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Abstract 

 

Role of Type I Interferon Signalling in Regulating Cell Survival, Proliferation, and 

Cytokine Production in Antigen-Presenting Cells 

 

Alexandra S. Rasiuk                  Advisor: 

University of Guelph, 2015                 Dr. Byram W. Bridle 

 

During viral infections, cells produce cytokines called type I interferons (IFNs), which 

are detected by the IFN/ receptor (IFNAR). To survive in hosts, viruses have strategies to 

downregulate IFN production, IFNAR expression, and/or downstream signalling components. 

IFNAR-mediated regulation of IL-1, IL-6, IL-12, and TNF was studied in antigen-presenting 

cells (APCs); specifically, inflammatory dendritic cells (DCs), CD8
+
 and CD8

-
 classical DCs, 

plasmacytoid DCs, and macrophages. We hypothesized that downregulation of IFNAR 

signalling during ligation of Toll-like receptors (TLRs) would result in cytokine dysregulation. 

Murine APCs were stimulated with lipopolysaccharide or imiquimod to ligate TLR4 and 7, 

respectively, with or without blocking IFNAR signalling. Cytokines, cell proliferation, and 

viability were assessed for three days post-stimulation. Blocking the IFNAR caused cytokine 

upregulation during TLR4 stimulation and downregulation during TLR7 stimulation, suggesting 

that ligation might particpate in regulating cytokines in IFNAR-associated pathologies. This also 

provides a cell-based model for the discovery of molecular mechanisms. 
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 1 

Chapter 1: Review of the Literature 

1. Antigen-Presenting Cells: Dendritic Cells and Macrophages 

1.1 – Dendritic Cells 

 

1.1.1 History of discovery 

Steinman and Cohn, in their 1973 paper, identified a star-shaped cell that was unique 

from the other cell types that had previously been observed (granulocytes, mononuclear 

phagocytes, and lymphocytes) 
1
.  They established “dendritic cell” as a suitable name, due to the 

branching nature of the cell 
1
, and because when cytospins were made, the cells displayed many 

fine dendrites that could bend, retract, and extend 
2
.  Although first identified in the early 1970s, 

it took two more decades of research on dendritic cells, or DCs, to be acknowledged in the 

literature 
3
 as a valid subset, due to all the skepticism with which their discovery was met.  Initial 

observations of DCs showed a large, refractile nucleus with a contorted shape and often included 

two small nucleoli, an abundant cytoplasm, and many large spherical mitochondria 
1
.  Extensive 

subsequent research has identified many subsets of DCs. 

 

1.1.2 Subsets 

DCs are key members of the immune system.  Their main functions include initiating 

antigen-specific acquired immune responses when tissues are breached 
4
, and maintaining 

tolerance to self-antigens 
5
.  However, there are many different subsets of DCs, based on their 

genetic, phenotypic, and functional diversity 
6,7

.  Even within morphologically homogeneous 
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classical DC (cDC) subsets, more distinctions can be made based on cytokine secretion and T 

cell priming 
8
.  While all the various DC subsets have commonalities in their ability to uptake, 

process, and present antigen to T cells, thereby initiating a T cell-dependent immune response 
1,9–

11
, they have distinct anatomical locations, migratory pathways, and functions 

12,13
.  This 

variation is in part due to their incredible plasticity, the fact that they can be found in many 

different areas of the body, and their ability to adapt to environmental factors 
14

.  The first big 

distinction that must be made among the groups of dendritic cells is between plasmacytoid DCs, 

or pDCs, and cDCs.  cDCs can then be further divided into distinct subgroups based on their 

individual cytokine profiles. 

 

1.1.2i Plasmacytoid dendritic cells (pDCs) 

Plasmacytoid DCs make up a small subset of DCs that enter and accumulate in the blood 

and lymphoid tissues 
15

.  They specialize in rapid type I interferon (IFN) secretion upon infection 

16
 (up to 1000 times the amount produced by other cell types 

17
) and they can directly recognize 

virus (via toll-like receptors (TLR), including TLR7 and TLR9, which are among the pattern 

recognition receptors expressed by pDCs 
15

)
18

. They are also often referred to as IFN-producing 

cells due to their ability to secrete IFN and respond quickly to viral pathogens 
19–22

.  This role as 

a substantial IFN producer is important because this type of interferon is a potent enhancer of 

natural killer cell-mediated cytotoxity 
23,24

.  In their steady state, pDCs express only low amounts 

of major histocompatibility complex (MHC) class II molecules, costimulatory molecules, and 

CD11c 
25

, which is consistent with the CD11c
-
 immature DCs identified in human peripheral 

blood by O’Doherty et al in 1994 
26

.  Originally called T-associated plasma cells by Lennert and 

Remmele in 1958 
27

, pDCs were recognized for their similarities to plasma cells, while also 
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lacking B cell and plasma cell markers.  These pDCs, which are found in blood and secondary 

lymphoid organs, were determined to be identical to the cells that produce type I interferon in the 

blood in response to viruses 
24,28–30

. 

 

1.1.2ii Classical dendritic cells 
 

cDCs have a heightened ability to sense tissue injury, leading to the capture of 

environmental- and cell-associated antigen.  They localize in T cell zones and present antigens to 

T lymphocytes 
2
.  Some factors that promote this include 1. their location in non-lymphoid 

tissues and the spleen marginal zone, allowing for the constant acquisition of tissue and blood 

antigens; 2. their mechanisms to expertly process and present this antigen 
31–33

; 3. an ability in 

both a steady and inflamed state to go to lymph node T cell zones when loaded with tissue 

antigen 
34

; and 4. their ability to prime naïve T cell responses 
2
. 

DCs are thought to be the “sentinels” of the immune system, because they can exist in 

most non-lymphoid tissues but travel to lymphoid organs after antigen interaction 
2
.  Therefore, 

there is a distinction to be made between cDCs found in lymphoid tissues and those that are 

found in non-lymphoid tissues. 

 

Lymphoid 

Lymphoid tissue-resident DCs are characterized by the fact that they not only 

differentiate in, but also live out their whole existence within lymphoid tissues 
15

.  While lymph 

nodes can include both lymphoid and non-lymphoid (tissue-migratory) cDCs, the cDCs that exist 

in the spleen are wholly lymphoid tissue-resident cDCs 
35

.  Lymphoid tissue-resident cDCs also 

make up the majority of the population of cDCs that get enriched in tissue within the 
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nasopharynx, Peyer’s patches, and isolated lymphoid follicles in the intestine 
36

.  All lymphoid 

tissue-resident DCs have been shown to proliferate in situ in response to Fms-like tyrosine kinase 

3 (Flt3) ligand (Flt3L), and are reduced in mice with Flt3 or Flt3L knocked out 
37,38

.  The 

identification and purification of lymphoid DCs is aided by properties such as density, ability to 

adhere to tissue culture plates, and radioresistance 
39

.  The two main subgroups within lymphoid 

tissue-resident DCs are cluster of differentiation (CD)8
+
 and CD11b

+
. 

 

CD8
+
 lymphoid tissue-resident cDCs 

Between 20-40% of the cDC population in the spleen and lymph nodes, and the majority 

of the cDC population in the thymus, represents CD8
+
 lymphoid tissue-resident cDCs.  These 

cells express CD8 
3
 and Flt3 

37,38
, but little to no CD8 

3
, CD11b, or other macrophage 

markers (see Table 1).  This subset also expresses distinct lectin receptors, such as CD205, 

Clec9A, and langerin 
40–42

, the latter of which allows for antigen delivery to DCs in vivo 
40

.  

Although in vitro culture or microbial treatment can stimulate maturation of these cells 
43

, they 

exist as immature DCs in their steady state 
3
. 

 

CD11b
+
 lymphoid tissue-resident cDCs 

This subset of cDCs makes up the majority of the lymphoid tissue-resident DC 

population, except in the thymus.  While all the cDCs in this subset unanimously lack the CD8 

marker, they can in fact be subdivided by their levels of expression of endothelial cell-specific 

adhesion molecule (ESAM).  The CD11b
+
 cDCs with higher ESAM expression (ESAM

hi
CD11b

+
 

cDCs) also have a higher expression of CD4, CD11c, but lower Csf
-
1R, Csf

-
3R, and CCR2 

levels than their ESAM
lo

CD11b
+
 counterparts 

15
. 
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Non-lymphoid 

Approximately 1-5% of cells in non-lymphoid tissues are said to be cDCs 
15

, and they can 

be separated into two main subsets: cDCs that are positive for CD103 and negative for CD11b, 

and cDCs that are positive for CD11b.  Other subsets of non-lymphoid derived DCs that are not 

discussed in this review include epidermal Langerhan cells and tissue migratory DCs. 

 

CD103
+
 CD11b

-
 cDCs 

While CD103
+
CD11b

-
 cDCs usually represent only 20-30% of the total cDC population, 

they are shown to populate most connective tissues.  This subset of cDCs exists in non-lymphoid 

tissues, but is thought to have commonalities in both origin and function with the lymphoid 

tissue-resident CD8
+
 cDC population 

14,44
. Just like the lymphoid tissue-resident cDCs, these 

cells proliferate in response to Flt3 (which they express), and Flt3L, and are strongly reduced in 

number in Flt3 knockout mice 
45

. They are also able to be differentiated from other subsets 

because they lack certain macrophage markers, including, but not limited to, CD11b, CD115, 

CD172a, F4/80, and CX3CR1 
15

.  With the exception of the CD103
+
 cDCs in the pancreas and 

intestines, this subset has been shown to also produce langerin, a C-type lectin receptor 
45,46

.  

CD103 production, and therefore the existence of this subset of cells, is regulated by local 

production of granulocyte macrophage-colony stimulating factor (GM-CSF) 
47–50

. 

 

CD11b
+
 non-lymphoid tissue-resident cDCs 

CD11b
+
 non-lymphoid tissue-resident cDCs are often negative for CD103, but 

convention leads this particular subset of classical DCs to be referred to as simply CD11b
+
.  The 

expression of CD103, however, does help to distinguish between the two CD11b
+
 subsets that 
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have been identified (tissue-resident and non-tissue-resident) 
51,52

.  This CD11b
+
 group of cDCs 

consists of not only cDCs, but also macrophages, which adds to the ongoing confusion of the 

classification and differing roles of DCs and macrophages in immunity 
15

. 

 

1.1.2iii Inflammatory Dendritic Cells 

 pDCs and cDCs are the most recognized classes of dendritic cells.  However, there is an 

additional subset that exists only transiently: inflammatory DCs (iDCs).  These cells appear 

during inflammation (Segura 2014), and disappear once the inflammation is resolved 
15

(Merad et 

al 2013).  Thus, they are difficult to elucidate in vivo, but are useful for in vitro studies in the 

context of TLR stimulations.  Many of their in vivo properties remain poorly studied. 

 

 

1.1.3 Phenotypes of Plasmacytoid and Classical Dendritic Cells 

 

See Table 1 for an overview of phenotypic markers for these subsets. 

 

 

1.1.3i pDCs 

While debate existed regarding the phenotype of pDCs in terms of the markers CD4 and 

CD8 
12,53–62

, several different groups simultaneously came to the conclusion that the 

plasmacytoid DCs are positive for CD11c, B220, MHC class II, and lymphocyte antigen 6 

complex, locus G (Ly-6G) 
54–57,63

 (the latter two of which are not included in Table 1). 

 

1.1.3ii cDCs 

cDCs encompass all DCs that are not classified as plasmacytoid.  While there are many 

phenotypic markers that can accurately separate cDC from pDC populations, it can sometimes be 
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further complicated due to the shared expression of surface markers like CD11c 
64

.   Recently, 

zinc finger and BTB domain containing 46 (Zbtb46, a transcription factor), has been identified as 

being expressed solely by cDCs 
64–67

.  Robbins et al, in 2008 showed it to be evolutionarily 

conserved between humans and mice 
68

.  Table 1 shows the relative expression of eight different 

phenotypic markers among seven different subsets of DCs.  Various combinations of these 

markers would allow for accurate identification and discrimination of any of these cell types.  

For example, CD11c indicates that the cells in question are DCs, but further staining would be 

required to distinguish amongst the subsets (e.g. if also positive for CD45RA, a plasmacytoid 

phenotype is likely). 

 

Table 1: Phenotype of various mouse dendritic cell subsets 

Phenotypic 

Marker 

pDC CD8
+
 

cDC 

CD11b
+
 

cDC 

CD103
+
 

CD11b
-
 

cDC 

CD103
+
 

CD11b
+
 

intestinal 

cDC 

CD103
-
 

CD11b
+
 

cDC 

Langerhans 

cell 

CD11c + +++ +++ ++ ++ ++ ++ 

CD11b - - + - + + + 

CD8 subset + - - - - - 

CD4 + - +/- - - - ND 

EpCAM - - - - - - ++ 

CD45RA + - - - - - - 

CD103 - subset - ++ ++ - - 

Xer1 - + - + - - - 

 

 

1.1.4 Toll-Like Receptors and Cytokine/Chemokine Secretion 

Toll-like receptors are germline-encoded and play a critical role in initiating immune 

responses against pathogens 
69

.  These proteins are crucial for detection of microbes in mammals, 

regardless of their immunological maturity 
70

.  They are characterized by a type I transmembrane 

glycoprotein that boasts many leucine-rich repeats in their extracellular domain, and toll-
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interleukin (IL)-1 receptors, or TIRs, in their intracellular domain 
71

.  In pDCs, only TLR7 and 

TLR9 are produced, and their respective ligands induce production of huge amounts of IFN 
72–74

. 

The DC signalling system is an excellent example of an autocrine feedback loop, as 

secreted cytokines can go on to play a role in their own differentiation and maturation.  An 

example of this is granculocyte macrophage colony-stimulating factor, or GM-CSF (may also be 

referred to as Csf-2).  GM-CSF is a hematopoietic growth factor that promotes differentiation of 

progenitors into cDCs 
75–78

, and is therefore used frequently when culturing DCs for use in 

clinical vaccines 
79

.  GM-CSF can be induced, for example, by TLR7.  If, in the case of a viral 

infection, TLR7 recognizes imiquimod 
74,80–82

 (an immune response modifier which has potent 

antiviral and antitumor properties 
82–85

), it could induce the production of this GM-CSF, or many 

other cytokines (e.g. IFN-, IL-1, IL-6, IL-8, IL-12) in various cell types 
86–88

.  

 

 
Table 2: Key cytokines/chemokines produced by dendritic cells 

cDCs pDCs 

 IL-12, in response to CD40/L ligation 
89,90

 

 IL-10, in response to respiratory 

antigen pulmonary DCs) 
91

, or 

stimulating T cells 
92 

 MIP-3a 
93–96 

 IL-7 
97–99 

 IL-2 (lymphoid DCs) 
100 

 IFN-γ (lymphoid DCs) 

 GM-CSF (CD8
+
, CD103

+
, CD11b

+
 

cDCs) 

 IFN, upon viral infection 
101–103

 

 TNFα, in response to resiquimod 
73

 

 IL-10, in response to resiquimod 
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Table 3: Pattern recognition receptors on dendritic cell subsets 

cDCs pDCs 

CD8
+3,15

 CD11b
+
 CD103

+
 

CD11b
-
 

CD103
+
 

CD11b
+
 

TLR7, responds to single-

stranded RNA
80,81

 

TLR9, responds to CpG-

containing DNA 

Cd209a 

Clec9a 

Clec12a 

Siglech 

TLR1 

TLR6 

TLR10
69

 

TLR11
104

 

Ly75 

Clec9a
105–107

 

TLR1 

TLR2, gram-

positive 

bacteria
108,109

 

TLR3
110

 

TLR6 

TLR8, 

responds to 

antiviral R-

848
74

 

TLR12 

TLR13 

Nlrc4 

Ddx58 

TLR3
111–114

 

TLR11 

TLR12 

LY75
111

 

Cd209a 
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1.1.5 Dendritic Cell Maturity 

 

Dendritic cells present antigens with the goal of triggering an immune response 
115

.  DCs 

also have differing roles based on their level of maturity.  Immature DCs aren’t quite as useful 

for initiating an immune response as their mature counterparts, but they specialize in the capture 

and processing of antigens to form MHC peptide complexes 
2
.  On the other hand, once they 

have matured and terminally differentiated, they can readily prime naïve T cells.  These T cells 

then follow through with an immune response via their interaction with other cell types (e.g. B 

cells for antibody formation, macrophages for cytokine release, and targets for lysis) 
2
, or they 

promote tolerance 
14

.  Like many other properties of DCs, the effect of maturation on the ability 

to present antigen differs slightly between subsets: while cDCs always have some level of 

antigen-presenting cell properties, it is only after pDCs mature that they finally develop standard 

DC characteristics 
29,116

.  These standard mature DC characteristics include pro-inflammatory 

cytokine production, such as TNF and IL-12, costimulatory molecule upregulation, such as 
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CD40, CD80, and CD86, chemokines receptor alteration, such as CCR2, CCR5, and CCR7, and 

thus an improved capability to present antigen to T cells 
72

. 

