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Abstract 

Dendritic cells (DCs) secrete cytokines such as interleukin-23 (IL-23) when stimulated with 

certain Toll-like receptor (TLR) agonists and infected with pathogens such as P. aeruginosa. IL-

23 is a proinflammatory cytokine that plays a critical role in the proliferation and differentiation 

of the IL-17 producing Th17- CD4 T helper cells. The lack of efficient cytokine production from 

antigen-presenting cells, such as DCs, can impact CD4 differentiation and thus impair the immune 

responses against pathogens. Clearance of some bacterial infections, such as Klebsiella pneumonia 

and Listeria monocytogenes has been shown to be dependent on the induction of IL-23 and 

therefore, deregulation of these cytokines as a direct result of virus infection may impede immune 

responses to secondary infections. Here, an inhibition of TLR ligand or P. aeruginosa-induced IL-

23 expression in Lymphocytic Choriomeningitis Virus (LCMV)-infected bone marrow-derived 

dendritic cells (BMDCs) has been demonstrated, indicating that an important function of these 

cells is disrupted during virus/bacterial coinfection. While production of TNF-α was unaffected in 

LPS stimulated cells, TNF-α was significantly inhibited in bacterium infected cells by LCMV. 

Type I IFN in LPS or LCMV infected cell was not detected and therefore, ruling out the possibility 

of cytokine suppression by Type I IFN. The production of IL-10 was high in BMDCs infected with 

LCMV and stimulated with LPS or bacteria. Analysis of multiple cytokines produced in this 

coinfection model demonstrated that LCMV infection impacts specific cytokine production upon 

LPS or bacterium infection, which may be important for bacterial clearance. This data is important 

for future immunotherapy use in viral/bacterial coinfection scenarios.  
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Chapter 1 

Introduction 

Infection of the host by multiple pathogens is known to occur with increased incidences of 

microbial infections arising during an on-going viral infection [1-3]. This phenomenon may be 

linked to the ability of the primary viral infection to impact the immune response to a secondary 

infection [4]. This is typically seen when a viral infection, such as influenza, directly deregulates 

the bacterium-induced host immune cytokine response, thus increasing the susceptibility to 

opportunistic bacterial infections [5, 6] 

Disease symptoms associated with either viral or bacterial infection alone are usually less 

severe than the symptoms observed during concomitant infection [3, 7-9]. Dual infections may 

result in potentially lethal disease with an eventual systemic inflammatory response leading to 

sepsis [3, 7-9].  Consequently, there is a need to understand the immunological and pathological 

causes of the lethal synergism associated with concomitant viral and bacterial infections, which 

may help in developing novel therapeutics.  

Experimental viral and bacterial coinfection models provide a way to study this bacterial 

and viral ‘lethal synergism’ by revealing the mechanisms adopted by primary virus infection to 

deregulate the host’s immune response, making the host more susceptible to secondary bacterial 

infections. Therefore, these coinfection models are critical to design therapeutic strategies for viral 

infections, especially those associated with secondary infections by bacteria.  

Various viral/bacterial coinfection studies have shown that virus infection deregulates 

cytokine network and increases susceptibility to secondary bacterial infection [10, 11]. For 
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example, one study in particular has reported the suppression of interleukin-23 (IL-23) by 

influenza upon secondary bacterial infection from dendritic cells [6]. IL-23 drives and maintains 

the interleukin-17 (IL-17) producing T helper type 17 (Th17) cells which are in particular known 

to help fight against bacterial infections by recruiting neutrophils to the site of bacterial infection. 

The lack of efficient cytokine production can impact cluster differentiation 4 (CD4) T cells 

differentiation and thus impair the immune responses against pathogens [5]. Therefore, in the 

following project Lymphocytic choriomeningitis virus (LCMV) and Pseudomonas aeruginosa 

coinfection model has been utilized, to study the impact of virus infection on cytokine modulation 

upon bacterial infection. The following sections will further define the components of 

viral/bacterial coinfection that have been studied in my project. 
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Chapter 2 

Literature Review 

2.1 Role of Dendritic cells and Toll-like receptor in immune response 

Dendritic cells (DC) are professional antigen presenting cells (APC) and their main function 

is to process and present antigen to the T cells of the immune system [12]. A key component of 

their sensory receptors is a family of pattern recognition receptor (PRR) that include several 

members of the Toll-like receptor (TLR) family [12]. TLR are transmembrane proteins expressed 

by cells of the innate immune system. TLR are a type of PRR that recognize molecules that are 

broadly shared by pathogens but distinguishable from host molecules, collectively referred to 

as pathogen-associated molecular patterns (PAMPs) [13]. PAMPs activate signaling pathways that 

initiate immune and inflammatory responses to destroy the invaders [13]. Upon recognition of 

PAMPs, TLRs provoke rapid activation of innate immunity by inducing production of 

proinflammatory cytokines [13]. For example, among TLR family member’s Toll-like receptor 4 

(TLR4) mainly recognises lipopolysaccharide (LPS), a component of the outer membrane of 

Gram-negative bacteria [14, 15]. 

2.2 Toll-like receptor 4 

TLR4 is stimulated by its interaction by LPS [16]. LPS is derived from cell walls of Gram-

negative bacteria, virus envelop proteins, heat-shock proteins and fungi [17]. LPS consists of three 

components: an O side chain, a core oligosaccharide and lipid A. The common structural pattern 

of LPS in diverse bacterial species is recognized by a cascade of LPS receptors and accessory 

proteins, LPS binding protein (LBP), cluster of differentiation 14 (CD14) and the TLR4–myeloid 
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differentiation 2 (MD-2) complex [18].  In this TLR4- LPS interaction, extracellular LPS first 

binds to LBP, which functions to transfer LPS to CD14 molecules on the cell surface (Fig.1) [18]. 

Once LPS is transferred, CD14 associates with MD-2 that is bound to TLR4, and this allows the 

bound LPS to contact the TLR4 receptor and initiate signal cascades (Fig.1) [18]. LPS-TLR4 

ligation induces receptor oligomerization and the recruitment of signaling proteins via interactions 

between toll-interleukin-1 receptor (TIR) domains [19]. Signaling downstream of TLR4 in 

response to LPS can ensue through two separate pathways- the myeloid differentiation primary 

response gene (MyD88)-dependent pathway, and the MyD88-independent pathway, which are 

responsible for driving transcription of proinflammatory genes such as IL-23/ interleukin-12 (IL-

12) and type I interferon (IFN) respectively [20]. 

2.2.1 TLR-4 mediated MyD88-independent pathway 

As mentioned above, the MyD88-independent pathway is responsible for the expression of type I 

IFN induced by LPS (Fig.2). The MyD88-independent pathway induced by TLR4 activates leads 

to the activation of the TIR domain-containing adaptor protein-inducing IFN-β (TRIF) [20]. 

Activated TRIF functions to stimulate two proteins: receptor-interacting protein 1 (RIP1) and 

tumor necrosis receptor-associated factor 6 (TRAF3). RIP1 activates mitogen-activated protein 

kinases (MAPK) and IKK (the inhibitor of NF-κB (IκB)-kinase complex) pathways similar to 

transforming growth factor--activated kinase 1 (TAK1) as described in the section 2.2.2 to 

activate transcription factors nuclear factor kB (NF-B) and activator protein 1 (AP-1) respectively 

[21, 22]. TRAF3 interacts with TRAF family member-associated NF-kappa-B activator (TANK), 

tank binding kinase 1 (TBK1) and IKKi (a form of IKK) to activate interferon regulatory factor 

(IRF3) [21]. Once activated, IRF3, translocates to the nucleus in order to induce the expression of  
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Figure 1. TLR4- LPS interaction. The role of LBP appears to be that of aiding LPS to dock at 

the LPS receptor complex by initially binding LPS and then forming a complex with CD14, thus 

enabling LPS to be transferred to the LPS receptor complex composed of TLR4 and MD-2. LPS-

TLR-4 complex leads to the activation of MyD88-dependent pathway, and the MyD88-

independent pathway leading to production of proinflammatory cytokines and type I IFN 

respectively. Adapted with permission from [22] 
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Figure 2. The MyD88-independent pathway. TRIF signals the induction of Type I IFN by 

recruiting TRAF3 and RIP1. RIP1 aids in the activation of the IKK complex and MAPK for the 

activation of transcription factors NF-κB and AP-1, respectively. NF-κB and AP-1 induce 

transcription of cytokines and chemokines such as regulated on activation, normal T cell expressed 

and secreted (RANTES). TRAF3 forms a complex with TANK, TBK1 and IKKi to activate 

transcription factor IRF3. IRF3 induces the transcription of type I IFN. Adapted with permission 

from [23]. 
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type I IFN [23]. 

