease in IL-12p40 was observed in experiments where there was direct contact between 

cells as well as separation by a porous membrane suggesting that a secreted factor may 

play a role in this observation. This study as well as others have not elucidated the possible 

molecules secreted by neutrophils that influence DCs activation 119. It would therefore 

complete the story to assess for possible neutrophil-secreted molecules that alter the DC 

response. Candidate molecules include IL-10 which increased after neutrophil treatment 

with αBC and is known to have a role in suppressing IL-12p40 production 51.  To assess if 

IL-10 may be a contributing factor, IL-10 neutralizing antibodies could be added to the co-

culture system. Other molecules that could be examined in this manner include MMP8 and 

other factors contained within the specific granules. In addition, the functional role of the 

IL-12p40 decrease should be assessed. I therefore propose a tri-culture system where naïve 

T helper cells are isolated from mice that express transgenic TCRs to a specific antigen, for 

example 2D2 mice that are reactive against MOG. Neutrophils would then be treated and 

stimulated in the presence of the antigen in which the T cells are specific for and then co-

cultured both in direct contact and membrane-separated manners with DCs. T cells could 

be added to the other two cells to observe how the entire system would work together. 

Alternatively, the neutrophils could be removed prior to the addition of T cells by 

removing the membrane in the transwell system or by FACs or CD15 microbead depletion 

in the direct contact system 1. Finally, one could examine for the expression of Th1, Th2, 



 

Page 206 

and Th17 cytokines and transcription factors to assess whether the treatment of neutrophils 

with αBC has an effect on the polarization of the T cells.     

 

6.4.3 αBC treatment of neutrophils in a disease model 

Contrary to our hypothesis, αBC did not alter the presence or phenotype of 

neutrophils in EAE. Since EAE is a T cell driven disease with little known about the 

contribution of neutrophil this may not be the best model to test the effect of αBC treatment 

on neutrophils during disease. Other inflammatory diseases with robust neutrophil 

involvement such as RA or lung disease, may be better options. Future experiments could 

test the effect of αBC treatment on the K/BxN arthritis models. K/BxN mice have T cells 

with the transgene KRN and MHCII molecule A(g7) which develop severe spontaneous 

arthritis 431. Studies could also use the serum from the K/BxN mice to induce arthritis in 

naïve animals by transferring glucose-6-phosphate isomerase specific antibodies. Due to 

the effect of αBC on IL-12 production and therefore possibly T helper cell polarization, it 

may act differently in the different models as one is cellular and the other is humoral-

immunity driven. It would therefore be interesting to test multiple models of RA to 

delineate the effects of αBC treatment. Since the role of αBC in COPD is already being 

addressed by Van Noort and colleagues 236, I suggest future studies focused on the function 

of αBC on neutrophils in acute lung injury. Multiple models of acute lung injury exist with 

various pro and cons to using each 432. I hypothesize that the best models to test the effect 

of αBC on neutrophil pathology will be in the models that have the most robust neutrophil 

arteriole infiltration including oleic acid and LPS challenge 432.  
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Finally, in this study I utilized an αBC73-92 peptide in the in vitro experiments and 

full length recombinant human αBC in the in vivo EAE experiments. There may be 

differences in how these two molecules affect neutrophils, therefore it may also be 

worthwhile to test the effects of αBC peptide treatment on neutrophils in EAE. 

 

6.5 Conclusions 

This study aimed to find a regulator of neutrophil activity. We found that αBC was able to 

modulate the activation of neutrophils by increasing the secretion of IL-10 and MMP8, and 

returning ROS levels towards unprimed cells. Although these changes appeared to be quite 

small, the effect of αBC on neutrophils ultimately resonated to the communication between 

these cells and DCs by reducing the secretion of IL-12p40 by the latter cell. Finally, in 

opposition to our hypothesis αBC did not modulate the activation or migration of 

neutrophils in the EAE model of MS. Due to the considerable effect αBC-treated 

neutrophils had on the secretion of IL-12p40 by DCs, further research should investigate 

the effect of αBC on diseases where neutrophils and their interactions with other immune 

cells play a more prominent role such as RA.  
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APPENDIX A: SUPPLEMENTARY FIGURES 

 

 

 

 

Supplemental Figure 1. Neutrophil isolation protocols 

Multiple isolation protocols were tested to ensure that experiments would be completed on 
the purest neutrophil population in culture. Neutrophils were isolated from the blood, bone 
marrow and spleens of naïve animals. Two different derivation methods were tested 
including magnetic bead-assisted isolation and Percoll gradient cell separation. The 
magnetic bead protocols could be separated into negative (Neutrophil isolation kit) and 
positive (Ly6G beads) selection where the other cells are labelled with magnetic beads and 
removed or neutrophils selected after being bound by magnetic beads, respectively. In the 
Percoll protocols, cells underwent red blood cell lysis with ACK buffer before being loaded 
unto one of two Percoll gradients: Dr. Kubes’s method with layers containing 52%, 64%, 
and 72% Percoll or Dr. Boxio’s method with layers containing 52%, 69% and 78% Percoll. 
After centrifugation neutrophils were isolated from the interface between the 64-72% or 
69-78% Percoll layers. 
    