 

1.2 Macrophages 

 

1.2.1 Overview 

DCs are not the only class of professional antigen-presenting cell, which are recognized 

for their constitutive expression of MHC Class II molecules on their surface 
117

.  Other cells that 

play an active role in the initiation of T-cell mediated immune responses are macrophages.  Like 

DCs, macrophages originate as monocytic precursors housed throughout the body (i.e. in the 

spleen) 
118

 that get distributed to replenish macrophage and DC populations in a steady state as 

well as during inflammatory conditions.  Also like DCs, they too can be found in both lymphoid 

and non-lymphoid tissues.  They function to efficiently digest and clear dead and foreign 

material via phagocytosis 
119

, and also play a role in the production of inflammatory cytokines 

120
.  Additionally, macrophages are able to mediate inflammation in four stages as described by 

Murray and Wynn: “recruitment to tissues; differentiation and activation in situ; conversion to 

suppressive cells; and restoration of tissue homeostasis.” 
121

. 

 

1.2.2 Subsets 

Like DCs, macrophages are a heterogeneous population.  There are several different 

subsets that can be distinguished based upon both their function and their location in the body 

122
.  Examples include osteoclasts in the bone, alveolar macrophages in the lung, histiocytes in 

interstitial connective tissue, Kupffer cells in the liver, microglia in the brain, marginal zone 
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macrophages in the spleen, and subscapular sinus macrophages in the lymph nodes 
121

.  During 

an injured or infected state, these tissue-specific subsets have the ability to recruit additional 

macrophages from circulation. 

Typically, macrophages have been divided into two classes: M1 and M2.  Macrophages 

that function in the host’s defense against bacteria, protozoa, viruses, or even tumours, are called 

M1 macrophages. This class of macrophages becomes classically activated by TLR ligation as 

well as IFN- 
121

.  Conversely, if macrophages become activated by IL-4 or IL-13, they are 

deemed “alternatively activated” and are thus part of the M2 subset, known for their role in both 

anti-inflammation and wound healing 
123

. 

While there exist many different macrophage subsets with unique phenotypes and roles, 

they all have the ability to function in an immune suppressive manner 
121

, and can adjust their 

roles in inflammatory responses in a context-dependent way.  As such, macrophages are thought 

to exist less in distinct subsets and more along a phenotypic spectrum, to include groups based 

on homeostatic roles such as host defence, wound healing, and immune regulation 
124

. 

 

1.2.3 Toll-Like Receptors and Macrophage Activation 

 Macrophages are recognized for their ability to mediate the innate immune response by 

the phagocytosis of pathogens.  Thus, TLRs are recruited to these phagosomes to aid in 

elucidating the nature of the pathogens in question 
72

.  Further, the presence of these TLR signals 

is not necessary, but allows for faster activation and subsequent maturation of macrophages 
125

.  

This is because there are some PRRs that function solely in the binding and subsequent 

phagocytosis of pathogens, but TLRs and other signalling PRRs work also by stimulating the 

transcription of mechanisms involved in cytokine and chemokine release 
126–128

.  They are not 
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unlike DCs, as described above, in that that the ligation of their TLRs by TLR ligands can lead to 

an improved ability perform their antigen-presenting roles and thus stimulate immune responses.  

It should be noted, however, that due to lower expression of co-stimulatory molecules than seen 

in DC populations, macrophages are not as efficient at activating naïve T cells, and are thus more 

useful in initiating secondary T cell responses. 

 

1.2.4 Macrophages in Disease 

 Given the diverse roles macrophages play in the body, which range from wound healing, 

to host defence, to immune regulation, it is unsurprising that they are also implicated in a vast 

array of disease conditions.  For example, a switch from an M2 phenotype, which is known to 

play important roles in metabolism 
129

 and adipocyte function by way of insulin sensitivity and 

glucose tolerance 
130,131

, to a pro-inflammatory M1 response 
129

 , can be linked to the 

development of obesity and obesity-associated type II diabetes 
130,131

.  Contrastingly, it is the M1 

macrophage subset, not the M2, which is associated with having a protective effect in 

tumorigenesis.  M2 macrophages have suppressive effects on tumour-specific immune responses, 

thereby promoting tumour growth 
132–135

, and M1 macrophages have the ability to stifle these 

suppressive activities and promote an antitumour response by way of a positive feedback loop of 

the Th1 response 
136

. 
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2. Interferon 

2.1 Overview 

 

IFNs are a type of cytokine that play an important role in response to pathogens.  

Discovered more than 50 years ago by Isaacs and Lindenmann 
137,138

, IFNs were first identified 

as something secreted from virus-infected cells that had a protective effect on neighbouring cells.  

This phenomenon of interfering with viral replication within host cells gave interferons their 

name.  Nagano and Kojima 
139

 independently made a similar discovery, where cells that had 

been exposed to viruses developed a resistance to subsequent infections. Since then, extensive 

research has investigated how IFNs regulate genes, how they signal, and how their production is 

mediated by viruses 
140,141

.  They are well recognized for their strong antiviral properties 
142,143

, 

their ability to regulate cell growth 
144

, and their immunomodulatory effects 
63

. 

IFNs have long been divided into two distinct groups, type I IFN and type II IFN 
145,146

, 

but only recently has a third type, type III, been acknowledged 
147

. Type I IFN can be subdivided 

into many distinct groups, as discussed in the following section, but type II has only one isoform: 

IFN-γ 
145,146,148

. The gene that codes for type II IFN is located on chromosome 12 in humans and 

chromosome 10 in mice, and is not structurally homologous to its type I counterparts 
145,146,148–

151
. Type II also differs from type I because it binds to a unique cell surface receptor: the type II 

IFN receptor (IFNGR) 
152,153

. It is still, however, termed an IFN because of its ability to interfere 

with viral infections, 
145,148–154

. The type III IFNs are comprised of IFN- molecules.  Type III 

subtypes include -1, -2, and -3, which are also called IL-28a, IL-28b, and IL-29, respectively 

155
.  While they still maintain the antiviral properties 

156
 that are characteristic of IFN, they bind 
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to a different cell-surface receptor than type I or type II IFNs, making them a distinct group.  The 

components of the type III IFN receptor are IFNLR and IL10R 
157

. 

 

2.1.1 Type I Interferons 

Type I IFNs have both a direct and indirect ability to fight viral infection 
158

, and are the 

first line of defense against viruses.  Directly, they inhibit viral replication in infected cells, and 

indirectly, they stimulate the acquired immune system 
159–162

.  They are able to regulate the 

immune system by acting on natural killer (NK) cells, B cells, T cells, DCs, or phagocytic cells 

163
.  This antiviral capability of IFN is illustrated in IFN α/β receptor knockout mice (IFNAR

-/-
), 

as they are extremely sensitive to viral infection, with presumably uncontrolled viral replication 

leading to fatality 
164

.  There are many different subtypes of type I IFNs: IFN-α, IFN-β, IFN-δ, 

IFN-ε, IFN-κ, IFN-τ, IFN- and IFN-ω 
145,146,165–167

.  IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω 

have been found in humans, but IFN-δ, IFN-τ, and IFN- have only been found in porcine, 

bovine, and murine cells, respectively 
145

.  The genes that code for type I IFNs can be found 

clustered on chromosome 9 in humans 
168

 and chromosome 4 in mice 
169

. 

While large amounts of work have been done to try to understand the biological 

significance of IFN to date, the contradicting effects it has on different cell types leave IFN an 

interesting cytokine to study. For example, the same IFN that often promotes apoptosis and 

inhibits proliferation 
170

, has been shown to actually promote longevity in memory T cell 

populations 
171

. 
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Interferon-Alpha 

IFN-α is the most well studied class of type I IFN. Produced by most cell types, including 

DCs and macrophages, this class of type I IFN can be further divided into 13 subtypes: IFN-α1, -

α2, -α4, -α5, -α6, -α7, -α8, -α10, -α13, -α14, -α16, -α17, and -α21. 

 

Interferon-Beta 

Along with IFN-α, the single gene IFN-β represents the best characterized and most 

broadly expressed class of IFN 
172

. IFN-β is produced by fibroblasts and some endothelial cells 

in addition to DCs and macrophages, and has two different subtypes: IFN-β1 and IFN-β3. 

 

2.1.2 Type I Interferon Receptor 

The type I IFN receptor (IFNAR) is a multichain structure found on the cell surface. It is 

made up of two distinct subunits: IFNAR1 and IFNAR2, which are constitutively associated with 

tyrosine kinase 2 (TYK2) and Janus activated kinase 1 (JAK1), respectively 
151,173–175

.  While it 

is common for cytokine receptors to be made up of more than one subunit, all the type I IFNs 

signal through the IFNAR, giving it a unique multi-ligand characteristic 
176

. 

 

2.2 Pattern Recognition Receptors 

Pattern recognition receptors (PRRs) are proteins that get expressed by cells of the innate 

immune system. They function as receptors for pathogen- and danger-associated molecular 

patterns (PAMPs and DAMPs, respectively 
177

). This binding induces the production of 

antimicrobial compounds by triggering an immune response 
178–181

. 
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TLRs are a membrane-spanning class of PRR that are key participants in the IFN 

signalling pathway (see Figure 1). It should be noted, however, that many other PRRs exist and 

recognize an immense number of PAMPs and DAMPs.  For example, retinoic acid-inducible 

gene I (RIG-I) is an RNA helicase that senses double stranded RNA (dsRNA) intracellularly and 

subsequently induces IFN- production 
182,183

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TLRs are relatively recently identified receptors that can regulate the activation of both 

the innate and acquired arms of the immune system 
184

, both of which are required to respond to 

microbial pathogens 
181,185

.  Toll was first identified in Drosophila melanogaster as a 

Figure 1: Schematic of the TLR-IFN Pathway. Toll-like receptors (TLRs) 

become ligated by pattern-associated molecular patterns (PAMPs), causing a 

signalling cascade leading to the production if IFN. 
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transmembrane receptor that allows for dorsal-ventral polarity and the eventual transcription of 

target genes 
186,187

.  Soon after, a mammalian homologue was identified 
188

.  Studies clearly 

showed the similarities between the Drosophila and mammalian pathways, and these similarities 

were found to implicate the Toll-mediated pathway in the regulation of immune responses 
187,189

.  

Ten human TLRs were originally identified, with the promise of more to be found 
188,190–194

. 

Indeed five more have since been identified, but these five have only been found in mice and 

other non-human species (Table 5).  Structurally, TLRs can be characterized by the presence of 

leucine-rich repeat domains in their extracellular domain, and Toll/IL-1 receptor domains in their 

intracellular domain 
184

. 

The first mammalian TLR to be identified was TLR4, which recognizes 

lipopolysaccharide (LPS), a major component of the cell wall of Gram-negative bacteria.  This 

was determined by studying mouse strains known to be hypo-responsive to LPS, and 

subsequently locating mutations in TLR4 
195,196

.  This connection between TLR4 and LPS was 

also confirmed when hypo-responsiveness to LPS was shown in TLR4-deficient mice 
197

.  All 

the other TLRs that have since been identified have the ability to recognize a distinct set of 

PAMPs.  TLR7, for example, can recognize single stranded RNA (ssRNA) derived from RNA 

viruses (e.g. vesicular stomatitis virus, influenza A virus, and human immunodeficiency virus 

(HIV)).  Because of this ability to recognize ssRNA, TLR7 is also capable of being activated by 

chemicals that mimic these viruses (e.g. imidazophinoline derivatives like imiquimod and 

resiquimod, and guanine analogs like loxoribine) 
198,199

.  The ligands recognized by various 

TLRs are summarized in Table 5. 
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Table 4: Ligands, their origins, and the associated species of Toll-like receptors, as adapted from Takeda et al, 

2005, and Boyd et al, 2012. 

TLR 

family 

Ligand(s) (origin)
184

 Species 

TLR1 Tri-acyl lipopeptides (bacteria, mycobacteria) 

Soluble factors (Neisseria meningitides) 

Human, mouse 

TLR2 Lipoprotein/lipopeptides (variety of pathogens) 

Peptidoglycan (gram+ bacteria) 

Lipoarabinomannan (mycobacteria) 

A phenol-soluble modulin (staph. epidermis) 

Glycoinositolphospholipids (Trypanosoma Cruzi) 

Glycolipids (Treponema maltophilum) 

Porins (Neisseria) 

Zymosan (fungi) 

Atypical LPS (Leptospira interrogans, Porphyromonas 

gingivalis) 

Human, mouse 

TLR3 dsRNA (virus) Human, mouse 

TLR4 LPS (Gram- bacteria) 

Taxol (plant) 

Fusion protein (RSV) 

Envelope proteins (MMTV) 

HSP60 (Chlamydia pneumoniae, host) 

HSP70 (host) 

Type III repeat extra domain A of fibronectin (host) 

Oligosaccharides of hyaluronic acid (host) 

Polysaccharide fragments of heparan sulfate (host) 

Fibrinogen (host) 

Human, mouse 

TLR5 Flagellin (bacteria) Human, mouse 

TLR6 Di-acyl lipopeptides (mycoplasma) Human, mouse 

TLR7 ssRNA 

Imidazoquinoline, loxoribine, bropirimine (synthetic 

compounds) 

Human, mouse 

TLR8 ssRNA Human, mouse 

TLR9 CpG DNA (bacteria) Human, mouse 

TLR10 unknown Human, mouse 

TLR11 Uropathogenic bacteria 

Profilin (apicomplexan protozoan PAMP) 

Mouse 

TLR12 Profilin Mouse 

TLR13 Ribosomal RNA sequence “CGGAAAGACC” (bacteria) Mouse 

TLR14 long dsRNA Takifugu puffer fish
200

 

TLR15 Whole-cell lysates (yeast) Avian 

TLR21 DNA with unmethylated CpG motifs Avian 

TLR22 long dsRNA Takifugu puffer fish
200

 

TLR23 long dsRNA Takifugu puffer fish
200

 

 

2.3 Interferons in Viral Infections 

Type I IFNs are regarded for their antiviral properties.  They do this by stimulating genes, 

aptly called IFN-stimulated genes (ISGs) 
201

.  These genes counteract viruses by reducing protein 
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translation, sensitizing infected cells to apoptosis, and decreasing gene transcription.  Since their 

discovery over 25 years ago, hundreds of ISGs have been identified 
202–204

.  However, only a 

small number of these are implicated in protection from viral pathogens.  Schoggins et al, in 

2011, ran a pilot study with a set of 11 ISGs (PSMB8, PSMB9, IFI6, GBP1, IFITM3, MX1, 

PLSCR1, RTP4, CCDC75, IFIT3, and IFI27) to see if they demonstrated antiviral properties 
205

. 

Many other groups have published microarray datasets on the subject 
182,206–211

, which allowed 

for the establishment of inclusion criteria for this study.  These ISGs were tested for their ability 

to inhibit viruses including vesicular stomatitis virus (VSV) and yellow fever virus in both signal 

transducer and activator of transcription (STAT)1-deficient human fibroblasts and human 

hepatoma cells (Huh-7), the former of which produces but shows no response to IFN 
212

, and the 

latter of which responds to but does not produce large amounts of IFN 
213

.  They found that the 

genes MX1 and IFI6 were specific for VSV and yellow fever virus respectively, and the gene 

IFITM3 could inhibit both viruses, as well as influenza A virus, West Nile virus, and dengue 

virus 
214

.  These results help to show the wide array of ISGs and their unique antiviral tendencies, 

as well as the efficacy of the screening method this group employed 
205

. 

However, IFNs are not always beneficial to the host.  While IFNs are known for their 

virus-fighting abilities, it has been demonstrated that many viruses have mechanisms to hinder 

these antiviral efforts; either by blocking type I IFN production, or by halting the signalling 

through the IFNAR 
215

.  Also, IFNs do not only mediate intra/extracellular effects; they can also 

regulate cell viability and function, thereby mediating many anti-cellular effects (e.g. 

programmed cell death or cell motility) 
216–218

. In 2010, Pascual et al 
219

 demonstrated that when 

IFN is produced (either during viral challenges, when encountering DNA released by dying cells, 

or in many other pathological conditions), they can lead to unwanted toxic effects, induction of 
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damage via inflammation, or other pathological symptoms.  A classic example of this is the way 

IFN acts in chronic HIV infection: HIV induces type I IFN, which in turn has been shown to 

potentially drive T cell dysfunction, and therefore contribute to disease pathogenesis 
220

.  A 

similar phenomenon of IFN doing more harm than good has been seen with some bacterial 

pathogens, e.g. with the bacteria Francisella tularensis and Listeria monocytogenes, where the 

IFNAR
-/-

 mice seem to be more resistant to infection than the wildtype (WT) mice, insinuating a 

connection between IFN production and innate immune suppression 
221–226

.  However, some 

bacteria (e.g. the genus Chlamydia) demonstrate the ability of IFN to inhibit the bacterial 

replication 
227

.  In this case, the IFN stops the bacterial growth cycle as they transform from 

elementary to reticulate body, resulting in the failure to produce infectious organisms 
228

.  This 

demonstrates that the outcomes brought on by IFNs are not universally positive, as negative 

results are not uncommon. 