2.2.2 TLR-4 mediated MyD88-dependent pathway 

Unlike the MyD88-independent pathway, the MyD88-dependent pathway regulates the 

expression of proinflammatory cytokine (Fig.3). Upon receptor oligomerization, MyD88 is 

recruited to TLR4 where it is phosphorylated and activated. Activated MyD88 promotes the 

recruitment and activation of IL-1 receptor-associated kinase-4 (IRAK-4) to the receptor complex 

[23]. IRAK-4 in turn recruits IL-1 receptor-associated kinase-1 (IRAK-1) leading to its 

phosphorylation; knockouts of IRAK-1 only partially inhibit cytokine production suggesting that 

IRAK-4 can recruit and activate other important signaling molecules [24, 25]. Phosphorylated 

IRAK-1 further activates and forms a complex with tumor necrosis receptor-associated factor 6 

(TRAF6) [26]. This complex is required for the activation of the kinase activity of TAK1, which 

then leads to the phosphorylation of the IKK complex which catalyzes the inhibitor of NF-κB 

(IκB) phosphorylation and degradation by the proteasome pathway and leads to nuclear 

translocation of NF-B. TAK1 also activates MAPK which induces activation of AP-1. Activated 

transcription factors NF-B and AP-1 induce initiation of transcription of proinflammatory 

cytokine genes [27] such as IL-23, interleukin-12 (IL-12), tumor necrosis factor alpha (TNF-α), 

interleukin-6 (IL-6) and interleukin- 10 (IL-10) which are the focus of my project. 

2.3 Functions of TLR4-induced cytokines  

TLR-4-mediated induction of the MyD88-dependent pathway leads to the production of a 

number of both pro- and anti-inflammatory cytokines. In my project, I have used a subset of these 

cytokines to characterize immune responses to bacterial and viral infection; these include the key 

cytokines: TNF-α, IL-6, IL-10, IL-12 and IL-23. TNF-α is a proinflammatory cytokine and an  
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Figure 3. The MyD88-dependent pathway. MyD88 binds to the cytoplasmic portion of TLRs. 

Upon TLR stimulation, IRAK-4, IRAK-1, and TRAF6 are recruited to the MyD88 receptor, which 

induces association of IRAK-1 and MyD88. IRAK-4 then phosphorylates IRAK-1. 

Phosphorylated IRAK-1, together with TRAF6, dissociates from the receptor. TRAF6 interacts 

and activates TAK1. Activated TAK1 phosphorylates the IKK complex, and MAP kinases for 

inducing the activation of the transcription factors NF-κB and AP-1, respectively. Activated NF-

κB and AP-1 lead to the transcription of proinflammatory cytokines. Adapted with permission 

from [23]. 
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integral component of effective innate immunity [28-30]. Specifically, TNF-α has been shown to 

activate macrophage phagocytosis and microbicidal activity [28, 29]. Another proinflammatory 

cytokine, IL-6 has been shown to skew T cell differentiation towards T helper type 2 (Th2) cells 

and Th17 cells [30, 31]. On the other hand, IL-10 is an anti-inflammatory cytokine and suppressor 

of proinflammatory cytokine production [32].   

2.3.1 Interleukin-12 and its function 

The IL-12 family of cytokines has also been identified to play in important role clearance 

of viral and bacterial infections. In particular, IL-12 regulates the balance between diverse T helper 

(Th) cells populations during viral and bacterial infections. IL-12 was cloned on the basis of its 

ability to activate natural killer (NK) cells and promote the development of cytolytic T cells [33]. 

It has been shown to be necessary for the T cell independent induction of IFN-gamma (IFN-γ), 

critical for the initial suppression of bacterial and also for the development of a T helper type 1 

(Th1) cells response, critical for effective host defense against intracellular pathogens [33, 34]. IL-

12 thus functions to activate and to link the innate and acquired immune responses. DCs, 

macrophages, monocytes, neutrophils, microglia cells and, to a lesser extent, B cells (human but 

not murine B cells) were found to produce IL-12 following cluster of differentiation 40 (CD40) 

ligation [35]. Non-immune cells such as infected-keratinocytes and osteoblasts, epithelial and 

endothelial cells have also been shown to produce some amounts of this cytokine [36, 37]. 

Additionally, IL-12 shares structural homology with IL-23 and are both comprised of two 

heterodimeric proteins [38]. IL-12 is composed of IL-12p40 and IL-12p35, while IL-23 is 

composed of IL-12p40 and IL-23p19 [39].  
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2.3.2 Interleukin-23 and its expression 

Originally described in 2000, IL-23 is a heterodimeric protein composed of the subunits 

p19 and p40, which is shared with IL-12p70 (Fig.4). Although p19 is produced by macrophages, 

DCs [40-43], T cells, and endothelial cells [41], only activated APCs that concomitantly express 

p40 are capable of producing functional IL-23. Unlike IL-12/23p40, IL-23p19 is unable to be 

secreted from cells as a monomer, and therefore IL-23 secretion is dependent on subunit 

interactions [41].  

IL-23p19 and IL-12/23p40 expression has been observed following activation of the 

MAPKs- P38 mitogen-activated protein kinase (P38), c-Jun N-terminal kinase (JNK) and 

extracellular-signal-regulated kinase (ERK) and transcription factors- NF-B and AP-1. Inhibition 

of these signaling proteins has been reported to result in abrogation of IL-23 expression [44-47]. 

Taken together, these findings suggest that the MyD88-dependent signaling pathway is required 

for IL-23 induction. A study further reported demonstrated that the NF-B subunits c-Rel, p65, 

and p50 can oligomerize and bind to promoter regions upstream of the IL-23p19 gene [48]. In the 

same study, it was observed that c-Rel was critical to induce expression of IL-23p19 whereas p65 

and p50 were essential to enhance transcription [48]. The binding site for AP-1 is located 

proximally to the IL-23p19 and IL-12/23p40 promoters and mutations to this site resulted in a loss 

of IL-23p19 promoter activity [45, 47]. 

2.3.2.1 IL-23 receptor and signalling pathway 

IL-23 binds to its high affinity IL-23 receptor complex composed of IL-12Rβ1 and IL-

23Rα [42]. Consistent with the structural and biological similarities of IL-12 and IL-23, the IL-

23R complex shares a subunit with that of IL-12 (IL-12Rβ1); however, it does not use or detectably  
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Figure 4. The heterodimeric cytokines IL-12, IL-23 and their receptor. IL-12 (p40 and 

p35subunits) binds the IL-12 receptor complex comprised of the IL-12Rβ1 and IL-12Rβ2 subunits. 

IL-23 (p40 and p19 subunits) binds the IL-23 receptor complex comprised of IL-12Rβ1 and the 

novel IL-23Rα. Adapted with permission from [49] 
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bind to IL-12Rβ2 [42]. Differences in expression between the IL-23R and IL-12R complexes 

might provide a basis for their differing actions on naïve and T cell receptor-activated T cells. 

Naïve murine T cells, which express IL-12Rβ2 and not IL-23R, proliferate and produce. IFN-γ in 

response to IL-12 stimulation but not in response to IL-23 stimulation [39]. Murine memory CD4+ 

cells, in contrast, express IL-23R and relatively low levels of IL-12Rβ2 which might be why IL-

23 in mice can induce the proliferation of CD4 memory T cells and the production of IL-12 and 

IFN-γ unlike IL-12 [41, 50, 51].  

IL-23R pairs with IL-12Rβ1 to confer IL-23 responsiveness on cells expressing both 

subunits. In humans, both IL-23 receptor chains are predominantly co-expressed on activated T 

cells, memory T cells, T cell clones and NK but also at low levels on monocytes, macrophages, 

and DC populations [42, 52]. In mice, the IL-23 receptor is found on activated T cells, bone 

marrow-derived DCs, myeloid cells and macrophages activated with LPS [42, 53]. IL-23 activates 

the same spectrum of Janus kinase (Jak), Tyrosine Kinase 2 (Tyk2) and signalling molecule signal 

transducer and activator of transcription 3 (STAT3) (Fig.5). IL-23 also activates signal transducer 

and activator of transcription (STAT4) similar to IL-12 [40-42]. However, when compared to IL-

12, IL-23 was able to induce a strong phosphorylation of STAT3 and a weak phosphorylation of 

STAT4 [40-42]. This difference indicates that IL-23 affects different target genes than IL-12 [42]. 