 

Page 239 

  

Blood,	Spleen,	Bone	marrow	

Magne1c	beads	 Percoll	
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Percent Ly6G/CDllb/CD45:  
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Percent Ly6G/CDllb/CD45:  
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Supplemental Table 1. Neutrophil stimulation 

Spleen- (Spl-N) and bone marrow-derived (BM-N) neutrophils were stimulated with 
various factors. This table lists the effects of each stimulant on the secretion of TNF-α, IL-
1β and IL-10 by neutrophils. Stimulants only tested in splenic neutrophils are designated by 
an asterisk (*). All stimulants were tested at least twice on neutrophils.  
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Protocol TNF-α IL-1β IL-10 

2h or 4h time point- 
various stimulants 

No production 

20h time point 

LPS No change BM-N, 
variable Spl-N 

No increase BM-
N, variable Spl-N 

Most increase in 
BM-N, variable 
Spl-N 

fMLP* Variable Spl-N - No change Spl-N 

fMLP + LPS* Variable Spl-N Decrease Spl-N 

IFNγ* Variable Spl-N - - 

GM-CSF + LPS Most increase BM-
N & Spl-N 

No change BM-
N, Increase Spl-N 

Increase BM-N, 
Spl-N 

GM-CSF + fMLP No change BM-N No change BM-N No change BM-N 
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Supplemental Figure 2. Intracellular ROS is not altered by αBC in GM-CSF + LPS 
stimulated neutrophils 
Bone marrow-derived neutrophils were stimulated with GM-CSF + LPS for 30 minutes in 
the presence or absence of αBC peptide. These cells were incubated with di-
hydrorhodamine during stimulation. The fluorescence of oxidized di-hydrorhodamine was 
measured in CD45+Ly6G+ neutrophils using flow cytometry. Upper panel: one 
representative graph of 3 independent experiments with error bars representing spread of 
minimum to maximum. Statistical analyses were performed by two-way ANOVA with 
Šídák post hoc test   *p<0.05 of main effect. Lower panel: results represent mean and 
spread of 3 independent experiments. Statistical analyses were performed by repeated 
measures two-way ANOVA with Šídák post hoc test * p<0.05 of main effect. 
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Supplemental Figure 3. Dilution series of GM-CSF + LPS stimulation and αBC 
treatment on the secretion of neutrophils by neutrophils 

Bone marrow-derived neutrophils were unstimulated (black bars) or stimulated (medium 
grey bars, dark grey bars) with 1-50ng/ml GM-CSF + 1µg/ml LPS, 1:10-5ng/ml GM-CSF 
+ 100ng/ml LPS or 1:100-500pg/ml + 10ng/ml LPS and treated (light grey, dark grey bars) 
with 1- 2µg/ml αBC peptide, 1:10-200ng/ml αBC peptide or 1:100-20ng/ml αBC peptide 
for 20h. IL-10 was detected in the supernatant by ELISA. One representative graph of 2 
independent experiments. 
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Supplemental Figure 4. The number of neutrophils increased in the periphery and 
spinal cord after induction of EAE 

Eight to 12 week old 129SVE mice received MOG-CFA emulsion with 2 doses of PTX to 
induce EAE disease or PBS-CFA emulsion with 2 doses of PTX as control. Cells were 
isolated from the blood (A), spleens (B), and spinal cords (C) of naïve, EAE or CFA+PTX 
control mice at pre-symptomatic, onset, peak, and remission stages of the disease. Flow 
cytometry was used to assess for the presence of CD45+/Ly6G+/CD11b+ neutrophils (grey 
bars) and CD45+ immune cells (white bars). Graph shows combined mean cell counts of 3 
individual experiments. Error bars represent the standard deviation between experiments.  
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Supplemental Figure 5. Brain neutrophils do not increase after induction of EAE 
Eight to 12 week old 129SVE mice received MOG-CFA emulsion with 2 doses of PTX to 
induce EAE disease or PBS-CFA emulsion with 2 doses of PTX as control. Cells were 
isolated from the brains of naïve, EAE or CFA+PTX control mice at pre-symptomatic, 
onset, peak, and remission stages of the disease. Flow cytometry was used to assess for the 
presence of CD45+/Ly6G+/CD11b+ neutrophils. A & B: One representative experiment of 2 
independent experiments with n=4 animals in each condition. Error bars represent the 
standard deviation between animals. C: Three individual experiments plotted. Statistical 
analyzes were completed by two-way ANOVA with Šídák post hoc test.  
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Supplemental Figure 6: The number of neutrophils was not altered in αBC-treated 
EAE 
Eight to 12 week old 129SVE mice received MOG-CFA emulsion with 2 doses of PTX to 
induce EAE disease or PBS-CFA emulsion with 2 doses of PTX as control. Cells were 
isolated from the blood (A), spleens (B), and spinal cords (C) of naïve, PBS- or rhαBC-
treated EAE mice at pre-symptomatic, onset, peak, and remission stages of the disease. 
Flow cytometry was used to assess for the presence of CD45+/Ly6G+/CD11b+ neutrophils 
(grey bars) and CD45+ immune cells (white bars). Graph shows combined mean cell counts 
of x=4 (spleen), x=4 (blood), and x=3 (spinal cord) individual experiments. Error bars 
represent the standard deviation between experiments.  
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