 

2.4 Interferon Production and Secretion 

The production of IFN can be triggered by the ligation of many different receptors.  In 

macrophages and DCs, type I IFN production can be triggered by TLR3, TLR4, TLR7, and 

TLR9 
229

, by signalling through adaptor molecules (e.g. myeloid differentiation primary response 

gene 88 (MyD88), toll-like receptor adaptor molecule (TRAM), toll-interleukin 1 receptor 

domain-containing adapter-induced interferon  (TRIF), or toll-interleukin 1 receptor domain-

containing adapter protein (TIRAP)).  For example, if TLR7 gets ligated (e.g. by a virus or viral 

mimic), it signals through MyD88 and interleukin (IL)-1 receptor-associated kinase 4 (IRAK4) 

to activate IRF7.  Another transcription factor, IRF3, gets activated by TBK1 after the 
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association with TRIF, an adaptor molecule that gets activated when TLR3 or TLR4 are ligated 

by dsRNA or LPS respectively 
230

. 

Type I IFN production can be further amplified by way of a positive feedback loop: the 

early production of IFN-β and IFN-α4 induces the transcription of IRF7 
231,232

, which, once 

phosphorylated, helps to drive transcription and expression of other genes in the type I IFN 

family, thus enhancing IFN production 
218

.  Also called the auto-amplification mechanism, it 

works by way of IFN- being initially produced, then signalling the cell to activate IFN-

stimulated gene factor (ISGF) 3 complexes. These ISGF3s in turn induce the gene expression of 

IFN transcription factors, and subsequently activate the type I IFN promoters.  Thus, massive 

amounts of IFN can get produced in a huge wave as a response to the initial IFN expression 
233

. 

 

2.5 Signalling Cascade to Nucleus: the JAK/STAT Pathway 

The JAK/STAT pathway is the first and most well characterized signalling pathway 

identified with regards to type I IFN 
234–237

.  The binding of IFNs to IFNAR can induce 

transcription via the JAK/STAT pathway (see Figure 2) 
238

 in several ways.  Firstly, the 

stimulation of the receptor activates the JAKs (JAK1 and tyrosine kinase 2 (TYK2)), which leads 

to the tyrosine phosphorylation of STATs 1 and 2.  These STATs then bind together and 

combine with IFN regulatory factor (IRF) 9 to form ISGF3 complexes.  These ISGF3 complexes 

translocate to the nucleus, where they bind to IFN-stimulated response elements (ISREs) in DNA 

to initiate transcription.  Similarly, transcription can also be initiated by the formation of STAT1-

STAT1 homodimers.  Formed via tyrosine phosphorylation in the same way as the STAT1-

STAT2-IRF9 complexes, these homodimers then translocate to the nucleus 
239,240

, where they 

bind IFN-γ-activated site (GAS) elements that exist in the promoter region of certain IFN-
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stimulated genes (ISGs). This binding then initiates transcriptions of these genes.  It is by this 

mechanism that IFNs are able to induce the expression of hundreds of genes, which can then in 

turn mediate a range of biological responses 
241

.  It should be noted, however, that while this 

pathway refers to type I IFN binding to the IFNAR, a similar process occurs with type II IFN 

(IFN-), where it binds to the IFNGR receptor (heterodimer made up of IFNGR1 and IFNGR2).  

They then signal through the JAK1 and JAK2 pathway and phosphorylate STAT1 homodimers, 

which form γ-activated factors (GAFs) 
242

.  (Note: STAT2 can therefore only be activated by 

type I IFNs.) 

The JAK/STAT pathway can be hindered, thereby negatively regulating type I IFN 

signalling, in several different ways.  Competitive binding of STATs on cytokine receptors, or on 

JAKs, by proteins called suppressors of cytokine signalling (SOCS) 
243

, can inhibit STAT 

phosphorylation 
244

.  Alternatively, the STAT1 binding sites on DNA can be blocked by protein 

inhibitors of activated STAT (PIAS) 
245

, thereby inhibiting transcription of ISGs.  The IFNAR is 

not specific to IFN secreted from its own cells, allowing for simultaneous autocrine and 

paracrine actions. 

Much more rarely, this pathway can be inhibited by a genetic STAT1 deficiency. Dupuis 

et al (2003) reported on two unrelated infants with homozygous STAT1 allelic mutations.  Both 

infants died of viral infection.  This group noted that both infants had neither of the STAT1-

containing complexes ISGF3 nor GAF activated in response to IFN- or -, which was shown in 

vitro.  These situations, where STAT1-mediated IFN responses were lacking, reaffirm the 

antiviral properties of IFN in vivo in humans, further showing the crucial role of IFN 
246

. 
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Figure 2- JAK/STAT pathway 

 

 

2.6 Cytokine Storms and Clinical Relevance 

PAMPs or DAMPs binding to PRRs, as previously discussed, can induce the production 

of cytokines, including but not limited to IFN.  In addition to viral or bacterial pathogens, mimics 

that bind to the same PRRs could have the same effect.  For example, imiquimod (an immune 

response modifier with potent antiviral and antitumour properties 
82–85

) is thought of as a viral 

mimic because, like its viral counterparts, it can ligate TLR7 
74,80–82

.  However, these cytokines 

can sometimes become dysregulated, representing an overabundant and potentially harmful 

immune response.  The resulting effect is termed a cytokine storm, which often manifests in 
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shock-like signs and symptoms.  This toxic problem has been known to be associated with many 

different clinical diseases, including but not limited to avian influenza virus-derived acute lung 

damage 
247

, severe acute respiratory syndrome (SARS) from coronavirus 
248

, Staphylococcus 

aureus and other bacteria associated with toxic shock syndrome 
249

, multiple sclerosis (and other 

non-infectious pathologies such as graft-vs-host disease) 
250

, 
251

, and unwanted side-effects from 

some therapies 
252

.  In the case of acute pancreatitis, for example, there are three phases of 

disease progression: 1. local injury; 2. systemic response; and 3. generalized sepsis 
253

.  While in 

some cases the latter phases are not reached, if there exists an imbalance between the pro-

inflammatory and anti-inflammatory responses mediated by various cytokines (e.g. during an 

overproduction of any of these cytokines), the patient is at risk of both local tissue and distant 

organ destruction 
253

.  Preliminary data implicate the IFN/IFNAR signalling pathway in the 

regulation of various cytokines, which could be important in avoiding or recovering from any of 

these pathologies (Walsh, Rasiuk, and Bridle, unpublished). 

Further, IFN- has even been shown to be effective in combating some diseases 

including hepatitis B and C 
254

, and coronavirus-induced SARS in macaques 
255

.  To this end, a 

group in Toronto, Canada ran a study to look at the use of these IFN- treatments in SARS-

related murine coronavirus (MHV-I) 
256

, and demonstrated IFN-inducible disease resolution. 

While signalling through the IFNAR has indeed been associated with some cytokine 

regulation, its direct role in cytokine storms remains unknown. 

 

3. Summary and Future Directions 

The IFNAR is a uniquely interesting receptor to investigate because as described by 

Thomas et al in 2011, this single structure allows 16 different type I IFNs to signal through it, 
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and mediate their varying biological effects 
257

.  However, the mechanism behind this remains 

unknown 
258

.  Through both in vitro and in vivo modeling, the specific role of the IFNAR in the 

regulation of cytokines will be addressed.  The hope remains that with any new mechanistic 

knowledge, cytokine-caused pathologies will be better understood and the potential for more 

direct and successful treatments will be possible. 
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Chapter 2: The Role of Type I Interferon Signalling in 

Regulating Cell Survival, Proliferation, and Cytokine 

Production in Antigen-Presenting Cells 
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Introduction 

 

 
Viruses are the most profuse biological entities on Earth 

259
.  There are millions of 

different types and subtypes 
260

, which are separated into groups based on their genomes and 

methods of viral mRNA synthesis, and they can be found in almost every ecosystem on the 

planet 
261

.  While more recent research implicates viruses in the treatment of diseases such as 

cancer by selectively destroying tumour cells (i.e. oncolytic viruses) 
262

, viruses have long been 

studied and recognized for their ability to infect and cause disease in their hosts.  To combat 

these invasive microbes, the host immune system employs both their innate (within hours) and 

adaptive (within days to weeks) arms in an attempt to distinguish between non-dangerous self 

and dangerous non-self 
263

 and clear these foreign infectious agents. 

Key players in mounting an appropriate immune response are antigen-presenting cells 

(APCs).  This group of cells includes both macrophages and dendritic cells (DCs), which mature 

upon encountering dangerous antigens and are then able to migrate from the periphery to T cell-

rich secondary lymphoid tissues 
93

.  APCs are able to sense pathogen-associated molecule 

patterns (PAMPs) via ligation of pattern recognition receptors (PRRs) both on their surface (e.g. 

for extracellular bacteria) and intracellularly (e.g.for viruses). 

As an initial method of host cell defense upon the ligation of PRRs such as Toll-like 

receptors (TLRs) by the viral PAMPs, cells are able to initiate a signalling cascade which 

produces a set of cytokines known as type I interferons (IFNs).  These type I IFNs include IFN 

and IFN, and are detected by cells that express the heteromeric IFN/ receptor (IFNAR).  IFN 

has the ability to fight viral infection both directly, by inhibiting viral replication in infected 

cells, and indirectly, by stimulating the adaptive immune response 
264

.  The stimulation of the 
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IFNAR pathway leads to the production of IFN-stimulated genes (ISGs) 
265

, which counteract 

viruses by reducing protein translation, sensitizing infected cells to apoptosis, and decreasing 

gene transcription. 

Due to our interest in the biology of rhabdoviridae, this study focused on the PRRs TLR4 

and TLR7, both of which have been implicated in the response to this family of viruses 
266,267

.  

Five different subsets of murine bone marrow-derived APCs were stimulated with 

lipopolysaccharide or imiquimod to ligate TLR4 and TLR7, respectively.  These stimulants are 

known to enhance the production of many cytokines other than IFN, including IL-1, IL-6, IL-

12, and TNF 
268

, all of which play critical roles in response to viruses.  For example, TNF is 

involved in systemic inflammation and plays a key role in the induction of apoptosis 
269

.  IL-12 

produced by macrophages is essential in the development of a CD4
+
 T helper immune response 

from naïve T cells 
270

.  IL-6 is a pro-inflammatory cytokine, which has been shown to have a 

pivotal role in transitioning between the initial innate immune response to the more long-term, 

adaptive immune response, as well as being necessary for T cell recruitment 
271

.  IL-1 helps to 

upregulate the production of TNF 
272

, and helps to initiate an inflammatory response. 

To evade these IFN-induced antiviral mechanisms and survive in their hosts, viruses use 

a plethora of strategies to downregulate the production of type I IFNs and/or the expression of 

IFNAR and/or downstream signalling components.  Thus, this study sought to examine the 

importance of signalling through the IFNAR in the regulation of these key cytokines (i.e. IL-1, 

IL-6, IL-12, and TNF), which might play a significant role in an array of clinical conditions 

associated with dampened signalling through the IFNAR.  We hypothesized that downregulation 

of signalling through the IFNAR during ligation of PRRs would result in dysregulation of 

cytokines by APCs.  This study also provides a cell-based model for the discovery of molecular 
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mechanisms controlling cytokine responses to facilitate the identification of strategies to 

modulate inflammation and cytokines during viral infection. 
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Materials and Methods 
 

Mice 

The Animal Care Committee at the University of Guelph approved all procedures 

involving mice, which conformed to the guidelines and policies of the Canadian Council on 

Animal Care.  Wildtype C57BL/6 mice (Charles River Laboratories, strain #027) were housed at 

the Ontario Veterinary College Isolation Unit, University of Guelph, and were donors of bone 

marrow to facilitate the culturing of various types of APCs.  Type I Interferon Receptor knockout 

mice on the C57BL/6 genetic background were kindly provided by Drs. Ali Ashkar and 

Yonghong Wan (McMaster Immunology Research Centre, Hamilton, Ontario, Canada), with the 

permission of the original provider, Dr. Laurel Lenz (University of Colorado School of 

Medicine). 

 

 

Antigen-Presenting Cell Cultures 

All cells were cultured in a humidified incubator at 37°C with 5% CO2. To derive five 

different APC subsets, bone marrow was harvested from euthanized donor wildtype or IFNAR
-/-

 

mice and cultured using three distinct protocols.  The tibias and femurs were the primary sources 

of marrow, with the humerus representing a viable secondary source if greater cell numbers were 

required.  Once the intact bones had been removed from the body and excess fat and muscle 

removed, they were sterilized in 70% ethanol for 10 minutes.  They were then given five minutes 

to air dry, their ends were clipped off, and they were then flushed with media by a 23-gauge 

needle to expel the marrow into a petri dish.  The marrow was gently pushed with the plunger of 

a 1mL syringe to generate a single-cell suspension prior to lysis of red blood cells with ACK 
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lysing buffer (8.29g NH4CL, 1g KHCO3, 37.2mg NA2EDTA (Fisher Scientific, Nepean, ON, 

CA, cat. #A649500, #P184-500, #BP120500) in 1L H20, pH 7.2-7.4 and filter-sterlized) These 

cells were then differentiated into either dendritic cells or macrophages in complete RPMI 1640 

media (Fisher Scientific, Nepean, ON, CA, cat. #SH3002701) supplemented with 10% heat-

inactivated bovine calf serum (Fisher Scientific, Nepean, ON, CA, cat. #SH3007303), pen/strep 

(Fisher Scientific, Nepean, ON, CA, cat. #SV30010), L-glutamine (Fisher Scientific, Nepean, 

ON, CA, cat. #SH30034.01) 2-Mercaptoethanol (Gibco, Life Technologies, 21985-023)..  While 

there has been no clear consensus in the literature to date regarding the culture of hematopoietic 

stem cells into these APCs, we optimized seven-day protocols to achieve this goal.  To 

differentiate bone marrow into inflammatory dendritic cells (iDCs), bone marrow-derived cells 

were plated on day zero at a concentration of 1.0 x 10
6
/mL with 20ng/mL recombinant murine 

GM-CSF (eBioscience, San Diego, CA, USA, cat. #34-8331-85).  On day two, one third of the 

total volume of media, supplemented with 10ng/mL of GM-CSF and 10ng/mL of recombinant 

murine IL-4 (eBioscience, San Diego, CA, USA, cat. #34-8041-82) was added to the plates.  On 

day five, one third of the media was removed, with the cells pelleted by centrifugation, and then 

resuspended in fresh media containing cytokines and replaced onto the original plates.  To 

differentiate bone marrow into CD8
+
 cDCs, CD8

-
 cDCs, and pDCs, cells were plated at a 

concentration of 2.0 x 10
6
 cells/mL.  The protocol was followed as described above, but instead 

of GM-CSF and IL-4, the cytokine recombinant murine Flt3L (eBioscience, San Diego, CA, 

USA, cat. #34-8001-82) was added to the medium at a concentration of 200ng/mL.  Bone 

marrow was differentiated into macrophages by culturing in the complete RPMI noted above 

with the addition of 10% L929 cell-conditioned medium.  Conditioned medium was replaced two 
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and five days after plating.  All cells were harvested by scraping, and could subsequently be used 

for analysis by flow cytometry or adoptive transfer into mice. 

 

 

Trypan Blue Dye Exclusion Test 

To quantify cells, 10uL of cell suspension was mixed with 10uL of trypan blue dye (Life 

Technologies, Burlington, ON, CA, cat. #15250-061) then counted using an improved Neubauer 

hemocytometer, or an automated TC-20 cell counter (Bio-Rad, Mississauga, ON, CA, cat. 

#1450102). 

 

 

Blocking IFNAR 

To block signalling through the IFNAR, cells were treated with anti-mouse interferon 

alpha/beta receptor 1 (IFNAR1) (Leinco Technologies, St. Louis, MO, USA, cat. #I-401) at a 

concentration of 10ug/mL for one hour prior to any downstream treatments.  This antibody binds 

and blocks IFNAR without causing downstream signalling.  To find the optimal length of 

antibody pretreatment, a time-course experiment was performed, with lengths including one 

hour, 12 hours, 24 hours, 36 hours, and 48 hours (data not shown). As no significant difference 

was observed between these time points, a one-hour pretreatment was deemed sufficient for 

IFNAR blockage.  Inhibition of signalling through the IFNAR was verified by Western Blot 

analysis (see Figure 5). 
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Adoptive Cell Transfer, Tracking Cells In Vivo, and Assessment of Proliferation 

To analyze the proliferation of cells both in vitro and in vivo, cells were stained using 

Violet Proliferation Dye 450 (VPD450) (BD Biosciences, San Diego, CA, USA, cat. #562158).  