During activation, IL-12Rβ1 binds to Tyk2, while IL-23Rα associates with Jak2 [42, 51, 54]. 

Binding of IL-23 to its receptor results in Jak2-mediated phosphorylation of tyrosine residues 

located in the intracellular domain of the IL-23R subunit [55]. These phosphorylated tyrosine 

residues help in the phosphorylation of STAT3 molecules, by serving as a docking site for STAT3 

[55]. Phosphorylated STAT3 molecules then homodimerize and translocate into the nucleus to   
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Figure 5. The IL-23 signalling pathway. Upon binding of IL-23 to its receptor complex, IL-

12Rβ1 binds to Tyk2, while IL-23Rα associates with Jak2. The activation of JAKs then will lead 

to the phosphorylation of IL-23Rα at the key sites, forming docking sites for the STATs. Once IL-

23Rα is phosphorylated, dimerization and phosphorylation of STAT3 occurs. This is followed by 

translocation of STAT3 to the nucleus to activate target genes. Reprinted by permission from the 

publisher [55]  
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induce the transcription of cytokines, such as IL-17 and interleukin-22 (IL-22) [41, 42, 52, 56]. As 

the receptor for IL- 23 was described as being expressed on activated/memory T cell populations, 

therefore IL-23 only acts on memory T cells and not on naïve T cells [57]. 

2.3.2.2 IL-23 function 

Apart from acting on memory cells, IL-23 carries out a very critical function  to support 

the differentiation of a novel subset of CD4 T cells, called Th17 [52, 58-60] (Fig.6).  As shown in 

Fig. 5, in mice IL-6 and transforming growth factor beta (TGF-β) have been implicated in the 

induction of CD4+ Th17 cells, while IL-23 is believed to be more important in the terminal 

differentiation and survival of Th17 cells.  

Various studies have shown that IL-23 receptor expression plays a vital role in the 

production of IL-17. A study using a murine model demonstrated that IL-23 and IL-23 receptors 

were critical for the expansion and maintenance of IL-17-producing T cells [61]. Kyttaris and 

colleagues found that IL-23R-deficient mice have decreased numbers of IL-17A-producing cells 

in the lymph nodes [62]. These experiments indicate that IL-23R-mediated signalling is important 

in the development of Th17 cells. Two previous studies supported this finding when they showed 

a down-regulation of Th17 cells in IL-23R-deficient mice [53, 63].  

2.3.2.2.1 Th17 cell function 

 Th17 cells are important for anti-bacterial and anti-viral defences. Induction of Th17 cells 

leads to the production of IL-17, IL-22 and interleukin- 21 (IL-21) (Fig.6). The receptor of IL-22 

(IL-22R) is not expressed on immune cells, and thus IL-22 is used by Th17 cells to communicate 

with tissues but not with other immune cells [64]. In the absence of IL-6, IL- IL-21 together with 

TGF-β is able to induce Th17 differentiation. Thus, IL-21 may be part of a positive feedback loop  
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Figure 6. Overview of Th1 and Th17 subset generation. APCs such as macrophages and 

dendritic cells produce IL-12 family cytokines, which result in the regulation of induction of Th 

cell subsets. IL-12 primes naïve Th cells to induce the development of IFN-γ-producing Th1 cells. 

IL-6 and TGF-β have been clearly implicated in the induction of CD4 Th17 cells, while IL-23 is 

believed to be more important in the terminal differentiation and survival of Th17 cells leading to 

production of IL-17, IL-22 and IL-21. Reprinted by permission from the publisher [65] 

 

 

 

 

 



16 

 

to amplify the precursor frequency of Th17 cells. On the other hand, IL-17 has been shown to 

facilitate the mobilization of neutrophils to sites of infection by inducing the production of 

neutrophil chemoattractants such as interleukin-8 (IL-8), TNF-α and granulocyte colony-

stimulating factor (G-CSF) by stromal, epithelial and endothelial cells, and a subset of monocytes 

[66-70]. The secretion of these cytokines promotes rapid neutrophil recruitment, which is 

important for the control of acute infection [71-73]. By directly inducing IL-17 production, which 

helps in neutrophil recruitment to infected sites, IL-23 may play a critical role in driving early 

inflammatory immune response to pathogens. 

Additionally, clinical studies have reported diseases linked to Th17 deficiency in humans. 

Polymorphisms of signal transducer and activator of transcription (STAT) molecules have been 

identified as the main cause of Th17 deficiency in humans. A study reported that chronic 

mucocutaneous candidiasis disease (CMCD) may be caused by autosomal dominant (AD) IL-17F 

deficiency or autosomal recessive (AR) IL-17 deficiency. In this study, a mutation of the signal 

transducer and activator of transcription 1 (STAT1) molecule was linked to the deficiency on IL-

17F and IL-17 [74]. Similarly, another study reported defective responses of Th17 cells due to the 

heterozygous missense mutations in the DNA sequence encoding the coiled-coil (CC) domain of 

STAT1. The authors suggested that the down-regulation of IL-23 receptor signalling pathways 

directed the poor production of IL-17 and IL-22 [75]. Additionally, patients with a dominant-

negative mutation in STAT3 were susceptible to CMCD and staphylococcus disease in lungs and 

skin and were found to have a very low proportion of IL-17A and IL-22 producing T cells [76]. 

This low induction of IL-17A and IL-22 producing T cells was attributed to possible impaired 

production of IL-6, IL-21 and/ or IL-23 [76]. Conclusively, these findings exemplify a role for IL-
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23 and IL-23 receptor expression in Th17 cell development and resulting IL-17 production. In 

particular, a deficiency in Th17 cells contributes to diseases resulting from bacterial infections.  

Compared to bacterial infections, the role of IL-23/Th17 axis in viral infection is still to be 

defined. One study reported increased IL-23 in Sendai virus infection. The authors demonstrated 

that human macrophages are able to express IL-23p19 and IL-12/IL-23p40 mRNA. However, it 

has been found that influenza virus failed to stimulate IL-23 expression in macrophages [77]. A 

significant role of IL-23 in host defense against vaccinia virus was reported by showing that IL-

23, together with IL-17, was able to enhance resistance to vaccinia virus infection in mice [77, 78]. 

In 2004, a study revealed that co-administration of an IL-23 expression plasmid in a prime-boost 

immunization enhanced the induction of Hepatitis C virus (HCV)-specific cytotoxic T lymphocyte 

(CTL) in mice [79]. Taken together, these studies show that IL-23 is vital for the immune system 

as this cytokine is needed to battle against various infectious pathogens. The role of IL-23 in 

bacterial clearance has also been observed in viral/bacterial coinfection studies [6].  

2.4 Mechanisms utilized by primary viral infection to deregulate immune responses 

secondary bacterial infection  

2.4.1 Suppression of dendritic, natural killer and CD4+ cell cytokine induction by primary 

virus infection 

While investigating concurrent pulmonary infections with influenza A virus (IAV) and 

mycobacteria in vivo, it was noted that coinfection mice exhibited decreased major 

histocompatibility complex (MHC) class II and class I expression on DC compared to mice 

infected only with mycobacteria. As a result of the reduced MHC expression, the authors found 

less activation of mycobacteria-specific CD4+ and cluster differentiation 8 (CD8+) T cells. 



18 

 

Coinfection also resulted in decreased magnitude of myobacteria-specific CD4+ and CD8+  T cell 

IFN-γ–secreting responses, resulting in the impaired clearance of mycobacteria in the coinfection 

mice [80]. This is not surprising since DC play a major role in regulating the adaptive immune 

response and therefore, the reduced MHC expression on DC will eventually influence the 

efficiency by which the adaptive immune system clears secondary bacterial infections. 

The effects of concurrent or successive IAV/pneumococcal coinfection on cytokine 

production by human monocyte-derived DC were studied using live IAV and heat-killed 

pneumococcus [81]. The authors of the study reported that successive challenge of influenza virus 

and pneumococcus on DC generally promoted a synergistic inflammatory response, but the 

different time intervals between the challenges of the two pathogens was a critical factor [81]. 

However, the interpretation of this data should be evaluated with care as the DC cytokine responses 

against live or heat-killed Streptococcus pneumonia can differ significantly with distinct patterns 

of Th1 and Th17 associated cytokines in response to heat-killed and live pneumococci when co-

cultured with CD4+ T cells [82]. Therefore, the synergistic inflammatory response might be 

different in DCs when infected with live IAV and live pneumococcus.  