Single-use aliquots of the dye were prepared in dimethyl sulfoxide (DMSO) (Fisher 

BioReagents, Nepean, ON, CA, cat. #D128-500) at a concentration of 1mM and stored in an 

ultra-low temperature freezer.  Cells were pelleted by centrifugation at 500xg and the cell pellet 

was washed twice in phosphate-buffered saline (PBS) (Fisher Scientific, Nepean, ON, CA, cat. 

#SH3025601).  The cells were then resuspended in PBS at a concentration of 10-30 x 10
6
/mL.    

1uL of VPD450 was added per mL of cells before being incubated in a 37°C water bath for 10-

15 minutes.  Nine times the original volume of PBS was added to the cells and they were then 

pelleted by centrifugation.  For adoptive transfer experiments, cells were washed a second time 

in PBS, counted, and resuspended in PBS at the desired concentration prior to infusion into mice 

via the tail vein.  For assessment of in vitro responses to various stimuli, cells were washed once 

in complete RPMI medium and re-plated.  A sample was analyzed by flow cytometry at the time 

of re-plating or just prior to adoptive transfer to assess the baseline staining. 

For the adoptive cell transfer experiments, the VPD450 was used to distinguish infused 

from endogenous cells.  For analysis of transferred cells, orbital blood samples were acquired at 

various time points and analyzed by flow cytometry.  The transferred cells could be identified by 

their VPD450 staining.  Dilution of VPD450 was indicative of proliferation. 
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Western Blotting 

Cell Culture 

To assess antibody-mediated blocking of signalling through the IFNAR by Western 

blotting, an immortalized antigen-presenting cell line (DC2.4s, kindly provided by Dr. 

Yonghong Wan, McMaster Immunology Research Centre) was cultured in complete RPMI 1640 

medium as described above.  To analyze inhibition of signalling through the IFNAR, Western 

Blot analysis showing a reduction of phosphorylated STAT1 in these DC2.4s stimulated with 

recombinant IFN- (a kind gift from Dr. Brian Lichty, McMaster Immunology Research Centre) 

was performed as described below. 

 

Harvesting Cell Lysates 

After DC2.4 cells reached ~80% confluency, their proteins were harvested for analysis by 

Western Blotting.  The plates were scraped with rubber cell scrapers, and the cells were pelleted 

by centrifugation at 4°C.  The pellets were resuspended on ice in 200uL 

Radioimmunoprecipitation assay buffer supplemented with sodium orthovanadate (1:1000), 

phenylmethanesulfonylfluoride (1:1000), and protease/phosphotase inhibitor (1:100) (Sigma-

Aldrich, Oakville, ON, CA, cat. #P2714-1BTL).  The mixture was incubated on ice for 10 

minutes, then spun at 14000g for 15 minutes at 4°C to separate the cell debris from the protein.  

The supernatant was then collected and kept at -20°C until needed for analysis with Bradford 

Assay. 
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Bradford Assay 

To quantify the protein in cell lysates for Western Blotting, a Bradford Assay was 

performed.  Seven protein standards were prepared fresh with 1ug/uL Bovine Serum Albumin 

(Fisher Scientific, Nepean, ON, CA, cat. #BP-1600-1), DNAse/RNAse free water (Fisher 

Bioreagents, Nepean, ON, CA, cat. #BP2484-100) and Bradford Reagent (Bio-Rad, Mississauga, 

ON, CA, cat. #500-0205) to the final concentrations of 0, 1, 5, 10, 15, 25, and 50 ug/mL.  

Samples were prepared with 795uL of water, 200uL of Bradford reagent, and 5uL of cell lysate.  

Each standard and sample was plated in duplicate in a 96-well round-bottom plate (Nunc, Fisher 

Scientific, Nepean, ON, CA, cat. #12-565-65) (200uL per well).  Absorbance was then measured 

on a plate reader (GloMax Multi-detection system, Promega, Madison, WI, USA) at a 

wavelength of 595nm.  Duplicates were averaged and the blanked standard was subtracted from 

each sample.  The absorbance values of standards were plotted versus their known protein 

concentrations to obtain a trend line and an associated equation.  This equation was then used to 

determine the protein concentration of each test sample, and thus the required volume to provide 

equal protein amounts in Western blots. 

 

Sample Preparation and Polyacrylamide Gel Electrophoresis (PAGE) 

Samples were prepared with 80ug of protein (required volume determined via Bradford 

Assay) and water, to a total volume of 20uL.  They were then pulsed with 4uL of 6x loading 

buffer (supplemented with 2-mercaptoethanol).  Samples were subsequently placed on a heat 

block at 90°C for five minutes then vortexed.  Samples were ran immediately, or stored in -20°C 

freezer for running at a later date.  For analysis, prepared samples and ladder (PiNK Plus 

Prestained Protein Ladder, FroggaBio, Toronto, ON, CA, cat. #PM005-0500) were run on a 10% 
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sodium dodecyl sulfate (SDS) PAGE gel at 120-130 V for 1-1.5 hours as per standard Western 

Blotting protocol. 

 

Transfer, Blocking, Incubation with Antibodies and Substrate Incubation (ECL) 

After gel electrophoresis, protein was transferred to polyvinylidene fluoride membranes 

(VWR, Mississauga, ON, CA, cat. #CA28148-752) at 100 V for one hour, before being blocked 

for one hour in blocking buffer (5% skim milk in TBST (1x Tris-buffered saline, Fisher 

Bioreagents, Nepean, ON, CA, cat. #BP-2471-1, + 250uL Tween20, MP Biomedicals, Solon, 

OH, USA, cat. #194841)).  The two primary antibodies used for our purposes were phospho-

STAT1 rabbit mAb (Y701) (Cell Signaling Technology, cat. #7649L), and STAT1 rabbit mAb 

(Cell Signaling Technology, cat. #9175L) to measure levels of phosphorylated STAT1 and 

native STAT1 in the same samples, respectively.  Both antibodies were diluted 1:1000 in 5% 

skim milk and gently rocked overnight at 4°C.  After three 10-minute washes in TBST, 

membranes were rocked for one hour at room temperature in secondary antibody, diluted 

1:10000 in 5% skim milk (horseradish peroxidase-conjugated goat anti-rabbit IgG, Life 

Technologies, Burlington, ON, CA. cat. #621040).  Secondary was washed off with three 10-

minute washes in TBST before imaging.  To image, membranes were carefully placed on an 

overhead sheet and incubated with enhanced chemiluminescence (ECL) solution (Luminata 

Forte Western HRP Substrate, Millipore Corp, Billerica, MA, USA, cat. #WBLUF0100) for one 

minute before their image was recorded using a ChemiDoc system (Bio-Rad, Mississauga, ON, 

CA). 
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Loading Control 

To show that equal quantities of protein were loaded, membranes were reblocked and 

stained using an actin-specific antibody (Actin I-19, goat polyclonal IgG, Santa Cruz 

Biotechnology, Dallas, TX, USA, cat. #sc-1616) at a dilution of 1:2000 in blocking buffer 

overnight at 4°C.  The rest of the protocol was carried out as per standard Western Blotting 

procedure described above.  The secondary antibody used was horseradish peroxidase-

conjugated rabbit anti-goat IgG (H+L) (Invitrogen, Frederick, MO, USA, cat. #611620) diluted 

1:10000 in 5% skim milk. 

 

 

Blood Collection and Processing 

Microtubes (1.5mL, Fisher Scientific, Nepean, ON, CA, cat. #05408129) were labeled 

and filled with 5uL of sterile heparinized blood collection buffer (3ug heparin, Sigma-Aldrich, 

Oakville, ON, CA, cat. #H3149-100KU, per mL of Hank’s Buffered Salt Solution, Fisher 

Scientific, Nepean, ON, CA, cat. #SH3003101) to inhibit clotting.  Mice were anesthetized with 

isoflurane (Fresenius Kabi Animal Health, Richmond Hill, ON, CA, cat. #CP0406V2) and blood 

was collected from the retro-orbital sinus.  Total blood volume was measured so that absolute 

cell numbers could be calculated.  Microtubes were then centrifuged at 1500xg for 10 minutes to 

collect plasma for future analysis (stored long-term at -80°C).  The blood cells were transferred 

to Falcon round-bottom polystyrene tubes (Fisher Scientific, Nepean, ON, CA, cat. #149595) in 

2mL ACK lysing buffer for five minutes at room temperature, followed by dilution of the lysing 

buffer with media.  Cells were then pelleted by centrifugation and the lysing procedure repeated 
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one more time to ensure removal of most red blood cells.  Once red blood cells were lysed, the 

samples were analyzed by flow cytometry.  

 

Flow Cytometry: Phenotypic Staining of Cells 

To assess their phenotype, cells were pelleted by centrifugation at 524xg for five minutes.  

They were then resuspended in 200uL FACS buffer (0.5% bovine serum albumin, Fisher 

Scientific, Nepean, ON, CA, cat. #BP1600100) in PBS) and transferred to a 96-well U-bottom 

plate.  After centrifugation, pellets were resuspended in 50uL of Fc block solution (1:200 in 

FACS buffer; anti-CD16/32, BD Biosciences, San Diego, CA, USA, cat. #553142) and 

incubated for 10 minutes at 4°C.  Samples were then topped up with 150uL FACS buffer, 

centrifuged, and resuspended in 25uL surface-staining antibody solution in FACS buffer (see 

Table 6).  Antibodies used were: CD11c-PE-Cy7 (eBioscience, San Diego, CA, USA, cat. #25-

0115-82), CD11b-eFluor450 (eBioscience, San Diego, CA, USA, cat. #48-0112-82), F4/80-FITC 

(eBioscience, San Diego, CA, USA, cat. #11-4801-85), CD45RA-biotin (BD Biosciences, San 

Diego, CA, USA, cat. #557460), Streptavidin-APC-Cy7 (BD Biosciences, San Diego, CA, USA, 

cat. #554063), CD8a-BV510 (BD Biosciences, San Diego, CA, USA, cat. #563068).  They were 

then incubated for 20 minutes at 4°C and then washed twice in 200uL FACS buffer.  Samples 

were then resuspended in 200uL FACS buffer, filtered with nylon mesh (Elko Filtering Co., 

SWI, cat. #03-48/31), and then analyzed using a 3-laser FACSCanto II flow cytometer (BD 

Bioscience, San Diego, CA, USA). 
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Flow Cytometry: Intracellular Cytokine Staining 

After the phenotypic staining described above, cells could be stained further to assess 

production of cytokines.  Twelve hours prior to harvesting cells, brefeldin-A (GolgiPlug, BD 

Biosciences, San Diego, CA, USA, cat. #555028) was added at a concentration of 1:1000.  After 

cells were harvested and stained to assess their phenotype, they were washed in 100uL PBS, then 

incubated at 4°C for 30 minutes in 100uL of fixable viability dye (1:1000 in PBS) (Fixable 

Viability eFluor-780, eBioscience, San Diego, CA, USA, cat. #65-0865-18) and washed again in 

PBS.  Cells were then incubated at 4°C for 20 minutes in 50uL of Cytofix/Cytoperm (BD 

Biosciences, San Diego, CA, USA, cat. #555028) and washed in PermWash buffer (BD 

Biosciences, San Diego, CA, USA, cat. #555028).  Fixed and permeabilized cells were stained 

with cytokine-specific antibodies (see Table 6) for 20 minutes at 4°C, diluted in PermWash 

buffer.  These included TNF--PE (eBioscience, San Diego, CA, USA, cat. #12-7321-82), IL-

12-eFluor660 (eBioscience, San Diego, CA, USA, cat. #50-7123-82), IL-6-APC (BD 

Biosciences, San Diego, CA, USA, cat. #561367), and IL-1-PE (eBioscience, San Diego, CA, 

USA, cat. #12-7001-82).  The samples were then resuspended in 200uL FACS buffer, filtered, 

and then analyzed by flow cytometry. 

 

 

Kinetic Assessment of Cytokine Production by Cells 

To evaluate the changes of cytokine production in various cell types over time, a 60-hour 

time course experiment was carried out.  APCs were differentiated from bone marrow and plated 

(as described in “Antigen-Presenting Cell Cultures”).  On day six of differentiation, half of the 

samples were given a one-hour pretreatment with IFNAR-blocking antibody, then either left 
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unstimulated, or stimulated with lipopolysaccharide (LPS) or imiquimod (2ug/mL and 1ug/mL, 

respectively) (Sigma-Aldrich, Oakville, ON, CA, cat. #L2880-10MG, #I5159-200MG) for five 

hours; this represented “time zero” for the time-course experiment.  At time zero the first group 

of samples were given brefeldin-A to begin collecting cytokines.  At hour 12, the first group of 

samples was harvested via cell scraping for phenotypic/intracellular cytokine staining. Also at 

hour 12, the second group of samples was given brefeldin-A to begin their window of cytokine 

collection.  At hour 24, the second group of samples was harvested for staining, and the third 

group was given brefeldin-A.  The five groups were carried out this way until all five 12-hour 

windows up to 60 hours post-stimulation were covered.  Both the percentage of cells producing 

cytokine, and the amount of cytokine produced per cell (mean fluorescence intensity, MFI) were 

determined using FlowJo.v.10 and graphed using Graphpad Prism6. 

 

 

Multi-Analyte Detection of Total Cytokine Concentration 

Due to the changing numbers of cells producing cytokine, as well as the amount of 

cytokine produced per cell, a ProcartaPlex Multiplex Immunoassay (ProcartaPlex Mouse Basic 

Kit, eBioscience, San Diego, CA, USA, cat. #EPx010-20440-901) was performed to quantify the 

total concentration of cytokine produced per sample.  APCs were differentiated from bone 

marrow and plated (as described above).  On day six of differentiation, half of the samples were 

given a one-hour pretreatment with IFNAR-blocking antibody, then either left unstimulated, or 

stimulated with LPS or imiquimod (2ug/mL and 1ug/mL, respectively).  Supernatants were 

collected at 24 and 72 hours post-stimulation and stored in an ultra-low temperature freezer until 

analyzed.  A Procarta multi-plex cytokine panel was designed by combining single-plex kits for 
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the following: TNF, IL-12, IL-6, and IL-1 (eBioscience, San Diego, CA, USA, cat. #EPX010-

20607-901, # EPX010-26033-901, #EPX010-20603-901, #EPX010-20611-901 respectively).  

The custom multi-plex assay was used to quantify cytokines as per the manufacturer’s 

instructions.   

 

Temporal Assessment of Survival and Proliferation in vitro 

To study the role that IFNAR signalling plays in cell survival and proliferation, APCs 

were differentiated from wildtype bone marrow and then stained with VPD450; cells were split 

in two, with one set receiving a one-hour pretreatment with IFNAR-blocking antibody before 

stimulation.  Samples were then divided into three groups, for analysis at 24, 48, and 72 hours 

post-stimulation.  One sample with and one sample without the blocking antibody was saved for 

flow cytometric analysis pre-stimulation (“time zero”) to assess baseline staining with VPD450.  

All other samples were either left unstimulated, or stimulated with LPS or imiquimod (2ug/mL 

and 1ug/mL respectively) at time zero.  For the next three consecutive days (time 24, 48, 72 

hours post-stimulation), one group of each APC culture type was harvested and stained using an 

Annexin V Apoptosis Detection Kit (eBioscience, cat. #88-8005-74) as per the manufacturer’s 

protocol.  7-AAD (eBioscience, cat. #00-6993-50) was used to assess viability.  The Flt3L-

cultured cells received additional staining with CD11c-PE-Cy7, CD45RA-biotin, streptavidin-

APC (eBioscience, San Diego, CA, USA, cat. #17-4317-82), and CD8a-BV510, to allow for 

identification of the CD8
+
 cDCs, CD8

-
 cDCs, and pDCs subsets. 
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Temporal Assessment of Survival and Proliferation in vivo 

To study the role that IFNAR signalling plays in cell survival and proliferation in an 

animal model, splenocytes were harvested from both wildtype and IFNAR
-/-

 mice.  These cells 

were stained with Violet Proliferation Dye 450 as per the manufacturer’s protocol, and injected 

intravenously (tail vein; day 0) into wildtype C57BL/6 mice (three mice received wildtype cells, 

three mice received IFNAR
-/-

 cells, and four mice received PBS) at a dose of 50 million cells per 

mouse.  On day one, mice were infected with 1 x 10
9 

plaque-forming units (PFU) of vesicular 

stomatitis virus (VSV) with a deletion of methionine at position 51 of the matrix protein (kindly 

provided by Dr. Brian Lichty, McMaster University).  This virus is a well-characterized, highly 

attenuated recombinant laboratory strain of VSV that is impaired in its ability to block the 

production of type I IFNs.  Orbital blood samples were taken and processed on days 0, 1, 3, 7, 

and 14 to analyze cell numbers over time. 

 

Data Analysis and Statistics 

 Analysis of flow cytometry was done using FlowJo v.10 Single Cell Analysis Software 

(Tree Star Inc, San Carlos, CA, USA).  Untreated background levels for the proportion of cells 

producing cytokines were subtracted from all samples for each replicate.  Means and standard 

error were graphed using Graphpad Prism v.6 (Graphpad Software Inc, La Jolla, CA, USA) and 

analyzed by repeated measure analysis of variance, with p<0.05 indicating significance. 
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Results 
 

Gating Strategy Shows Five Distinct APC Subsets 

 To identify iDCs in the groups cultured in the presence of GM-CSF/IL-4 using FlowJo 

software, a forward scatter (FSC) by side scatter (SSC) plot was used to eliminate non-

leukocytes.  The child population was then plotted on FSC-area by FSC-wide, then SSC-area by 

SSC-wide, to remove size outliers representing doublets: this ensured only single cells were 

subsequently analyzed.  The Fixable Viability-efluor780 was then plotted against FSC-area and 

the positive (dead) cells were removed.  These cells are known to be CD11c+CD11b+F4/80-, so 

the final population used for analysis is what is shown in Figure 4A.  Macrophages are 

distinguished by high levels of F4/80 and low-medium levels of CD11c, as shown in Figure 4B.  

The Flt3L cultures, which result in three distinct groups of APCs, were gated the same as the 

iDCs and macrophages until the step after dead cells are removed.  Then, the cells were plotted 

with CD45RA vs CD11c, and three distinct groups emerge. The double negative group is 

excluded.  The pDCs are positive for CD45RA, and the cells that are positive for CD11c and 

negative for CD45RA are the cDCs.  This can be seen in Figure 4C.  Then, the cDC group is also 

gated for CD8 vs FSC-area to confirm correct designation of CD8
+/-

 (not shown). 

 

Inhibition of IFNAR signalling demonstrated by decreased STAT1 phosphorylation 

 DC2.4s were stimulated with IFN- after administration of IFNAR-blocking antibody.  

Phospho-STAT1 levels were measured by Western Blot and compared to unstimulated control 

and IFN--stimulated control with functional IFNAR.  As shown in Figure 5A, the IFNAR-

blocked sample shows less phospho-STAT1, indicating successful blockage of downstream 

pathways.  Figure 5B indicates comparable levels of native STAT1 between samples, indicating 
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no endogenous differences.  A loading control is seen in Figure 5C.  This ability to block IFNAR 

allows for subsequent in vitro manipulation of this signalling pathway. 

 

In the absence of IFNAR signalling, cytokines were upregulated or downregulated by 

TLR4 and TLR7 stimulation, respectively.  

Our demonstrated ability to adequately block signalling through the IFNAR allowed us to 

analyze the role this signalling plays on cytokine production during the stimulation of either 

TLR4 or TLR7 in all five of our APC subtypes: iDCs, macrophages, CD8
+
 cDCs, CD8

-
 cDCs, 

and pDCs.  The proportion of cells producing TNFα, IL-12, IL-6, and IL-1α was measured and 

plotted with untreated control removed as background (Figures 6-15, where TNFα, IL-12, IL-6, 

and IL-1α are shown in panels A-D, respectively).  

Unsurprisingly, results differed between cell types, cytokines, and stimulation groups.  

The presence or absence of IFNAR had the greatest impact on cytokines in macrophages 

compared to the other cell types: all four cytokines were significantly upregulated in the absence 

of IFNAR signalling during TLR4 stimulation (Figure 8).  Contrastingly, TLR7 stimulation led 

to a significant decrease in production of both IL-6 and IL-1α in the cells lacking functional 

IFNAR signalling, and no significant change in levels of TNFα or IL-12 production (Figure 9).  

Similarly, TLR7 stimulation showed a significant decrease in IL-1α in CD8
- 

cDCs lacking a 

functional IFNAR compared to their counterparts with in tact signalling (Figure 13). 

While stimulation caused an upregulation of all cytokines in all cell types compared to 

unstimulated controls (with the exception of IL-12, IL-6, and IL-1α in IMQ-stimulated iDCs, 

Figure 9, and IL-1α in pDCs, Figure 15), the presence or absence of IFNAR signalling caused no 

other significant differences among the stimulated samples.  However, the addition of the 



 45 

IFNAR blocking antibody did cause an upregulation of cytokines compared to the untreated 

controls in the CD8
+
 cDCs when there was no stimulation present (Figures 10, 11).  As such, this 

IFNAR blockade may be increasing constitutive expression of these cytokines. 

 In summary, TLR4 stimulation by LPS led to either no change, or significant 

upregulations of cytokines in various cell types.  Contrastingly, TLR7 stimulation by IMQ led to 

either no change, or significant downregulations of cytokines.  These results led us to question 

how these levels of cytokines changed over an additional 48 hours of stimulation. 

 

Cytokine production differed between cells with and without IFNAR signalling at early 

time points in various APC subtypes (Figures 16-35) 

After observing the production of cytokines during the first 12-hour window after 

brefeldin-A administration, we sought to see if these changes were consistent up to 60 hours 

post-stimulation.  To observe these changes over time, five unique cell types (iDCs, 

macrophages, CD8
+
 cDCs, CD8

-
 cDCs, and pDCs) were stimulated as shown in Figure 3, with 

half of each group being given a pretreatment with an IFNAR-blocking antibody. Samples were 

collected every 12 hours in serial until all five windows of time up to 60hrs post-stimulation 

were collected. In addition to looking at the proportion of cells producing cytokines, we also 

analyzed the mean fluorescence intensity: that is, the amount of cytokine produced by cells that 

are producing cytokine.  As expected, differences were observed between cell types, stimulation 

groups, and cytokines measured.  

In iDCs, during LPS stimulation, IFNAR signalling had no effect on cytokine production 

with the exception of IL-12, which was upregulated across all time points in the absence of 

signalling (Figure 12).  Both TNFα and IL-1 reached their peaks during the 12-24 hour time 
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window in both stimulated samples (i.e. with and without IFNAR signalling).  All cytokines in 

stimulated samples gradually decreased by the final time point, with the exception of IL-12, 

which showed a slight increase between 48-60 hours in the LPS stimulated group lacking IFNAR 

signalling.  In the context of IMQ stimulation however (Figure 14), the IL-12 showed the least 

dependence on IFNAR signalling and trended upwards over time in both stimulated groups.  The 

IFNAR-blocked cells showed an upregulation of TNF during the first 12-hour window before 

normalizing, and less of an upregulation of IL-6 during the second 12-hour window (i.e. 12-24 

hours post stimulation).  Further, the presence or absence of IFNAR signalling played no role on 

the amount of cytokine produced per cell. 

As shown in previously described experiments (Figure 8), all cytokines in LPS-

stimulated macrophages were elevated during the first 12 hours when IFNAR signalling was 

blocked (Figure 20).  Further, TNFα and IL-6 were initially upregulated in the absence of 

signalling but both returned to lower levels at later time points.  IFNAR-blocked cells showed an 

initial upregulation in IL-12 production before dropping below the cells with functional IFNAR 

after the first 12 hours.  A greater proportion of cells produced IL-1α at all time points with 

IFNAR blockade (however, not the amount of cytokine per cell).  The only conditions that 

showed a significant change in MFI was the IL-12 production in LPS-stimulated macrophages, 

which showed a greater production in the absence of IFNAR signalling, before lowering to 

homeostatic levels after the first time point. 

In the CD8
+
 cDC populations, we observed no significant change in the proportion of 

cells producing any cytokine, in the context of both LPS and IMQ stimulation.  However, all 

cytokines during IMQ stimulation, and both TNF and IL-12 during LPS-stimulation, were 

produced at greater levels per cell when IFNAR signalling was undisturbed, in the 0-12 hour 
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window.  Further, the CD8
-
 cDCs were also shown to demonstrate some cytokine dysregulation 

when IFNAR signalling was blocked.  LPS stimulation did not significantly change cytokine 

production with the exception being IL-6, which showed increased levels without IFNAR 

signalling.  When IFNAR was blocked, IMQ stimulation led to a decrease in TNF between 12-

24 hours, decrease in IL-12 at the between 12-36 hours, decrease in IL-6 between 0-24 hours, 

and decrease in IL-1 between 12-36 hours.  However, the amount of cytokine produced per cell 

was unchanged among treatment groups.  Additionally, much like the CD8
-
 cDCs, LPS 

stimulation led to no significant difference between cells with functional and blocked IFNAR 

within the pDC group (Figure 28).  However, both stimulated groups showed a trend of 

increasing cytokine production over time.  IMQ stimulation caused a significant increase in IL-

12 and IL-6 during both the 12-24 and 24-36 hour time points in cells with IFNAR signalling in 

tact (Figure 30). However, the amount of cytokine produced per cell was unchanged among 

treatment groups (Figure 29, Figure 31).   

While some general trends could be seen in the proportion of cytokine-producing cells 

(i.e. IFNAR signalling blockage leading to an increase in cytokine during TLR4 stimulation and 

decrease in cytokine during TLR7 stimulation), the amount of cytokine produced per cell didn’t 

always match the same trends and thus net amounts of cytokines were unable to be quantified.  

To address this, we sought to measure total levels of cytokines using a multiplex cytokine assay. 

 

Multi-Analyte Detection of Total Cytokine Production (Figures 36-41) 

Using flow cytometry, we observed changes in both the numbers of cells producing 

cytokine as well as the amount of cytokine being produced per cell.  However, due to differences 

in starting numbers of cells, these were not wholly indicative of the net accumulation of 
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cytokines being produced.  Thus, a ProcartaPlex Multiplex Immunoassay (eBioscience) was 

performed to quantify the total production of TNF, IL-12, IL-6, and IL-1 at 24 and 72 hours 

post-stimulation with LPS or imiquimod. 

At 24 hours post-stimulation with LPS, all four cytokines were at a substantially greater 

concentration in iDC samples that did not undergo pretreatment with the IFNAR blocking 

antibody (Figure 32).  By 72 hours post-stimulation, all the samples had virtually no detectable 

cytokines.  Imiquimod, too, showed a greater quantity of cytokine in suspension at 24 hours post-

stimulation than 72 hours, albeit the upregulation was much less robust across all cytokines 

(Figure 33). 

In macrophages, TLR4 stimulation with LPS showed a drastic upregulation of all four 

cytokines at 24 hours.  The production of IL-1 was less substantial at 72 hours, although still 

detectable.  This cytokine upregulation was even further magnified when IFNAR signalling was 

impaired.  Il-6 production was so upregulated that it was outside of the observable range (Figure 

34).  In the imiquimod-stimulated cells, cytokine levels were higher at the later time point.  At 72 

hours post-stimulation, TNF, IL-12, and IL-6 all had a dampened production when IFNAR 

signalling was blocked.  Contrastingly, IL-1 was detected at such a low concentration that it is 

questionable whether it represents a significant response.  However, further replicates would be 

required to confirm or refute these observations (Figure 35). 

Because these samples were not phenotypically stained and analyzed by flow cytometry, 

the three subsets of DCs (CD8
+
 cDCs, CD8

-
 cDCs, pDCs) cultured with Flt3L were unable to be 

distinguished for individual analysis and were thus analyzed as one group.  These subsets have 

different properties and cytokine responses, so it is possible that this data is not indicative of any 

specific cell type.  Regardless, some changes of cytokine concentrations were still observed (see 
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Figure 36, Figure 37).  TNF-, IL-12, and IL-1 concentrations were all downregulated in the 

absence of IFNAR signalling in the context of both LPS (Figure 36A, B, D) and imiquimod 

(Figure 41A, B, D) signalling, and only at 72 hours post-stimulation.  In contrast, IL-6 showed 

the same trend with imiquimod (Figure 37 C), and at 24 hours in the LPS-stimulated samples, 

but a total dysregulation at 72 hours post-stimulation was seen in the LPS groups lacking IFNAR 

signalling (Figure 36C).  At 72 hours, the LPS-only was highly upregulated, and the sample 

lacking IFNAR signalling was even further upregulated to a level not detectable by our method 

of analysis. 

Interestingly, this net cytokine accumulation data did not always correlate with the 

apparent proportion of cells producing cytokine observed in the flow cytometry time course 

experiment.  For example, the IMQ-stimulated macrophages showed an increase in the 

proportion of IL-1-producing cells as time passed (Figure 18D), but the total cytokine levels 

measured were virtually undetectable at the later time points (Figure 35D).  Additionally, IMQ-

stimulated cDCs all had no change or decreasing IL-6 production over time (both proportion of 

cells producing, and amount being produced per cell) (Figure 22, Figure 23, Figure 26, Figure 

27, Figure 30, Figure 31) yet the total net levels of cytokine were substantially greater at the 72 

hour time point than at 24 hours (Figure 41C).  This led us to question whether the presence or 

absence of IFNAR signalling was affecting the actual number of cells producing cytokines: does 

IFNAR signalling play a role in regulating cell survival or proliferation?  

 

Annexin V/7-AAD Cell Death and Proliferation Assay 

To see if the observed cytokine levels were affected by differing numbers of cells 

between groups, an Annexin V apoptosis assay was carried out in conjunction with Violet 
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Proliferation Dye 450 staining in cells with and without IFNAR signalling, to observe the role 

that this receptor activation has on cell death and proliferation in vitro.  Five different cell types 

were cultured: iDCs, macrophages, CD8
+
 cDCs, CD8

-
 cDCs, and pDCs.  After pretreatment with 

an IFNAR blocking antibody and/or TLR4 or TLR7 stimulation, samples were harvested at 24, 

48, and 72 hours post-stimulation. At each time point, the samples were stained with Annexin V-

FITC as a marker for early apoptosis and 7-AAD as a cell death marker and analyzed by flow 

cytometry. Shown are the percentages of total cells undergoing early apoptosis during (A) LPS 

stimulation and (B) imiquimod-stimulation, and the percentage of total cells that are dead, either 

by apoptosis or necrosis following (C) LPS stimulation and (D) imiqiumod stimulation in iDCs 

(Figure 42), macrophages (Figure 43), and CD8
+
 cDCs (Figure 44), CD8

-
 cDCs (Figure 45), and 

pDCs (Figure 46).  Additionally, cells were counted by trypan blue dye exclusion.  Figures 47-49 

show both the total number of live cells, and the percentage of cells that are living following LPS 

or imiquimod stimulation.  

Few differences were seen in the number of cells undergoing early apoptosis with and 

without IFNAR signalling.  In the context of LPS stimulation, both iDCs (Figure 42) and 

macrophages (Figure 43) had significantly more cells undergoing apoptosis in the absence of 

functional IFNAR at the 48-hour time point, but returned to the wildtype levels by 72 hours post-

stimulation.  During IMQ stimulation, macrophages without IFNAR signalling showed less 

apoptosis by 72 hours post-stimulation (Figure 43B). CD8
- 

cDCs demonstrated the opposite 

phenomenon, with functional IFNAR signalling downregulating the number of cells undergoing 

early apoptosis (Figure 45).  The other cell types showed no significant difference regardless of 

the functionality of IFNAR signalling. 
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 By analyzing the percentage of cells that are positive for 7-AAD, we are able to assess 

the proportion of cells that have undergone apoptosis or necrosis. In the iDCs, macrophages, and 

pDCs (Figure 38, 43, 45), the absence of IFNAR signalling seemed to correlate with enhanced 

survival during TLR4 stimulation.  This was also seen in the manual cell counts shown in 

Figures 47, 48, and 49. IFNAR signalling played the opposite role in CD8
+
 cDCs (Figure 44), 

and made no discernible difference in CD8
-
 cDCs (Figure 45).  During TLR7 stimulation, an 

absence of IFNAR signalling only seemed to improve survival in the iDCs (Figure 42D).  

IFNAR signalling appeared to have a protective role on survival in macrophages, CD8
+
 cDCs, 

and CD8
-
 cDCs, and no impact on the survival of pDCs.   

The staining with VPD450 allowed for analysis of proliferative changes between cells 

with and without IFNAR signaling.  In iDCs during both TLR4 and TLR7 stimulation, blocking 

the IFNAR signalling pathway seemed to delay, but ultimately increase, the levels of 

proliferation (as shown by a shift to the left in the levels of VPD450 in Figure 50, indicating the 

diluting of the dye with further proliferations).  In macrophages (Figure 51), the TLR stimulant 

played a role on proliferation.  During TLR4 stimulation (Figure 51B), the presence of IFNAR 

signalling allowed for greater cell proliferation as compared to the cells with IFNAR blocking 

antibody.  Contrastingly, IFNAR signalling decreased the amount of proliferation cells 

underwent during TLR7 stimulation.  In flt3L-cultured CD8
+
 cDCs, CD8

-
 cDCs, and pDCs, no 

real differences in proliferation were observed between samples with and without functioning 

IFNAR signalling. The only difference if any at all, was perhaps a slight increase in proliferation 

in cells lacking IFNAR signalling in both TLR4 and TLR7 stimulation, although further 

replicates and statistical analysis are required to measure significance.  These small albeit 
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potentially differing responses left room to wonder how other cell types would respond to a lack 

of IFNAR signalling, and if that differed in an in vivo setting. 