Functionality of NK cells are also affected by primary virus infection. It has been 

demonstrated that IAV infection in a murine model predisposed the host to Staphylococcus aureus 

super-infection in the lung via impairing NK cell responses [83]. The mechanism involved IAV-

induced decreased production of TNF-α from NK cells, which led to reduced phagocytosis of S. 

aureus by alveolar macrophages compared to naïve wild-type (WT) NK cells [83]. When 

compared to naïve NK cells, adoptive transfer of TNF-α–deficient NK cells to the airway of flu-

infected mice failed to restore flu-impaired antibacterial host defense. In contrast to WT naive NK 
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cells, NK cells from IAV-infected lung, or TNF-α–deficient mice failed to enhance antibacterial 

activities of alveolar macrophages against S. aureus [83]. Conclusively, primary IAV infection 

reduces anti-staphylococcal host defense by inhibiting NK cell-induced TNF-α production and 

crippling NK cell ability to stimulate antibacterial activities of alveolar macrophages. 

2.4.2 Virus induced Type I IFN deregulates immune responses against bacterial infections 

Type I IFN are the key cytokines essential for the antiviral immune response as they induce 

an antiviral state in target cells by limiting virus replication [84, 85]. All type I IFN bind to the 

IFN receptor (IFNAR) that consists of IFNAR1 and IFNAR2 chains [86]. Type I IFN binding to 

its receptor complex results in the activation of signaling pathways which induces and activates 

intrinsic antiviral factors such as RNA-activated protein kinase, the 2-5A system, and the Mx 

proteins [87, 88]. Furthermore, by acting directly or indirectly on NK cells, T cells, B cells, DCs, 

and phagocytic cells, IFNs effectively regulate both innate and adaptive immune responses [89].   

Many viruses deregulate the function of type I IFN, making the host susceptible to 

secondary bacterial infections. For instance, LCMV-induced type I IFN [11, 90, 91], can cause 

apoptosis in bone marrow granulocytes [11], important for the elimination of bacterial infections 

[92]. The outcome in this case would be reduced granulocyte infiltrates at the site of bacterial 

infection, thus enhancing susceptibility to subsequent bacterial super-infection [11].  

The role of type I IFN in causing apoptosis in bone marrow granulocytes was observed by 

employing IFNAR−/− mice infected with a high dose of LCMV-WE followed 2 days later by a 

coinfection with Listeria monocytogenes.  In this study, wild-type mice exhibited 1,000-fold higher 

bacterial titers than IFNAR−/− mice in the spleen, and approximately 20-fold higher titers in the 

liver. This phenomena was further linked to lower granulocyte infiltration in LCMV-infected wild-
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type mice compared to IFNAR−/− mice [11]. These findings suggest that virus-induced 

granulocytopenia due to type I IFN induction may critically contribute to bacterial coinfections 

[11]. Understanding the kinetics of  the virus infection is critical in this model because type I IFN 

is typically produced in high amounts early after viral infection [93]. Thus, the risk for a super-

infection may be higher when the host is exposed to the bacteria soon after the viral infection has 

ensued. 

In another infection model of IAV, the influence of type I IFN on pulmonary host defense 

against bacteria was studied. Shahangian and his colleagues established a model of sequential IAV 

and pneumococcus lung infection using IFNAR−/− mice. The IFNAR−/− mice were infected with  

influenza (PR8 strain) and challenged with S. pneumoniae [5]. They found that bacterial clearance 

in IFNAR−/− mice increased 4-fold compared to wild-type mice. The less efficient  bacterial 

clearance in wild-type IAV-infected  mice was attributed to impaired production of neutrophil 

chemo-attractants such as macrophage inflammatory protein (MIP2) and keratinocyte 

chemoattractant (KC or IL-8) from alveolar macrophages following secondary challenge with S. 

pneumoniae [5]. This defect was overcome by administration of exogenous Mip2 and KC, which 

helped in appropriate neutrophil recruitment during the bacterial infection. Whereas blocking 

CXCR2 (common receptor for Mip2 and KC) rendered the mice more susceptible to the bacterial 

infection in IFNAR−/− mice  confirming that type I IFN–mediated suppression of KC and Mip2 

was the major mechanism underlying the enhanced susceptibility of wild-type mice to secondary 

bacterial infection [5]. These data suggest that type I IFN produced after IAV infection can weaken 

innate immune responses against secondary bacterial challenge by impairing chemotaxis of 

neutrophils.  
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A novel mechanism whereby virus induced-type I IFN mediates inhibition of Th17 

pathway was reported by Kudva et al [6]. It has been shown by several groups [94-97] that Th17 

cells have an important role in host defense against viral and bacterial infections as they help in 

neutrophil recruitment to infected tissues by production of IL-17 [98-100]. An important role of 

type I IFN in inhibiting neutrophil recruitment via suppressing the Th17 pathway has been 

reported. The Th17 induced cytokines- IL-17, IL-22, and IL-23 were observed to be decreased 

following coinfection with influenza virus and S. aureus. This decrease in IL-17, IL-22, and IL-23 

was linked to the pre-existing IAV-induced type I IFN suppressing production of IL-23 by 

dendritic cells [6]. The suppression of IL-23 is critical in this model as IL-23 activates STAT3 for 

Th17 differentiation and production of the proinflammatory cytokines (IL-17, IL-21, IL-22) by 

Th17 cells [6]. Furthermore, overexpression of IL-23 during influenza led to markedly improved 

bacterial clearance [6]. Similarly, Ivanov et al. recently reported that IL-22–deficient mice were 

significantly more susceptible to pneumococcal infection following influenza [101]. These 

findings indicate a novel mechanism by which IAV-induced type I IFN inhibits Th17 immunity 

via decreased IL-23 production, ultimately resulting in increased susceptibility to secondary 

bacterial pneumonia (Fig.7). 

It has been found in other infection models that IL-17–producing γδ T cells can be 

particularly suppressed by type I IFN [102], and indeed this has been reported to occur during 

secondary pneumococcal infections following influenza [103]. In the latter study, the mice were 

challenged intra-nasally with S. pneumoniae  after primary aerosol sub-lethal dose of  IAV [103]. 

Mice coinfected with IAV and bacteria showed higher mortality and increased S. pneumoniae 

replication in their lungs compared to mice infected with bacteria alone [103]. This high mortality  
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Figure 7. Pre-existing antiviral responses can lead to suppression of TH17 immunity. (a) IL-

23 activates STAT3 activation for terminal Th17 differentiation. DC infected by bacteria produce 

IL-23 which in turn leads to the generation and expansion of Th17 cells resulting in bacterial 

clearance. (b) On the other hand, in viral and bacterial coinfection viral infection induces type I 

IFN which inhibits IL-23 production by DCs resulting in reduced bacterial resistance in the host. 

Adapted from the permission of the publisher [104] 
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rate in coinfected mice was linked to viral induction of type I IFN [103]. It is interesting that γδ T 

cells were the primary source of the rapid production of IL-17 in the coinfection model and it is 

likely that type I IFN can inhibit IL-17–mediated neutrophil recruitment, possibly by suppressing 

γδ T cells. These findings highlight the important role of Th17 in protective antimicrobial 

immunity. 

In summary, it appears that although LCMV and influenza can downregulate the ability of 

neutrophils to clear a bacterial infection via type I IFN induction, their mechanisms of action are 

distinct. LCMV induced type I IFN causes apoptosis of bone marrow granulocytes [11], which 

includes the largest reserve of neutrophil granulocytes [105]. On the other hand, influenza induced 

type I IFN inhibits the production of  neutrophil chemoattractants leading to attenuated neutrophil 

responses during secondary pneumococcal pneumonia [5]. Influenza virus induced type I IFN can 

also affect IL-17- mediated neutrophil recruitment possibly by suppressing Th-17 and γδ T cells. 

The inconsistencies in outcomes from these various laboratories could be due to numerous factors. 

This can include alterations in the days between initial virus infection and/or secondary bacterial 

challenge, differences in doses of virus and bacteria used, and disparities in the combinations of 

virus and bacterial strains studied.  

2.5 Pathogens employed in this project 

2.5.1 Lymphocytic choriomeningitis virus infection model 

 

LCMV is a natural mouse pathogen [106], which has proved to be a robust model to study 

host-pathogen interactions in the mouse model [106, 107]. LCMV infects cells without causing 

cell death. LCMV can also be associated with human disease in immunosuppressed individuals 



24 

 

such as organ transplant patients [108] and the course of disease resembles viral hemorrhagic fever 

caused by the highly pathogenic Lassa virus [109]. Although wild house mice are the natural 

reservoir for the virus, hamsters and other pet rodents can acquire the virus through exposure to 

infected mice and become an important source of human exposure [110]. Studies on the prototypic 

arenavirus LCMV have led to major advances in virology and immunology that universally apply 

to other viral infections in humans. Investigations using the LCMV model have uncovered much 

of our current knowledge of viral pathogenesis, viral persistence and other areas of immunobiology 

including: persistent infections, immunological tolerance, and MHC restriction in CD8 T cell 

responses [111, 112].  

LCMV belonging to the Arenaviridae family, is an enveloped virus with a helical 

nucleocapsid containing ribonucleic acid (RNA) genome consisting of two single-stranded RNA 

circles [113] (Fig. 8). The viral nuclear material consists of two RNA genomes, large (L) (5.7kb) 

and small (S) (2.8kb). The L segment encodes for the RNA-dependent RNA polymerase (L) and 

a small RING finger protein called Z [114, 115]. This Z protein is able to inhibit RNA synthesis 

mediated by the virus polymerase [113]. The S segment directs the synthesis of the glycoprotein 

precursor (GPC) and the nucleoprotein (NP). GPC will be cleaved into mature viral glycoprotein 

GP-1 and GP-2 by the cellular subtilase S1P [116, 117]. GP-1 and GP-2 form a complex that 

becomes a spike on the virion envelope and mediates virus interaction with the receptor on the 

host cells [118]. It is widely accepted that intracellular NP levels correlate with viral infection 

levels. The encapsidated viral genome mediates the replication of the genome [114, 117]. These 

proteins are also important in biological assays since as the quantification of NP and GP expression 

by immunostaining indicates LCMV infection and replication [119, 120]. 
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Figure 8. Structure of Lymphocytic choriomeningitis virus (LCMV). LCMV virions have a 

dense lipid envelope and their surface is covered by glycoproteins, which are aligned with Z 

protein. Viral genome is bi-segmented – S and L. S helps in synthesis of GPC and NP whereas L 

genome encodes for Z and L protein. Reprinted with the permission [107] 
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2.5.2 Pseudomonas aeruginosa bacterium infection model 

The obligatory aerobic and rod-shaped Gram-negative bacterium Pseudomonas 

aeruginosa was first isolated by Gessard in 1882 [121]. It is known to be an opportunistic pathogen 

normally inhabiting the soil and surfaces in aqueous environments [122]. In addition, it can survive 

in a wide range of other natural and artificial settings which include surfaces in medical facilities 

[122]. Serious P. aeruginosa infections are often nosocomial [123-125]. Individuals with defective 

function of the cystic fibrosis (CF) trans-membrane conductance regulator or impaired defense 

systems such as neutropenic or immune-compromised patients are more susceptible to 

Pseudomonas infection [126, 127]. The pathogen is also commonly isolated from numerous 

infectious sites such as the eye, skin, and respiratory tract [128-130]. 

The first step in mounting a protective immune response against bacterial infection is the 

recognition of the pathogen by cell surface receptors, which are located on professional phagocytes 

such as DCs [12]. This is followed by the activation of intracellular signaling pathways and 

stimulation of inflammatory mediators through the recognition of bacterial ligands by TLR [12]. 

Outer membrane lipoproteins, LPS, flagellin, and nucleic acids of P. aeruginosa serve as ligands 

for TLR2, 4, 5, and 9, respectively [131]. However, some studies have reported that the LPS of P. 

aeruginosa is recognized by TLR4 as well as TLR2 [132, 133]. These TLRs and their respective 

downstream effector molecules have proven critical for the host immune response to P. aeruginosa 

(Fig.2 and 3) [131, 134, 135]. It has been reported that the bacterium can cause lethal infections in 

MyD88-/- mice indicating a critical role for the LPS-induced immune responses to the bacterial 

challenge (Fig.3) [136-138]. In vitro, TRIF-deficient mouse alveolar and peritoneal macrophages 

showed reduced NF-κB activation and reduced production of several NF-κB-regulated gene 
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products, including neutrophil chemoattractant like RANTES, KC, and TNF-α in response to P. 

aeruginosa stimulation (Fig.2) [139]. Another study showed that P. aeruginosa infection 

stimulates IRF3-ISRE-IFN (IFN regulatory factor 3 - IFN-stimulated response element-IFN) 

pathway required for the production of IFN-β and induces IRF3 translocation to the nucleus as a 

key determinant for host defense against P. aeruginosa infections (Fig.2) [140]. It was observed 

that IRF3 deficiency lead to a complete inhibition of RANTES and IFN-β production from IRF3-

deficient mice macrophages (in vitro) and IRF3-deficient mice (in vivo) [140]. Therefore, both 

MyD88-dependent and MyD88-independent pathways are involved in P. aeruginosa infection 

clearance (Fig.2 and 3). 

2.6 Rationale and Hypothesis 

Viral infection can affect the ability of immune cells to mount efficient immune responses 

by interfering with cytokine production. Cytokines are responsible for regulating immune 

functions and migration of immune cells crucial to the development and maintenance of immune 

responses. In particular, the early cytokine response from innate immune cells can influence later 

the adaptive immune response. For example, IL-23, produced by innate immune cells, helps in 

differentiation and proliferation of Th17 cells that play a role in clearance of bacterial infection by 

neutrophils [66-70]. The impact of virus infection on IL-23 induction has been reported in various 

models of infection. For example, human immunodeficiency virus (HIV) inhibits IL-23 expression 

[141, 142], whereas Sendai virus enhances IL-23 production [143]. Clearance of bacterial 

infections depends on the relatively early induction of IL-23/12 and poor responses of these TLR 

or bacterium induced cytokines as a direct result of virus infection may impede immune responses 

to secondary infections. Studies have also shown that virus infection deregulates cytokine 
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networks and increases susceptibility to secondary bacterial infection [10, 11]. One study in 

particular has reported the suppression of IL-23 by influenza upon secondary bacterial infection 

from dendritic cells [6]. Therefore, it can be hypothesized that LCMV infection will inhibit IL-23 

production from BMDC upon secondary bacterial infection. Thus, the purpose of this study was 

to determine how LCMV can affect early innate immune response to secondary bacterial infection. 

Previous work in the Basta lab demonstrated that the LCMV infection of DCs inhibits 

E.coli LPS -induced IL-12/IL-23 expression measured at 6 h post LPS stimulation (Che Mat et al, 

unpublished data). Building upon these observations, this study will utilise LPS from P. 

aeruginosa in parallel with whole bacterium P. aeruginosa to determine virus-induced cytokine 

inhibition. We chose to work with P. aeruginosa because it is an opportunistic pathogen [122] and 

can commonly cause acute and chronic infections in immunocompromised humans [126, 127, 144, 

145], making it very relevant to this research. Moreover, its LPS is a well-studied TLR4 agonist 

and the bacterium can cause lethal infections in MyD88-/- mice indicating a critical role for the 

LPS-induced immune responses to the bacterial challenge [136, 137]. In this project, infection 

conditions of P. aeruginosa will be optimised and the impact of virus infection on “early” 

cytokines induced by secondary bacterial infection will be investigated. 
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Chapter 3 

Materials and methods 

 

3.1 Mice  

C57BL/6 mice (8 weeks) were purchased from The Jackson laboratory (Bar Harbor, Maine). Mice 

were used according to Canadian Council of Animal Care guidelines to isolate primary BMDC.  

3.2 Virus Production & Titration 

The L929 fibroblast cell line [ATCC] was used to propagate LCMV-Clone 13 (CL13) [obtained 

from F. Lehmann-Grube, Hamburg, Germany]. These viruses were propagated as previously 

described [146]. Briefly, L929 cells were allowed to grow to approximately 80% confluence in 

(T150) flasks with Dulbecco's Modified Eagle's medium (DMEM) containing 5% fetal bovine 

serum (FCS). Medium was removed, and L929 cells were infected with LCMV-CL13 at an 

multiplicity of infection (MOI) of 0.01 in 5 mL of fresh medium. Flasks were incubated for 1 h at 

room temperature on a shaker, after which 15 mL of fresh medium was added. Flasks were 

incubated for 48 hours at 37°C. Supernatant containing virus was collected and aliquoted on ice at 

48 and 72 hours. Stocks were kept frozen at -80°C for further use.  

Virus titration was carried out by LCMV-NP FACS assay as described by Johnson et al. 