 

Splenocyte Adoptive Transfer 

To observe how cells survived and proliferated over time with and without signalling 

through the IFNAR in the context of viral infection in vivo, splenocytes were harvested from 

both wildtype and IFNAR
-/-

 mice, stained with VPD450, and injected intravenously into 

C57BL/6 wildtype mice, before being challenged with VSV. Blood taken on days zero, one (pre-

VSV infection), three, seven, and 14 was used for flow cytometric analysis.  Blood volumes 

were recorded to allow conversions to absolute numbers.  Using flow cytometry and analysis 

with FlowJo software, the total splenocytes were measured, as well as B cell, T cell, and non-

B/non-T cell subsets.  These total measured events were converted to absolute numbers by 

dividing by the blood volume and multiplying by an adjustment factor (based on the 

physiological value in C57bl6 mice).  The cells were also categorized into VPD450+ and 

VPD450- subsets for each population, indicating the adoptively transferred cells and the 

endogenous cells respectively.  Once these absolute numbers were obtained, all the data were 

normalized to day zero averages, and the change in cell numbers where day zero is 100% were 

plotted over time, as depicted in Figure 55.  Severe leukopenia was seen on day one in the total 

splenocytes and all three subpopulations in all the mice that received adoptively transferred 

splenocytes.  Interestingly, in all four groups (i.e. total spenocytes, B cells, T cells, and non-

B/non-T cells), the splenocytes that lacked IFNAR signalling appeared to not be as susceptible to 

the observed die-off as the wildtype-derived cells, both endogenous and adopted.  By day three, 

all of the cell populations had rebounded to some degree from their leukopenia, with the 
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endogenous populations reaching almost to the same level as the naïve populations.  The 

exception to this, however, was seen in the B cell population, where the transferred cell far 

surpassed their original numbers, suggesting proliferation was taking place.  However, the 

IFNAR-blocked cells were unable to proliferate to the same degree as the wildtype-derived 

adoptively transferred cells. 
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Figures and Tables 
 

 

 
 

Figure 3 - Plate layout of in vitro treatment groups. Equal numbers of cells were grown in six 

35mm petri dishes as shown. The bottom row of plates was treated with 4.5ug/mL IFNAR 

blocking antibodies (Ab; Leinco Technologies) for one hour. Subsequently, the plates were 

either left unstimulated, or stimulated with 2ug/mL lipopolysaccharide (LPS) or 1ug/mL 

imiquimod (IMQ) as indicated above. 
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Figure 4 – Phenotypic gating strategy of antigen-presenting cells. Bone marrow was 

harvested from C57bl6 mice and cultured as previously described. During flow cytometric 

analysis, phenotypic markers were used to distinguish cell types. A) Starting with total cells, 

subtypes are separated into leukocytes, then doublets are removed, then dead cells are removed. 

B)  In GM-CSF/IL-4 cultured cells, the classical dendritic cell subset was defined as CD11c-PE-

Cy7
hi

, CD11b-eFluor450
mid

, F4/80-FITC
lo

 (left). In the L929-conditioned media-cultured cells, 

macrophages were defined as CD11b-eFluor450
hi

, F4/80
hi

 (centre). In the Flt3L-cultured cells, 

three cell subsets were gated as shown (CD8
+
 cDCs, CD8

-
 cDCs, pDCs) based on staining of 

CD11c-PE-Cy7, CD45RA-biotin coupled to streptavidin-eFluor450, and CD8a-BV510 (right). 

A) 

B) 
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Figure 5 – Blocking signalling downstream of the IFNAR. To impair IFNAR signalling in 

vitro, cells were treated with an IFNAR blocking antibody. To demonstrate its efficacy, a stable 

DC2.4 cell line was pre-treated with blocking antibody before being stimulated with IFNβ. These 

cells were compared to cells that had not received the blocking antibody. A western blot was 

performed to compare levels of (A) phosphorylated STAT1 and (B) native STAT1. (C) β-actin 

levels were used to assess protein loading. Expected mass of STAT1 and β-actin are 88kDA and 

42kDA, respectively. 
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Figure 6 – Cytokine production in LPS-stimulated inflammatory dendritic cells. Bone 

marrow-derived inflammatory dendritic cells from a C57BL/6 wildtype mouse that were 

differentiated with granulocyte macrophage-colony stimulating factor and interleukin-4 were 

split in two, with half receiving an IFNAR-blocking pretreatment. Cells were then left 

unstimulated, or stimulated with LPS.  The proportion of viable iDCs producing cytokines within 

the first 12 hours of stimulation were assessed by phenotypic and intracellular cytokine staining, 

followed by flow cytometric analysis. Means and standard error from three replicate experiments 

are shown. The untreated background was subtracted. Data were analyzed by repeated measure 

analysis of variance. *=p<0.05, between stimulated groups with and without IFNAR blocking. 

LPS-Stimulated iDCs 

Treatment group   

%
 P

o
si

ti
v
e 

ce
ll

s 


  

A) TNFα 

 
 A) TNFα  

D) IL-12 

 
 A) TNFα  

C) IL-6 

 
 A) TNFα  

B) IL-1α

 
 A) TNFα  



 58 

 
 

 

Figure 7 – Cytokine production in IMQ-stimulated inflammatory dendritic cells. Bone 

marrow-derived inflammatory dendritic cells from a C57BL/6 wildtype mouse that were 

differentiated with granulocyte macrophage-colony stimulating factor and interleukin-4 were 

split in two, with half receiving an IFNAR-blocking pretreatment. Cells were then left 

unstimulated, or stimulated with IMQ.  The proportion of viable iDCs producing cytokines 

within the first 12 hours of stimulation were assessed by phenotypic and intracellular cytokine 

staining, followed by flow cytometric analysis. Means and standard error from three replicate 

experiments are shown. The untreated background was subtracted. Data were analyzed by 

repeated measure analysis of variance. *=p<0.05, between stimulated groups with and without 

IFNAR blocking. 
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Figure 8 – Cytokine production in LPS-stimulated macrophages. Bone marrow-derived 

macrophages from a C57BL/6 wildtype mouse that were differentiated with L929 cell-

conditioned media were split in two, with half receiving an IFNAR-blocking pretreatment. Cells 

were then left unstimulated, or stimulated with LPS.  The proportion of viable macrophages 

producing cytokines within the first 12 hours of stimulation were assessed by phenotypic and 

intracellular cytokine staining, followed by flow cytometric analysis. Means and standard error 

from three replicate experiments are shown. The untreated background was subtracted. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 9 – Cytokine production in IMQ-stimulated macrophages. Bone marrow-derived 

macrophages from a C57BL/6 wildtype mouse that were differentiated with L929 cell-

conditioned media were split in two, with half receiving an IFNAR-blocking pretreatment. Cells 

were then left unstimulated, or stimulated with IMQ.  The proportion of viable macrophages 

producing cytokines within the first 12 hours of stimulation were assessed by phenotypic and 

intracellular cytokine staining, followed by flow cytometric analysis. Means and standard error 

from three replicate experiments are shown. The untreated background was subtracted. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 10 – Cytokine production in LPS-stimulated CD8
+
 classical dendritic cells. Bone 

marrow-derived CD8
+
 cDCs from a C57BL/6 wildtype mouse that were differentiated with fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS.  The proportion of 

viable CD8
+
 cDCs producing cytokines within the first 12 hours of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from two replicate experiments are shown. The untreated background was 

subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, between 

stimulated groups with and without IFNAR blocking. 
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Figure 11 – Cytokine production in IMQ-stimulated CD8
+
 classical dendritic cells. Bone 

marrow-derived CD8
+
 cDCs from a C57BL/6 wildtype mouse that were differentiated with fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with IMQ.  The proportion of 

viable CD8
+
 cDCs producing cytokines within the first 12 hours of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from two replicate experiments are shown. The untreated background was 

subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, between 

stimulated groups with and without IFNAR blocking. 
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Figure 12 – Cytokine production in LPS-stimulated CD8
- 

classical dendritic cells. Bone 

marrow-derived CD8
-
 cDCs from a C57BL/6 wildtype mouse that were differentiated with fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS.  The proportion of 

viable CD8
-
 cDCs producing cytokines within the first 12 hours of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from two replicate experiments are shown. The untreated background was 

subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, between 

stimulated groups with and without IFNAR blocking. 

LPS-Stimulated CD8- cDCs 
%

 P
o
si

ti
v
e 

ce
ll

s 


  

Treatment group   

B) IL-12 

 
 A) TNFα  

D) IL-1α

 
 A) TNFα  

A) TNFα 

 
 A) TNFα  

C) IL-6 

 
 A) TNFα  



 64 

 

 

 

Figure 13 – Cytokine production in IMQ-stimulated CD8
- 

classical dendritic cells. Bone 

marrow-derived CD8
-
 cDCs from a C57BL/6 wildtype mouse that were differentiated with fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with IMQ.  The proportion of 

viable CD8
-
 cDCs producing cytokines within the first 12 hours of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from two replicate experiments are shown. The untreated background was 

subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, between 

stimulated groups with and without IFNAR blocking. 
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Figure 14 – Cytokine production in LPS-stimulated plasmacytoid dendritic cells (pDCs). 

Bone marrow-derived pDCs from a C57BL/6 wildtype mouse that were differentiated with fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS.  The proportion of 

viable pDCs producing cytokines within the first 12 hours of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from two replicate experiments are shown. The untreated background was 

subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, between 

stimulated groups with and without IFNAR blocking. 
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Figure 15 – Cytokine production in IMQ-stimulated plasmacytoid dendritic cells (pDCs). 

Bone marrow-derived pDCs from a C57BL/6 wildtype mouse that were differentiated with fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with IMQ.  The proportion of 

viable pDCs producing cytokines within the first 12 hours of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from two replicate experiments are shown. The untreated background was 

subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, between 

stimulated groups with and without IFNAR blocking. 
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Figure 16 – Time course of LPS-stimulated inflammatory dendritic cells. Bone marrow-

derived iDCs from a C57BL/6 wildtype mouse that were differentiated with granulocyte 

macrophage-colony stimulating factor and interleukin-4 were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with LPS.  The 

proportion of viable iDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. The 

untreated background from time 0-12 was subtracted. Data were analyzed by repeated measure 

analysis of variance. *=p<0.05, between stimulated groups with and without IFNAR blocking.  
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Figure 17 – Mean Fluorescence Intensity: Time course of LPS-stimulated inflammatory 

dendritic cells. Bone marrow-derived iDCs from a C57BL/6 wildtype mouse that were 

differentiated with granulocyte macrophage-colony stimulating factor and interleukin-4 were 

split in two, with half receiving an IFNAR-blocking pretreatment. Cells were then left 

unstimulated, or stimulated with LPS.  The proportion of viable iDCs producing cytokines within 

consecutive 12 hour windows of stimulation were assessed by phenotypic and intracellular 

cytokine staining, followed by flow cytometric analysis. Means and standard error from three 

replicate experiments are shown. Data were analyzed by repeated measure analysis of variance. 

*=p<0.05, between stimulated groups with and without IFNAR blocking.  
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Figure 18 – Time course of IMQ-stimulated inflammatory dendritic cells. Bone marrow-

derived iDCs from a C57BL/6 wildtype mouse that were differentiated with granulocyte 

macrophage-colony stimulating factor and interleukin-4 were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with IMQ.  The 

proportion of viable iDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. The 

untreated background from time 0-12 was subtracted. Data were analyzed by repeated measure 

analysis of variance. *=p<0.05, between stimulated groups with and without IFNAR blocking.  
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Figure 19 – Mean Fluorescence Intensity: Time course of IMQ-stimulated inflammatory 

dendritic cells. Bone marrow-derived iDCs from a C57BL/6 wildtype mouse that were 

differentiated with granulocyte macrophage-colony stimulating factor and interleukin-4 were 

split in two, with half receiving an IFNAR-blocking pretreatment. Cells were then left 

unstimulated, or stimulated with IMQ.  The proportion of viable iDCs producing cytokines 

within consecutive 12 hour windows of stimulation were assessed by phenotypic and 

intracellular cytokine staining, followed by flow cytometric analysis. Means and standard error 

from three replicate experiments are shown. Data were analyzed by repeated measure analysis of 

variance. *=p<0.05, between stimulated groups with and without IFNAR blocking.  
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Figure 20 – Time course of LPS-stimulated macrophages. Bone marrow-derived 

macrophages from a C57BL/6 wildtype mouse that were differentiated with L929 cell-

conditioned media were split in two, with half receiving an IFNAR-blocking pretreatment. Cells 

were then left unstimulated, or stimulated with LPS. The proportion of viable macrophages 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking.  
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Figure 21 – Mean Fluorescence Intensity: Time course of LPS-stimulated macrophages. 

Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated 

with L929 cell-conditioned media were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS. The proportion of viable 

macrophages producing cytokines within consecutive 12 hour windows of stimulation were 

assessed by phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. 

Means and standard error from three replicate experiments are shown. Data were analyzed by 

repeated measure analysis of variance. *=p<0.05, between stimulated groups with and without 

IFNAR blocking. 
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Figure 22 – Time course of IMQ-stimulated macrophages. Bone marrow-derived 

macrophages from a C57BL/6 wildtype mouse that were differentiated with L929 cell-

conditioned media were split in two, with half receiving an IFNAR-blocking pretreatment. Cells 

were then left unstimulated, or stimulated with IMQ. The proportion of viable macrophages 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 23 – Mean Fluorescence Intensity: Time course of IMQ-stimulated macrophages. 

Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated 

with L929 cell-conditioned media were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with IMQ. The proportion of 

viable macrophages producing cytokines within consecutive 12 hour windows of stimulation 

were assessed by phenotypic and intracellular cytokine staining, followed by flow cytometric 

analysis. Means and standard error from three replicate experiments are shown. Data were 

analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups with 

and without IFNAR blocking. 
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Figure 24 – Time course of LPS-stimulated CD8
+
 classical dendritic cells. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with fms-like 

tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking pretreatment. 

Cells were then left unstimulated, or stimulated with LPS. The proportion of viable CD8
+
 cDCs 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 25 – Mean Fluorescence Intensity: Time course of LPS-stimulated CD8
+
 classical 

dendritic cells. Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with LPS. The 

proportion of viable CD8
+
 cDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 26 – Time course of IMQ-stimulated CD8
+
 classical dendritic cells. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with fms-like 

tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking pretreatment. 

Cells were then left unstimulated, or stimulated with IMQ. The proportion of viable CD8
+
 cDCs 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 27 – Mean Fluorescence Intensity: Time course of IMQ-stimulated CD8
+
 classical 

dendritic cells. Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with IMQ. The 

proportion of viable CD8
+
 cDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 28 – Time course of LPS-stimulated CD8
-
 classical dendritic cells. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with fms-like 

tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking pretreatment. 

Cells were then left unstimulated, or stimulated with LPS. The proportion of viable CD8
-
 cDCs 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 29 – Mean Fluorescence Intensity: Time course of LPS-stimulated CD8
-
 classical 

dendritic cells. Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with LPS. The 

proportion of viable CD8
-
 cDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 30 – Time course of IMQ-stimulated CD8
-
 classical dendritic cells. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with fms-like 

tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking pretreatment. 

Cells were then left unstimulated, or stimulated with IMQ. The proportion of viable CD8
-
 cDCs 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 31 – Mean Fluorescence Intensity: Time course of IMQ-stimulated CD8
-
 classical 

dendritic cells. Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with IMQ. The 

proportion of viable CD8
-
 cDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 32 – Time course of LPS-stimulated plasmacytoid dendritic cells. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with fms-like 

tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking pretreatment. 

Cells were then left unstimulated, or stimulated with LPS. The proportion of viable pDCs 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 33 – Mean Fluorescence Intensity: Time course of LPS-stimulated plasmacytoid 

dendritic cells. Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with LPS. The 

proportion of viable pDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 34 – Time course of IMQ-stimulated plasmacytoid dendritic cells. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with fms-like 

tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking pretreatment. 

Cells were then left unstimulated, or stimulated with IMQ. The proportion of viable pDCs 

producing cytokines within consecutive 12 hour windows of stimulation were assessed by 

phenotypic and intracellular cytokine staining, followed by flow cytometric analysis. Means and 

standard error from three replicate experiments are shown. The untreated background from time 

0-12 was subtracted. Data were analyzed by repeated measure analysis of variance. *=p<0.05, 

between stimulated groups with and without IFNAR blocking. 
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Figure 35 – Mean Fluorescence Intensity: Time course of IMQ-stimulated plasmacytoid 

dendritic cells. Bone marrow-derived macrophages from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with IMQ. The 

proportion of viable pDCs producing cytokines within consecutive 12 hour windows of 

stimulation were assessed by phenotypic and intracellular cytokine staining, followed by flow 

cytometric analysis. Means and standard error from three replicate experiments are shown. Data 

were analyzed by repeated measure analysis of variance. *=p<0.05, between stimulated groups 

with and without IFNAR blocking. 
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Figure 36 – Multiplex Cytokine Analysis of LPS-stimulated inflammatory dendritic cells. 

(n=1) Bone marrow-derived iDCs from a C57BL/6 wildtype mouse that were differentiated with 

granulocyte macrophage-colony stimulating factor and interleukin-4 were split in two, with half 

receiving an IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with 

LPS. Supernatants were collected at 24 and 72 hours post-stimulation and analyzed with a 

ProcartaPlex Multiplex Immunoassay (eBioscience). 

 

LPS-Stimulated iDCs 

Treatment group    

O
b
se

rv
ed

 C
o
n

ce
n
tr

at
io

n
 (

n
g
/m

L
) 


  

B) IL-12 

 
 A) TNFα  

D) IL-1α

 
 A) TNFα  

A) TNFα 

 
 A) TNFα  

C) IL-6 

 
 A) TNFα  



 88 

 
 

 

Figure 37 – Multiplex Cytokine Analysis of IMQ-stimulated inflammatory dendritic cells. 

(n=1) Bone marrow-derived iDCs from a C57BL/6 wildtype mouse that were differentiated with 

granulocyte macrophage-colony stimulating factor and interleukin-4 were split in two, with half 

receiving an IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with 

IMQ. Supernatants were collected at 24 and 72 hours post-stimulation and analyzed with a 

ProcartaPlex Multiplex Immunoassay (eBioscience).  
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Figure 38 – Multiplex Cytokine Analysis of LPS-stimulated macrophages. (n=1) Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

L929 cell-conditioned media were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS. Supernatants were 

collected at 24 and 72 hours post-stimulation and analyzed with a ProcartaPlex Multiplex 

Immunoassay (eBioscience). Vertical lines in bars indicate truncation: levels too high to be 

detected with our method. 
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Figure 39 – Multiplex Cytokine Analysis of IMQ-stimulated macrophages. (n=1) Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

L929 cell-conditioned media were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with IMQ. Supernatants were 

collected at 24 and 72 hours post-stimulation and analyzed with a ProcartaPlex Multiplex 

Immunoassay (eBioscience).  
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Figure 40 – Multiplex Cytokine Analysis of LPS-stimulated classical/plasmacytoid 

dendritic cells. (n=1) Bone marrow-derived cDCs and pDCs from a C57BL/6 wildtype mouse 

that were differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half 

receiving an IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with 

LPS. Supernatants were collected at 24 and 72 hours post-stimulation and analyzed with a 

ProcartaPlex Multiplex Immunoassay (eBioscience). Vertical lines in bars indicate truncation: 

levels too high to be detected with our method. 
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Figure 41 – Multiplex Cytokine Analysis of IMQ-stimulated classical/plasmacytoid 

dendritic cells. (n=1) Bone marrow-derived cDCs and pDCs from a C57BL/6 wildtype mouse 

that were differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half 

receiving an IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with 

IMQ. Supernatants were collected at 24 and 72 hours post-stimulation and analyzed with a 

ProcartaPlex Multiplex Immunoassay (eBioscience).  
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Figure 42 – Survival and Apoptosis of LPS- and IMQ-stimulated inflammatory dendritic 

cells. Bone marrow-derived iDCs from a C57BL/6 wildtype mouse that were differentiated with 

granulocyte macrophage-colony stimulating factor and interleukin-4 were split in two, with half 

receiving an IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with 

LPS or IMQ in triplicate. Cells were harvested at 24, 48, and 72 hours post-stimulation, at which 

point they were stained with Annexin V-FITC as a marker for early apoptosis and 7-AAD as a 

cell death marker and analyzed by flow cytometry. Shown above is the percentage of total cells 

undergoing early apoptosis in (A) LPS-stimulated and (B) imiquimod-stimulated dendritic cells. 

Also shown is the percentage of total cells that are dead, either by apoptosis or necrosis 

following (C) LPS stimulation and (D) imiquimod stimulation.  
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Figure 43 – Survival and Apoptosis of LPS- and IMQ-stimulated macrophages.  Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

L929 cell-conditioned media were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS or IMQ in triplicate. 

Cells were harvested at 24, 48, and 72 hours post-stimulation, at which point they were stained 

with Annexin V-FITC as a marker for early apoptosis and 7-AAD as a cell death marker and 

analyzed by flow cytometry. Shown above is the percentage of total cells undergoing early 

apoptosis in (A) LPS-stimulated and (B) imiquimod-stimulated dendritic cells. Also shown is the 

percentage of total cells that are dead, either by apoptosis or necrosis following (C) LPS 

stimulation and (D) imiquimod stimulation. 
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Figure 44 – Survival and Apoptosis of LPS- and IMQ-stimulated CD8
+
 classical dendritic 

cells.  Bone marrow-derived CD8
+
 cDCs from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with LPS or IMQ 

in triplicate. Cells were harvested at 24, 48, and 72 hours post-stimulation, at which point they 

were stained with Annexin V-FITC as a marker for early apoptosis and 7-AAD as a cell death 

marker and analyzed by flow cytometry. Shown above is the percentage of total cells undergoing 

early apoptosis in (A) LPS-stimulated and (B) imiquimod-stimulated dendritic cells. Also shown 

is the percentage of total cells that are dead, either by apoptosis or necrosis following (C) LPS 

stimulation and (D) imiquimod stimulation. 
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Figure 45 – Survival and Apoptosis of LPS- and IMQ-stimulated CD8
-
 classical dendritic 

cells.  Bone marrow-derived CD8
-
 cDCs from a C57BL/6 wildtype mouse that were 

differentiated with fms-like tyrosine kinase 3 ligand were split in two, with half receiving an 

IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with LPS or IMQ 

in triplicate. Cells were harvested at 24, 48, and 72 hours post-stimulation, at which point they 

were stained with Annexin V-FITC as a marker for early apoptosis and 7-AAD as a cell death 

marker and analyzed by flow cytometry. Shown above is the percentage of total cells undergoing 

early apoptosis in (A) LPS-stimulated and (B) imiquimod-stimulated dendritic cells. Also shown 

is the percentage of total cells that are dead, either by apoptosis or necrosis following (C) LPS 

stimulation and (D) imiquimod stimulation. 
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Figure 46 – Survival and Apoptosis of LPS- and IMQ-stimulated plasmacytoid dendritic 

cells.  Bone marrow-derived pDCs from a C57BL/6 wildtype mouse that were differentiated with 

fms-like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS or IMQ in triplicate. 

Cells were harvested at 24, 48, and 72 hours post-stimulation, at which point they were stained 

with Annexin V-FITC as a marker for early apoptosis and 7-AAD as a cell death marker and 

analyzed by flow cytometry. Shown above is the percentage of total cells undergoing early 

apoptosis in (A) LPS-stimulated and (B) imiquimod-stimulated dendritic cells. Also shown is the 

percentage of total cells that are dead, either by apoptosis or necrosis following (C) LPS 

stimulation and (D) imiquimod stimulation. 
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Figure 47 – Survival and Apoptosis of LPS- and IMQ-stimulated inflammatory dendritic 

cells. Bone marrow-derived iDCs from a C57BL/6 wildtype mouse that were differentiated with 

granulocyte macrophage-colony stimulating factor and interleukin-4 were split in two, with half 

receiving an IFNAR-blocking pretreatment. Cells were then left unstimulated, or stimulated with 

LPS or IMQ in triplicate. Cells were harvested at 24, 48, and 72 hours post-stimulation. At each 

time point, 10uL of cells were mixed with 10uL trypan blue dye and counted using an automated 

cell counter (Bio-Rad). 
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Figure 48 – Survival and Apoptosis of LPS- and IMQ-stimulated macrophages. Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

L929 cell-conditioned media were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS or IMQ in triplicate. 

Cells were harvested at 24, 48, and 72 hours post-stimulation. At each time point, 10uL of cells 

were mixed with 10uL trypan blue dye and counted using an automated cell counter (Bio-Rad). 
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Figure 49 – Survival and Apoptosis of LPS- and IMQ-stimulated dendritic cells.  Bone 

marrow-derived cDCs and pDCs from a C57BL/6 wildtype mouse that were differentiated fms-

like tyrosine kinase 3 ligand were split in two, with half receiving an IFNAR-blocking 

pretreatment. Cells were then left unstimulated, or stimulated with LPS or IMQ in triplicate. 

Cells were harvested at 24, 48, and 72 hours post-stimulation. At each time point, 10uL of cells 

were mixed with 10uL trypan blue dye and counted using an automated cell counter (Bio-Rad). 
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Figure 50 – VPD450 staining of LPS- and IMQ-stimulated inflammatory DCs. Bone 

marrow-derived iDCs from a C57BL/6 wildtype mouse that were differentiated with granulocyte 

macrophage-colony stimulating factor and interleukin-4 were stained with violet proliferation 

dye 450, then split in two, with half receiving an IFNAR blocking pretreatment (shown in blue). 

Cells were then left (A) unstimulated, or stimulated with (B) LPS or (C) IMQ in triplicate. Cells 

were harvested at 24, 48, and 72 hours post-stimulation. At each time point, there VPD450 levels 

were measured by flow cytometry, indicating amount of proliferation. 
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Figure 51 – VPD450 staining of LPS- and IMQ-stimulated macrophages. Bone marrow-

derived macrophages from a C57BL/6 wildtype mouse that were differentiated with L929 cell-

conditioned media were stained with violet proliferation dye 450, then split in two, with half 

receiving an IFNAR blocking pretreatment (shown in blue). Cells were then left (A) 

unstimulated, or stimulated with (B) LPS or (C) IMQ in triplicate. Cells were harvested at 24, 48, 

and 72 hours post-stimulation. At each time point, there VPD450 levels were measured by flow 

cytometry, indicating amount of proliferation. 

 

A 

B 

C 
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Figure 52 – VPD450 staining of LPS- and IMQ-stimulated CD8
+
 classical DCs. Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

fms-like tyrosine kinase 3 ligand were stained with violet proliferation dye 450, then split in two, 

with half receiving an IFNAR blocking pretreatment (shown in blue). Cells were then left (A) 

unstimulated, or stimulated with (B) LPS or (C) IMQ in triplicate. Cells were harvested at 24, 48, 

and 72 hours post-stimulation. At each time point, there VPD450 levels were measured by flow 

cytometry, indicating amount of proliferation. 
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Figure 53 – VPD450 staining of LPS- and IMQ-stimulated CD8
-
 classical DCs. Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

fms-like tyrosine kinase 3 ligand were stained with violet proliferation dye 450, then split in two, 

with half receiving an IFNAR blocking pretreatment (shown in blue). Cells were then left (A) 

unstimulated, or stimulated with (B) LPS or (C) IMQ in triplicate. Cells were harvested at 24, 48, 

and 72 hours post-stimulation. At each time point, there VPD450 levels were measured by flow 

cytometry, indicating amount of proliferation. 
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Figure 54 – VPD450 staining of LPS- and IMQ-stimulated plasmacytoid DCs. Bone 

marrow-derived macrophages from a C57BL/6 wildtype mouse that were differentiated with 

fms-like tyrosine kinase 3 ligand were stained with violet proliferation dye 450, then split in two, 

with half receiving an IFNAR blocking pretreatment (shown in blue). Cells were then left (A) 

unstimulated, or stimulated with (B) LPS or (C) IMQ in triplicate. Cells were harvested at 24, 48, 

and 72 hours post-stimulation. At each time point, there VPD450 levels were measured by flow 

cytometry, indicating amount of proliferation. 

A 

B 

C 
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Figure 55 – Survival of adoptively transferred wildtype and IFNAR
-/-

 splenocytes into 

wildtype mice.  Splenocytes were harvested from C57bl6 wildtype mice and IFNAR
-/-

 mice, 

stained with Violet Proliferation Dye (VPD) 450 and injected intravenously into wildtype mice 

(50 million cells per dose) on day 0. On day 1, the mice were infected with 1 x 10
9 

PFU of 

vesicular stomatitis virus. Blood was taken via retro-orbital collection on days 0, 1, 3, 7, and 14. 

Using flow cytometry and analysis with FlowJo software, the (A) total splenocytes were 

measured, as well as (B) B cell, (C) T cell, and (D) non-B/non-T cell subsets. These events were 

converted to absolute numbers by dividing by the blood volume and multiplying by an 

adjustment factor based on the physiological value in C57bl6 mice. The cells were split into 

VPD450+ and VPD450- subsets for each population, indicating which cells were adoptively 

transferred, or were endogenous in origin respectively. Once these absolute numbers were 

obtained, all the data were normalized to day 0 averages, and the change in cell numbers where 

day 0 represents 100% were plotted over time using Graphpad Prism 6. 

 

 

 

 

 

A B 

C D 



 107 

Table 5: Phenotypic and Intracellular Staining Panel Design. A layout of our 5 APC subsets, the condition they were cultured 

in, and what they were stained with. Phenotypic stains were used for subset identification, fixable viability was used for removal 

of dead cells, and intracellular stains were used to quantify cytokine production. 

 iDCs Macrophages CD8
+
 cDCs 

CD8
-
 cDCs 

pDCs 

Culture 

conditions 

 

 

GM-CSF/IL-4 

 

L929 cell-conditioned media 

 

Flt3L 

Phenotypic 

stains 

CD11c-PE-Cy7 

CD11b-eFluor450 

F4/80-FITC 

CD11c-PE-Cy7 

CD45RA-biotin – SA-eFluor450 

CD8a-BV510 

Viability Fixable viability-eFluor780 

Intracellular 

Stains 

TNF-PE 

IL-12-eFluor660 

IL-6-APC 

IL-1-PE 
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Discussion 
 

In this study, we sought to analyze the levels of production of four cytokines, TNF, IL-

12, IL-6, and IL-1, and whether these levels could be manipulated by way of IFNAR signalling 

during either TLR4 or TLR7 stimulation in antigen-presenting cells (APCs). These cytokines 

have broad and distinct biological functions, and as such, the clinical implications of their 

dysregulation could be just as extensive and diverse.  We studied five distinct APC subsets, each 

with their own unique phenotypic profiles: iDCs, macrophages, CD8
+
 cDCs, CD8

-
 cDCs, and 

pDCs.  Our focus on these myeloid cells was guided by research suggesting that while all 

nucleated cells have IFNAR signalling capabilities, it is cells of the myeloid lineage that are 

responsible for the bulk of the antiviral effects of type I IFN signalling observed in vivo 
273

.   

Due to the potent antiviral properties these IFN signalling pathways promote, it is wholly 

unsurprising that mice lacking IFNAR signalling succumb to viral infection more rapidly than 

wildtype mice (e.g. mouse hepatitis virus and norovirus 
274,275

).  A recent study by Pinto et al 

(2014) 
273

, however, demonstrated increased fatality in IFNAR
-/-

 mice during West Nile Virus 

(WNV) infection, not due to viral infection per se, but due to a cytokine storm brought on by the 

dysregulation of pro-inflammatory cytokine TNF (confirmed by increased survival in the 

presence of anti-TNF antibodies, without altering the viral load).  A 23-plex cytokine assay 

also revealed highly upregulated levels in 22 of 23 cytokines measured, in the IFNAR
-/-

 mice 

compared to the wildtype.  Further, they also designate the mitochondrial antiviral signaling 

(MAVS) protein, in the RIG-I pathway, as the key molecule involved in cytokine production 

(and eventual sepsis) during WNV infection.  They observed that in mice lacking both IFNAR 

and MAVS (double knockout), cytokine production was completely dampened even with robust 

WNV infection, compared to both wildtype and IFNAR
-/- 

(single knockout).  This role of IFNAR 
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and downstream components in the contribution of cytokine production is likely not unique to 

WNV and RIG-I activation: for example, STAT1 difficiency led to similar results during 

infection with Lysteria monocytogenes (gram-positive bacteria, sensed by TLR2) 
276

.  Thus, this 

study focused on the effects resulting from ligation of two different PRRs: TLR4 and TLR7.  

These were chosen in part due to their involvement in instigating immune responses to a variety 

of stimuli, including both viral and bacterial pathogens and mimics. 

Following blockage of the IFNAR pathway, TLR4 stimulation led to a significant 

increase in the proportion of cells producing all four cytokines in macrophages, producing IL-12 

in iDCs, and producing IL-6 in CD8
-
 cDCs.  In contrast, ligation of TLR7 resulted in a decrease 

in the proportion of cytokine-producing cells when functional IFNAR signalling was impaired.  