[147]. Vero cells were plated in flat bottom 96-well tissue culture plates in DMEM at 50,000 cells 

per well and incubated at 37°C and 5% CO2 overnight. Serial dilutions of a known LCMV viral 

stock (2 to 3 duplicate 3-fold dilutions) as a control were prepared in DMEM and 50 µl of each 

dilution was added to Vero cells. Vero cells were then incubated with virus for the 48 h. Cells were 
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washed with cold 1x phosphate-buffered saline (PBS) and incubated with 60 µl of warm trypsin 

at 37°C for 5 minutes. Thereafter, 60 µl of cold DMEM with 7% FCS was then added to each well, 

the cells were removed by gentle pipetting, and transferred to a 96-well V-bottom plate. Cells were 

pelleted by centrifugation at 1600 rate per minute (rpm), re-suspended in 4% formalin and 

incubated at room temperature for 15 minutes. The cells were pelleted by centrifugation at 1600 

rpm and washed twice in PBS with 1% saponin. The cells were then resuspended in PBS with 1% 

saponin containing the primary rat anti-LCMV-NP Ab (clone VL4) and incubated at room 

temperature for 60 minutes. The cells were pelleted by centrifugation at 1600 rpm and washed 

twice in PBS with 1% saponin. Next, the cells were re-suspended in PBS with 1% saponin 

containing FITC-conjugated goat anti-rat IgG Ab (1 µg/ml, Cedarlane) incubated at room 

temperature for 30 minutes.  The cells were then washed twice in PBS with 1% saponin, re-

suspended in FACS buffer (PBS and 0.5% sodium azide). LCMV-NP expression was detected 

using flow cytometer (FCM) (Beckmann Coulter, Miami, FL) and data were analyzed using 

FlowJo version 10. 

3.3 Bacteria, culture media and growth conditions.  

P. aeruginosa strains used were PAO1 (prototroph strain- K767) [148] and PAO1-GFP (green 

fluorescent protein) [149], a kind gift from Dr. Keith Poole. Bacterial cells were cultured on Luria 

agar (L-agar) at 37°C overnight. PAO1 was then inoculated from a single colony on the agar plate 

and was cultured overnight in Luria broth (L broth) for 18 h at 37°C. The PAO1 overnight culture 

was then sub-cultured by diluting 1:50 for another 3 h until it reached an OD600~1 (3X108 cfu/ml) 

with vigorous shaking. Colony forming units (CFU) of bacteria were quantified by plating serial 

dilutions on LB agar medium. Tetracycline, which has a minimum inhibition concentration (MIC) 
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of 16 µg/ml for PAO1, was used throughout the experiments to inhibit the growth of P. aeruginosa 

during the infection [150]. 

3.4 Generation of bone marrow-derived dendritic cells (BMDCs) 

Mouse bone marrow-derived dendritic cells were generated from bone marrow stem cells in the 

presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) for 8 days as previously 

described [151]. Briefly, bone marrow cells were cultured in 6-well tissue culture plates (3-5 x 106 

cells/ well) in RPMI containing 10 % FCS, supplemented with 50 μM 2ME (Bioshop Canada Inc., 

Burlington, Ontario), 10 ng/ml GM-CSF (Cedarlane, Ontario, Canada), and 3 μg/ml gentamicin 

(Invitrogen, Ontario, Canada). Every 2 days, 2 mL of medium was removed and replenished with 

fresh medium. On day 6, non-adherent cells were transferred to a new 6-well plate and left for 72 

h at 37°C before using in the assays. The loosely adherent cells (highly enriched complement 

component 3 receptor 4 subunit (CD11c+) MHC-II+ BMDC) were harvested on day 8 and used for 

experimentation. 

3.5 Flow cytometric analysis for phenotypic markers 

The phenotypic characteristics of BMDCs on day 8 were evaluated by cell surface marker staining 

using fluorochrome-labeled monoclonal antibodies specific for surface markers. Cells were stained 

with either non-labelled antibody as control CD11c (clone: N418) or fluorescein isothiocyanate 

(FITC) anti-MHCII (clone: M5/114.15.2) purchased from eBioscience. After staining for 20 min 

at 4°C, cells were washed with FACS buffer (0.5% sodium azide in PBS), and measured with flow 

cytometry using the Epics XL-MCL flow cytometer (Beckman Coulter, Miami, FL, USA) and the 

data was analyzed with FlowJo version 10.  
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3.6 In vitro infection and stimulation 

BMDC were infected with LCMV (MOI=2) for 6 h prior to LPS E.coli (1µg/ml), LPS P. 

aeruginosa (1µg/ml) or live P. aeruginosa (MOI= 0.3) stimulation. The concentration of BMDCs 

used for the LPS P. aeruginosa (1µg/ml) was 2×106/ml and for whole bacterium infections was 

2.5×106/ml. To ensure that the inhibition/upregulation of cytokine expression was due to virus 

infection, cytokine expression was measured in cells treated with mock virus, which was control 

medium obtained from uninfected L929 cells. We could not include ultraviolet (UV)- inactivated 

virus for any of the experiments as IL-23 and IL-12p70 production was very sensitive to UV 

inactivation. Even the BMDCs stimulated with UV-treated media resulted in an inhibition of IL-

23 production when compared to cells treated with non-UV treated medium. On the other hand, 

IL-6, IL-10 and TNF-α production was not impacted by UV inactivation. 

3.7 Detection of LCMV NP protein 

LCMV-NP detection was determined using intracellular staining and flow cytometry (FCM) 

analyses. Virus infected BMDCs were fixed with 4% Formalin for 30 min at room temperature, 

then permeabilized with 1% Triton-X for 20 min at room temperature and incubated for 1 h with 

rat anti-LCMV-NP Ab (clone VL4) [146]. The cells were then further incubated with FITC-

conjugated goat anti-rat IgG Ab (1 µg/ml, Cedarlane) for 1h at room temperature after washing 

twice with PBS. Data were acquired with the Epics XL-MCL flow cytometer and analyzed with 

FlowJo version 10. 

3.8 Propidium iodide staining.  

BMDCs were infected with P. aeruginosa at an MOI of 3, 1, 0.5 and 0.2 with/without tetracycline. 

Propidium iodide (PI) at a concentration of 2 µg/ml was added to the P. aeruginosa-infected 
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BMDCs for 10 seconds to label dead cells and data was acquired with the flow cytometer [41]. 

The number of dead BMDCs were calculated by subtracting the number of dead BMDCs in the 

absence of P. aeruginosa from the dead cells in the presence of bacteria. 

3.9 Cytokine ELISA 

The supernatants from time course incubations of BMDCs with stimuli were collected and stored 

at -80°C until the enzyme-linked immunosorbent assays (ELISA) were performed. The mouse IL-

23, IL-12p70, IL-12/23p40, IL-6, TNF-α, and IL-10 ELISA assays were performed according to 

manufacturer’s instructions. Absorbencies were measured with the BioTek ELx800 Microplate 

Reader (Fisher Scientific). Data are representative of the average of triplicate wells ± S.D. The 

mouse ELISA kits were purchased from e-Biosciences. The IL-23 and IL-12p70 kits detect both 

heterodimer subunits for each cytokine.  

3.9.1 IL-10 neutralizing antibody treatment of BMDCs 

BMDCs were treated with anti-mouse IL-10 polyclonal Goat IgG antibody (2 µg/ml; 

ThermoFisher) and control polyclonal goat IgG isotype antibody (2 µg/ml; ThermoFisher) 2 h 

after LCMV infection. LCMV infection was followed by LPS E.coli (1µg/ml), LPS P. aeruginosa 

(1µg/ml) stimulation or P. aeruginosa infection. IL-10 and IL-23 ELISA assays were then carried 

out on the supernatants as per manufacturer’s instructions. 

3.10 Formalin treatment of green fluorescent protein (GFP) - tagged PAO1 to determine 

the uptake of bacteria by BMDCs  

BMDCs were infected with PAO1-GFP at an MOI of 10 for 30 min. PAO1-GFP infected cells 

were then washed with PBS and were treated with/without 4% formalin for 30 min followed by 
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FACS analysis for GFP signal.  Since formalin treatment quenches GFP [152], any GFP FACs 

signal is indicative of the presence of intracellular bacteria.  

3.11 Gentamicin protection assay for determining intracellular entry of P. aeruginosa 

Gentamicin protection assays were used to quantify the extent of bacterial invasion of BMDCs. 

Briefly, BMDCs were infected with bacteria at an MOI of 0.3. After incubation, for the cells were 

washed with PBS followed by addition of medium containing gentamicin (200 μg/ml) and further 

incubated for 1 h at 37°C to kill extracellular P. aeruginosa. Representative cell culture wells were 

lysed with 0.1% Triton X-100 + 0.01% sodium dodecyl sulfate (SDS) in PBS and serial dilutions 

were spread onto LB agar plates to enumerate number of internalized bacteria [153].  

3.12 Statistical Analysis 

Statistical analysis for all ELISAs assays was done using a 2-tailed student’s T-TEST assuming 

unequal variance. For ELISA assays T-TESTS were used to compare differences between two 

different experimental conditions, using replicates of each sample. Statistical analysis is denoted 

on each figure using *p<0.05, ** p<0.01, *** p<0.001. 
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Chapter 4 

  Results 

4.1 Bone marrow-derived dendritic cells express dendritic cell markers MHC-II+ and 

CD11c+. To investigate the role of LCMV infection on LPS-induced cytokine production, BMDCs 

were used since these cells link innate immune responses to adaptive immune responses [154]. In 

addition, they are part of the early response to bacterial infection and sense bacterial components 

such as LPS through TLR resulting in anti-bacterial cytokine production [154]. Since BMDCs are 

phenotypically characterized by the expression of MHC-II+ and CD11c+ markers, flow cytometric 

expression analysis of MHC-II+ and CD11c+ markers surface expression was performed. After 8 

days of culture with GM-CSF, the non-adherent fraction of murine bone marrow cells were 

harvested and labeled with anti-mouse Abs specific for MHC-II+ and CD11c+. Quadrant (Q) 1 and 

Q3 represent single positive cell populations of CD11c+ and MHC-II+ respectively. Q4 and Q2 

depict double-negative and double-positive cell populations, respectively. The BMDCs used for 

experiments were positive for both phenotypic markers MHC-II+ and CD11c+ (∼68%) as shown 

in Fig. 9 (Q2). Taken together, the results show that ~68% of the cells were pure BMDCs (Fig. 9).  

4.2 LCMV-NP expression analysis by flow cytometry confirmed infection of BMDCs. To 

study the impact of virus infection on the cytokine response to secondary antigenic challenge, 

LCMV virus was used to infect BMDC. To ensure that the virus preparations and MOIs used in 

this study resulted in infection, levels of the LCMV-NP were measured by flow cytometry. 

Expression levels of LCMV-NP after a 24 h LCMV infection (MOI of 2) were measured using 

flow cytometry. It has been reported that any significant LCMV-NP 1 h post infection in the  
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Figure 9. Cell surface marker expression profile of BMDCs. After 8 days of culture in GM-

CSF, and the cells were stained for surface phenotypic marker: CD11c+ and MHC-II+ were 

detected by flow cytometry analysis. The proportion of CD11c+ and MHC-II+ BMDCs in the cell 

population was ~68%. The quadrant band was set by employing unstained control cells. This data 

is representative of three independent experiments.  

 



37 

 

infected cells cannot be detected which would represent input virus [155]. Predictably, over the 

course of infection, the levels of LCMV-NP increase over 24 h [142]. Thus, after 1 h of incubation 

of BMDCs with LCMV, the cells were cultured for a further 24 h at 37°C in a 6 well plate. The 

cells solution were then stained with rat anti-LCMV-NP IgG antibody, followed by FITC-

conjugated goat-anti rat IgG antibody. Flow cytometry was used to measure the percentage of cells 

expressing NP (Fig.10, white fill, solid line). The data indicates that a substantial amount of 

BMDCs (~59%) were infected by LCMV.  

4.3 Maximal suppression of LPS-induced IL-23 was observed at 4 h post virus infection. 

Since one of the key anti-bacterial cytokines produced by DCs is IL-23, I chose to focus on how 

LCMV infection modulates expression of this cytokine in response to LPS. LCMV has been 

observed to induce a low level of IL-12p70 production [156-158] whereas IL-23 production by 

LCMV has not yet been documented in the literature. Previous research in our lab demonstrated 

that 4 to 6 h post-virus infection in BMDCs results in suppression of LPS-induced IL-23 cytokine 

expression. To test if early time points of LCMV infection also result in suppression of LPS-

induced IL-23 production, time points of (0-4 h) post-virus infection were used (Fig.11). Virus 

infection time was not extended past 4 h as the suppression observed at 6 h post-virus infection 

was similar to the suppression observed at 4 h post-virus infection (data not shown). The BMDCs 

were infected with LCMV CL13 or mock virus at an MOI of 2 from 0-4 h and then stimulated 

with LPS from P. aeruginosa (1μg/ml) for another 4 h before testing culture supernatants for IL-

23. We chose 4 h as an appropriate time point for LPS stimulation in the coinfection model as 

maximum levels of IL-23 and IL-12p70 production have been observed at 4 h post LPS stimulation 

(Che Mat et al, unpublished data). The data showed that suppression of IL-23 was detected as early  
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Figure 10. LCMV nucleoprotein staining of BMDCs after 24 of infection to determine virus 

infection. Majority of BMDCs expressed LCMV-NP (~59%) after 24 h of LCMV infection at an 

MOI of 2. Background staining was measured using unlabeled cells. Uninfected cells were 

employed as a negative control (light grey) and were used to gate on positive NP stained cells 

(white fill, solid line). This data is representative of three independent experiments 

  



39 

 

  

 

Figure 11. Time kinetics of virus inhibition of LPS-induced IL-23 expression. Suppression of 

IL-23 production is observed from 0-4h of virus infection. BMDCs were infected with CL13 or 

mock virus (control) over a period of time (0-4h) at an MOI of 2. LCMV infection was followed 

by LPS P. aeruginosa (1μg/ml) for another 4 h. The culture supernatant was then analyzed by 

ELISA for production of IL-23. Time is represented in hours. Data represent mean ± SD from 

three wells within one representative experiment out of 3 independent experiments with similar 

data profiles. Statistical significance was calculated using two-tailed Student t-test and depicted 

by (*) where ** p<0.01. 
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as 0 h post-virus infection (Fig.11). When compared to 0 and 2 h, a significant amount of IL-23 

suppression was observed at 4 h post-virus infection. Also, this project is focusing on early innate 

immune responses (cytokine induction) which is 4 h for maximal proinflammatory cytokine 

production such as IL-23 (Che Mat et al., unpublished data). Therefore, 4 h of virus infection time 

was chosen as a suitable time-point for virus infection. 

4.4 Establishing the cytokine response of BMDCs upon stimulation from different types of 

LPS (E.coli and P. aeruginosa). Since IL-12 and IL-23 are key proinflammatory cytokines 

produced by activated DCs after TLR activation [159-162], it is plausible that virus infection may 

influence their expression levels in response to different bacterial immunogens. In the above 

section 4.3, it was shown that LCMV inhibits LPS-induced IL-23 production. As well, prior 

research in our lab demonstrated that E.coli LPS-induced IL-23/12p70 expression is inhibited by 

LCMV infection, but how these findings relate to a secondary bacterial infection needs to be 

investigated. In order to compare our previous findings that used LPS from E. coli to a 

viral/bacterial coinfection model, it was necessary to determine how LCMV-infected BMDCs 

impact cytokine production upon live P. aeruginosa infection. Therefore, before establishing 

LCMV and P. aeruginosa coinfection model system; LPS P. aeruginosa in parallel to LPS E.coli 

was used to compare cytokine responses to LPS from the two different bacteria. 

4.4.1 Inhibition of LPS-induced IL-23 and IL-12p70 expression by LCMV infection. LPS 

E.coli-induced IL-23/12p70 expression has been observed to be inhibited by LCMV infection (Che 

Mat et al, unpublished data). Therefore, it can be hypothesized that LPS P. aeruginosa-induced 

IL-12p70 will also be inhibited by prior virus infection. In section 4.3, I optimized the conditions 

for LCMV infection and LPS treatment; therefore I used the same conditions to compare the 
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impact of virus infection on LPS-induced IL-12p70 and IL-23. BMDCs were cultured in 6 well 

plates, infected with LCMV for  4 h , followed by 4 h treatment with LPS (1 μg/ml) from E.coli 

and P. aeruginosa. As shown in Figure 12, IL-23 (a) and IL-12p70 (b) were not basally expressed 

in unstimulated-BMDCs. LCMV infection alone induced a relatively low level of IL-23 and IL-

12p70 production (Fig.12a and b; medium vs virus). LCMV infection resulted in significant 

inhibition of LPS-induced IL-23 and IL-12p70 production (Fig.12a and b mock LPS vs virus LPS). 