Specifically, IL-6 and IL-1 production were downregulated in both macrophages and CD8
-
 

cDCs (with TNF and IL-12 also being downregulated up to 36 hours post-stimulation), and 

TNF, IL-12, and IL-6 in pDCs.  

 

Two Sides to Every Story: Benefits and Problems with Cytokine Dysregulation 

TNF is thought to be the biggest contributor in the induction of apoptosis 
269

, and uses 

this mechanism as a method to help protect the host from viral infection.  However, there can be 

too much of a good thing: enhanced levels of TNF have been associated with a wide variety of 

diseases such as arthritis, inflammatory bowel disease, chronic heart failure, tumorigenesis 
269

, 

and Alzheimer’s disease 
277

.  Thus, anti-TNF therapy has been studied extensively and been 

implemented into many treatment regimes.  In a recent retrospective study by Vallet et al 
278

, 

anti-TNF therapy was shown to prove very effective with a 91% improvement and significant 

reduction of relapse in 124 patients with Behcet’s disease, a form of systemic vasculitis 
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diagnosed based on clinical criteria.  Similarly, anti-TNF treatments have shown great efficacy in 

autoimmune disorders such as rheumatoid arthritis and lupus. Contrastingly, while there may not 

be many diseases associated with low levels of TNF, the ability to downregulate TNF levels 

could be beneficial where traditional anti-TNF therapies fall short. For example, patients with 

rheumatoid arthritis have been shown to be at an increased risk for serious infections, especially 

during their first six months of treatment 
279

.  Further, in the context of some diseases such as 

Sjogren’s Syndrome, anti-TNF had absolutely no benefit above the placebo, as shown in a 

randomized, double-blind study carried out by Mariette et al 
280

.  Even worse still, due to the 

induction of antinuclear antibodies (ANA), some TNF-inhibitor-treated patients actually 

develop new autoimmune pathologies, specifically lupus erythematosus 
281

. Quite simply, 

blocking the production of specific cytokines pharmacologically can have quite profound effects 

in the reduction of inflammation mediated by the immune system 
282

.  However, there are also 

many associated risks that warrant the further investigation into ways to improve.  Our results 

show that TNF was downregulated in antigen-presenting cells when signalling through the 

IFNAR was blocked (in the context of TLR7 stimulation).  I believe that it could be beneficial to 

investigate the potential synergistic effects that anti-TNF therapy could have when combined 

with an IFNAR blocking antibody 
283

. 

IL-12 upregulation may not carry the same negative connotations as increased levels of 

TNF.  IL-12 plays a strong role in directing naïve T cells to T helper 1 (Th1) CD4
+
 T cells, 

which is very important for disease resolution 
270

.  The Th1 response facilitates cell-mediated 

immunity, which is crucial for adequate defense against intracellular and viral pathogens 
270

, as 

opposed to the antibody-mediated Th2 response.  It is well documented that the development of a 

given T helper response is important as some pathogens are more effectively cleared by one or 
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the other 
284,285

, so the ability of IL-12 to direct this immune response is important, especially in 

viral infection.  In our study, when cells were undergoing stimulation via TLR4, IL-12 levels 

were increased in the absence of IFNAR signalling.  Additionally, IL-12 levels were decreased 

during TLR7 stimulation with IFNAR blocking, which represented our mimic of viral infection.  

Due to the strong antiviral properties of interferon, it is counter-intuitive to consider blocking 

IFNAR as an antiviral measure.  In fact, groups have shown viral infection to be more lethal in 

IFNAR
-/-

 mice (e.g. Bereczky 2010 
286

).  However, if this blockage could be combined with 

TLR4 ligation, leading to an upregulation of IL-12, this could help point the immune system to a 

Th1 response, which is more apt at handling viral pathogens.  

Increased IL-6 levels have been key participants in many issues faced by sufferers of 

chronic inflammation (e.g. rheumatoid arthritis, RA, or Crohn’s disease).  It plays a fundamental 

role in directing acutely activated inflammatory mechanisms to a chronic state 
287

 with methods 

including the accumulation of mononuclear cells at the injury site and antiapoptotic effects on T 

cells, among others. Specifically in rheumatoid arthritis, IL-6 has a pivotal position in joint 

inflammation due to the high IL-6 activity in synovial fluid and synoiocytes 
288

.  As such, IL-6 

levels in serum and synovium can even be used as an indication of severity of RA 
289,290

.  

Additionally, Pawlik et al 
291

 identified a polymorphism in the promoter region of the IL-6 

receptor in some RA patients, further associating IL-6 with this disease.  Due to the complex 

nature of the IL-6 receptor (as reviewed by Scheller et al, 2011 
271

), much research is being done 

regarding the role of this receptor in disease 
292,293

.  However, our study observed upregulation so 

great during simultaneous IFNAR blockage and TLR4 stimulation, that it was immeasurable by 

our assay.  This could provide novel insight into the underlying mechanisms of the poorly 

understood onset of diseases such as RA.  The development of autoimmune disease and chronic 
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inflammation can take on a wide range of devastating and debilitating clinical presentations, so 

the control of IL-6 is an attractive target when considering the control of cytokine production.  

Our demonstrated ability to dampen the production of this cytokine during TLR7 stimulation in 

the absence of IFNAR signalling could be explored as a therapeutic mechanism in the future.  

However, IL-6 is complex.  Not only is it regarded for its pro-inflammatory properties, but it can 

also play a role in anti-inflammatory processes and regeneration 
271

.  The regulation of IL-6 is 

often therapeutically addressed by targeting the receptors 
293

, but the differences observed during 

different TLR stimulations could have an impact on the outcomes of these therapies, and as such, 

should be investigated further. 

IL-1 is a pro-inflammatory cytokine, and as such plays a role in the induction of 

inflammation, fever, and sepsis 
294

.  Its role in inflammation has been demonstrated as being 

crucial in the progression and development of arthritic diseases such as rheumatoid arthritis.  

Some groups have demonstrated that collagen-induced arthritis (an animal model closely 

resembling RA) could develop following systemic IL-1 administration 
295,296

.  Other groups have 

shown the development of collagen-induced arthritis can also be seen following systemic 

administration of LPS, which stimulates TLR4 
297

.  This is not altogether surprising, given that 

LPS activates macrophages, and IL-1 is secreted by activated macrophages.  However, these 

processes have yet to be examined in the context of signalling through the IFNAR.  In this study, 

we saw a marked increase of IL-1 production in the absence of IFNAR signalling, in the 

presence of TLR4 stimulation.  This association poses the question, then, if an increase of 

IFNAR signalling could drive the production of IL-1 back down and thus improve the outcome 

of anti-IL1 treatment in the context of inflammatory diseases like RA. IL-1 is a pro-

inflammatory cytokine, and as such plays a role in the induction of inflammation, fever, and 
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sepsis 
298

.  Similar to anti-TNF treatment, anti-IL-1 treatment has thus been used to hinder the 

production of inflammatory joint diseases 
299–301

.  Not only is it critical in the development of 

inflammation, but also in the destruction of collagen in joints.  Thus, anti-IL-1 treatment was 

shown by Joosten et al 
302

 to completely prevent rheumatoid arthritis prophylactically, and 

substantially ameliorate disease progression in established rheumatoid arthritis patients.  

However, novel methods for the improvement of treatments are sought after.  Due to our 

observed significant decrease in IL-1 during TLR7 stimulation in the absence of IFNAR 

signalling, the possibility for synergism should be investigated, as with the anti-TNF discussed 

above. 

 

Clinical Relevance: DCs in Cancer Treatment 

 

By studying the role of IFNAR signalling and beginning to delve into the mechanisms 

behind cytokine production in various APCs, we are helping to ameliorate the understanding of 

these cells.  Dendritic cells in particular are important to study because they play a role in 

diseases such as cancer not just only with their cytokine production, but also as a potential form 

of treatment.  Cancer is one of the leading causes of death in today’s society, and it accounts for 

approximately 13% of deaths worldwide annually (7.6 million in 2008).  It is expected to reach 

above 13 million annual fatalities by the year 2030 
303

.  Unsurprisingly, conventional cancer 

treatments, such as chemotherapy or radiation, have limited efficacy and often lead to chronic 

and severe side effects, so there is a need for more specific and effective therapies to treat this 

growing epidemic.  Immunotherapy is a promising field with the potential to reduce these side 

effects.  The concept behind immunotherapy is to generate an anti-tumour immune response.  

Cancer, by definition, is derived from self; therefore immunotherapy seeks to target this harmful 
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self while simultaneously preserving “normal” (i.e. non-neoplastic) self.   This is attainable 

because a hallmark of the acquired immune response is exquisite specificity 
304

.  Immunotherapy 

could lead to a better way to discriminate between cancerous and non‐ cancerous self, thereby 

reducing debilitating side effects.  

One type of cancer immunotherapy involves stimulating an anti-tumor immune response 

by injecting cells into patients that have been primed with tumor-associated antigens.  Dendritic 

cells have so far been shown to be the best option to create these vaccines, because they have a 

very definitive and direct role in inducing immunity.  Immunotherapy also relies heavily on 

CD8
+
 T lymphocytes (CTLs) as key players in anti-cancer immunity, as they can target tumour 

cells and promote their apoptosis 
305–307

.  Thus, another method of immunotherapy entails the use 

of drugs that interfere with the pathways inhibiting T cell responses 
308–310

.  While many studies 

have shown success with these CTL therapies, they, too, are not without side effects.  The 

potential activation of autoreactive T cells can leave patients with side effects including but not 

limited to: skin rashes, colitis, inflammation of the pituitary gland, and liver problems 
311,312

.  

One way to try to circumvent these autoreactive T cells is to activate a specific anti-cancer T cell 

response: a natural job of DCs 
313,314

. 

New research by the De Vries group in the Netherlands, however, criticizes the 

conventional use of monocyte-derived DCs, as they only achieve at best, modest results.  Instead, 

they have focused their research on primary DCs found circulating (though rare) in the blood.  

Their preliminary clinical results combined with the lessened need for extensive ex vivo culturing 

suggests these DCs would be an effective option going forward 
315

.   
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cDCs 

Although the De Vries group is investigating novel methods for DC vaccine creation, 

some are already being employed.  For example, sipuleucel-T is a prostate cancer 

immunotherapy treatment that works by stimulating T cell immunity to prostatic acid 

phosphatase (PAP), an antigen expressed only in prostatic cancer cells.  Clinical trials have 

shown an improvement of lifespan of 22%, when sipuleucel-T is compared to placebo groups 

316,317
. 

pDCs 

Up until recently, most dendritic cell-based anti-cancer vaccines have used classical DCs 

that were differentiated ex vivo from monocytes or CD34
+
 progenitors, because naturally 

occurring DCs are quite low in numbers. A recent study by Tel et al, though, suggests that 

naturally occurring pDCs can successfully be used for vaccination, and are promising because 

they show little toxicity and induce favourable immune responses. They showed this by injecting 

15 metastatic melanoma patients with a pDC vaccine, and observing via in vivo imaging that 

these pDCs migrated to and distributed themselves within multiple lymph nodes. Some patients 

showed CD4
+
 and CD8

+
 T cell responses 

318
. 

DCs are potent antigen-presenting cells that have been shown to play an important role in 

our immune systems.  Much research has been done and is continuing to be done to identify all 

the different subcategories of DCs that exist, and how to distinguish these subsets from each 

other.  More work needs to be done in making connections between the pattern recognition 

receptors associated with these cells, the pathogen-associated molecular patterns that they 

recognize, the cytokines and chemokines that they can secrete, and the stimulating factors 

responsible for these pathways.  The greater our understanding of the biology of these cells, the 
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greater the success they will have for use as cancer vaccines in clinical trials and in medical 

practice as a whole.  Immunotherapy is an exciting, relatively new branch of research, and I 

believe that dendritic cells will continue to play a critical role in the advancement of this field.  

As such, it would be helpful to have the tools to manipulate the levels of cytokines produced by 

these cells if they could have beneficial effects on the initiation of immune responses, whether 

that be by the stimulation of specific TLRs, manipulation of IFNAR signalling, or both. 

 

Role of IFNAR signalling in cell death and proliferation in vivo 

To observe how cells survived and proliferated over time with and without signalling 

through the IFNAR in the context of viral infection in vivo, IFNAR
-/-

 or wildtype-derived 

splenocytes, stained with VPD450, were injected intravenously into C57BL/6 wildtype mice, 

before being challenged with VSV. Total splenocytes, B cells, T cells, and non-B/non-T cell 

subsets (both adoptively transferred and endogenous populations) were measured over time 

(Figure 55).  Severe leukopenia was seen on day one in the total splenocytes and all three 

subpopulations in all the mice that received adoptively transferred splenocytes.  Interestingly, in 

all four groups (i.e. total splenocytes, B cells, T cells, and non-B/non-T cells), the splenocytes 

that lacked IFNAR signalling appeared to not be as susceptible to the observed “die-off” as the 

wildtype-derived cells, both endogenous and adopted.  This could suggest a protective effect in 

the removal of IFNAR signalling, which could be expected given the role of IFNAR signalling in 

apoptosis 
319

. Other groups have also previously linked the presence of type I IFN signalling to a 

greater observed leukopenia following viral infection.  By day three, all of the cell populations 

had rebounded to some degree from their leukopenia, with the endogenous populations reaching 

almost to the same level as the naïve populations.  The exception to this, however, was seen in 
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the B cell population, where the transferred cells far surpassed their original numbers, suggesting 

proliferation was taking place.  This could also confirm the findings of groups suggesting the 

anti-apoptotic effect type I IFN has on B cells: the cells with functional IFNAR signalling could 

thus proliferate to extremely high levels before being apoptosed.  However, the IFNAR-blocked 

cells were unable to proliferate to the same degree as the wildtype-derived adoptively transferred 

cells.  This rapid “rebound” from lymphopenic conditions, even when proliferation was not 

extreme, suggests that a trafficking phenomenon could be at play: perhaps the cells are not dying 

(also demonstrated by relatively stable levels of 7-AAD
+
 cells in some cell types over time, e.g. 

Figure 42).  Previous studies have shown that virus-induced leukopenia can indeed lead to the 

trafficking of cells to secondary lymphoid tissues, lymphatic vessels, or the endothelial wall, to 

which they can tether 
320–322

.  It could thus be plausible that the ability of type I IFN signalling to 

promote the production of various chemokines and cytokines would include adhesion molecules, 

and as such, a lack of IFNAR signalling does not mean fewer cells are being apoptosed; rather, 

they are not as adapt at trafficking out of circulation and thus appear in greater proportions.  

Further work could be done to assess the ability of these cells to tether by measuring expression 

of various adhesion molecules, and how they differ between wildtype and IFNAR
-/-

 cells in vivo, 

during VSV infection.. 

Future Directions and Impact 

In this study, we found that IFNAR-mediated signalling could act as either a negative or a 

positive regulator of a broad network of cytokines when accompanied by simultaneous TLR 

stimulation.  As such, I believe that this pathway can be manipulated to restore homeostasis 

during excessive inflammation and cytokine storms.  This ability to further study and 

characterize the IFNAR pathway and its role in cytokine regulation could allow for the 
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determination of novel targets for the suppression of inflammation, which could be important for 

moderating the bystander tissue damage often observed in many non-life threatening diseases.  In 

addition, the ability to manipulate cytokine levels could prove paramount during cytokine 

storms, such as those associated with septic shock or viremia.  Further, both inflammation and 

cytokine dysregulation are associated with a huge array of clinical situations, so this added 

method of control could prove very impactful in a wide variety of pathologies. 

The next phase of this project should involve the dissection of the molecular pathway 

underlying our observed cytokine dysregulation in DCs and macrophages lacking the expression 

of IFNAR.  Some hypotheses that should be tested include: 1. The concentration and activation 

of suppressors of cytokine signalling (SOCS) and/or protein inhibitors of activated signal 

transducers and activators of transcription (PIAS) is reduced in APCs that are actively 

responding to viral infection, but lack the IFNAR.  2. Manipulating expression of molecules 

involved in type I IFN signalling can: (a) Recapitulate the dysfunction of the IFNAR knockdown 

phenotype in wildtype cells, or (b) Restore control of cytokine production in cells that lack 

IFNAR signalling. 

In theory, signalling through the IFNAR on leukocytes regulates a broad network of 

cytokines and can be manipulated to restore homeostasis during excessive inflammation and 

cytokine storms.  As cytokine storms have the potential for toxicity and have been associated 

with many different pathologies (e.g. acute lung damage associated with avian H5N1 influenza 

virus, severe acute respiratory syndrome [SARS] from coronavirus, bacteria like Staphylococcus 

aureus, multiple sclerosis, graft-vs-host disease, and even consequences from various therapies), 

the need for a greater understanding of the underlying mechanisms is pressing. 
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