LPS from P. aeruginosa induced a higher production of IL-23 and IL-12p70 from BMDCs 

compared to E. coli (Fig.12a and b LPS E.coli vs LPS P. aeruginosa). Therefore, both LPS E.coli 

and LPS P. aeruginosa –induced IL-23 and IL-12p70 is inhibited by prior LCMV infection. Also, 

LPS P. aeruginosa is more potent in inducing IL-23 and IL-12p70 from BMDCs. 

4.4.2 In vitro LCMV infection followed by LPS stimulation of BMDC does not inhibit TNF-

α and IL-6 production. To determine whether LCMV inhibition of LPS-induced cytokines was 

specific for IL-12p70 and IL-23, other proinflammatory cytokines known to be induced by both 

LCMV and LPS such as IL-6 and TNF-α were analyzed by ELISA in the same experimental 

settings [163-166]. BMDC cells were cultured in 6 well plates, infected with LCMV for 4 h ,and 

incubated with LPS (1 μg/ml) from E.coli and P. aeruginosa for a further 4 h. The results show 

that LCMV infection upregulated LPS-induced TNF-α production (Fig.13a and b mock LPS vs 

virus LPS) compared to mock and LPS stimulated cells. However, LPS E.coli-induced IL-6 was 

upregulated by LCMV but not LPS P. aeruginosa-induced IL-6. TNF-α and IL-6 were not basally 

expressed in unstimulated-BMDC cells. BMDCs stimulated with LPS P. aeruginosa had a greater 

production of TNF-α and IL-6 when compared to LPS E.coli. Therefore, IL-6 and TNF-α induced 

by LPS E.coli and LPS P. aeruginosa are not inhibited by prior LCMV infection confirming  
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Figure 12. LCMV infection inhibits LPS-induced IL-23 and IL-12p70 expression in BMDCs. 

(a) and (b) BMDC cells were either uninfected or infected with LCMV-CL13 or mock virus 

(MOI=2), for 4 h prior to treatment with LPS E.coli (1 μg/ml) or LPS P. aeruginosa (1 μg/ml) for 

an additional 4 h. Cell supernatants were collected and used to examine the production of (a) IL-

23 and (b) IL-12p70 by ELISA. Data represent mean ± SD from three wells within one 

representative experiment out of 3 independent experiments with similar data profiles. Statistical 

significance was calculated using two-tailed Student t-test and depicted by (*) where *p<0.05, *** 

p<0.001.  
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Figure 13. LCMV infection does not inhibit LPS-induced TNF-α and IL-6 levels in BMDCs. 

BMDC cells were either left uninfected or infected with LCMV-CL13 or mock virus MOI=2, for 

4 h prior to treatment with LPS E.coli (1 μg/ml) and LPS P. aeruginosa (1 μg/ml) for an additional 

4 h. Cell supernatants were collected and used to examine the production of (a) TNF-α (b) IL-6 by 

ELISA. (a) LCMV upregulated TNF-α induced by both LPS E.coli (1 μg/ml) and LPS P. 

aeruginosa (b) LCMV upregulated LPS E.coli-induced IL-6 but not LPS P. aeruginosa-induced 

IL-6. Data represent mean ± SD from three wells within one representative experiment out of 3 

independent experiments with similar data profiles. Statistical significance was calculated using 

two-tailed Student t-test and depicted by (*) where *p<0.05. 
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LCMV infection only downregulates specific LPS-induced cytokines.  

4.4.3 IL-10 production is upregulated in LCMV and LPS stimulated BMDCs. LCMV 

infection of BMDCs may induce anti-inflammatory cytokine production [32] such as IL-10 which 

has been observed to inhibit IL-23 and IL-12p70 production [167-170]. Therefore, expression 

levels of IL-10 were examined. IL-10 production was assayed by ELISA in LCMV infected cells 

and uninfected cells either left untreated or treated with LPS (Fig.14). BMDC cells were cultured 

in 6 well plates, infected with LCMV at an MOI of 2 for 4 h, followed by 4 h treatment with LPS 

(1 μg/ml) from E.coli and P. aeruginosa. Compared to other cytokines discussed above, LCMV 

infection alone induced a high level of IL-10 production, which is consistent with literature [171-

173] (Fig.14 medium vs virus). Upon the addition of LPS, LCMV-induced IL-10 production was 

further significantly enhanced (Fig.14 virus vs virus LPS). IL-10 production by E.coli LPS was 

similar to LPS P. aeruginosa. Thus, IL-10 is upregulated in costimulated BMDCs; LPS P. 

aeruginosa and LPS E.coli induce IL-10 at the same levels. 

4.4.4 Anti-IL-10 antibody did not enhance IL-23 production from LCMV and LPS 

stimulated BMDCs. As the anti-inflammatory cytokine IL-10 was observed to be upregulated in 

the coinfection model (Fig.14, page 45), we wanted to test if this cytokine was responsible for the 

inhibition of IL-23. Therefore, BMDCs were treated with an IL-10 neutralizing antibody. BMDC 

cells were cultured in 6 well plates, infected with LCMV at an MOI of 2 for 4 h, and followed by 

4 h treatment with LPS (1 μg/ml) from E.coli or P. aeruginosa. BMDCs were treated with anti-

IL-10 (2µg/ml) and isotype control antibody (2µg/ml) after 2 h of LCMV infection. It was 

observed that the IL-10 neutralizing antibody treatment did not upregulate IL-23 production from 

BMDCs upon virus and LPS E.coli or P. aeruginosa stimulation (Fig.15a anti- IL-10 antibody  
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Figure 14. IL-10 production is upregulated in the LCMV and LPS stimulated BMDCs. 

BMDCs were infected with LCMV and mock virus at an MOI of 2 for 4 h prior to stimulation with 

LPS E.coli (1 μg/ml) and LPS P. aeruginosa (1 μg/ml) for an additional 4 h. IL-10 levels in the 

supernatant were measured by ELISA. Data represent mean ± SD from three wells within one 

representative experiment out of 3 independent experiments with similar data profiles. Statistical 

significance was calculated using two-tailed Student t-test and depicted by (*) where *p<0.05, *** 

p<0.001. 
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Figure 15. Anti-IL-10 antibody does not increase IL-23 production from virus and LPS 

costimulated BMDCs. BMDCs were infected with LCMV for 4 h followed by 4 h LPS 

stimulation. The cells were treated with anti-IL-10 antibody (2µg/ml) and isotype control (2µg/ml) 

2 h after LCMV infection. IL-23 (a) and IL-10 (b) was then measured from cell-free supernatants 

by ELISA. (a) IL-23 was measured for both LPS E. coli and LPS P. aeruginosa stimulated cells 

(b) LPS E. coli was used to represent LPS P. aeruginosa-induced IL-10 as well since both LPS 

produce IL-10 approximately at the same levels and both LPS-induced IL-23 is inhibited by 

LCMV. Data represent mean ± SD from three wells within one representative experiment out of 3 

independent experiments with similar data profiles. Statistical significance was calculated using 

two-tailed Student t-test and depicted by (*) where *p<0.05, ** p<0.01, *** p<0.001. 
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virus LPS vs no antibody virus LPS). However, LPS-induced IL-23 production was significantly 

upregulated in anti-IL-10 treated cells (Fig.15a anti-IL-10 antibody LPS vs no antibody LPS). 

Production of IL-23 by isotype control was similar to untreated cells (Fig.15a). Although anti-IL-

10 antibody treatment of LCMV and LPS stimulated cells significantly inhibited IL-10, it only 

reduced approximately 200 pg/ml of IL-10 compared to the isotype control and non-anti-IL-10 

treated cells (Fig.15b anti-IL-10 antibody virus LPS vs no antibody virus LPS). 

4.5 Bacteriostatic antibiotic inhibits P. aeruginosa growth and upregulates cytokine 

induction during BMDC infection compared to non-antibiotic treated cells. As shown in the 

section 4.4.1 (Fig.12a and b, page 42), LCMV infection resulted in inhibition of LPS-induced IL-

12p70/IL-23. To determine how these findings relate to a secondary bacterial infection, live 

bacteria P. aeruginosa was employed. Initially, infection conditions of P. aeruginosa were 

optimized by the use of tetracycline (MIC 16µg/ml) to ensure that the MOI of P. aeruginosa stays 

consent during the coinfection. Bacterial cells were grown overnight (~18 h) and then sub-cultured 

for another 3 h. The bacterial cells were then grown for another 4 h ± tetracycline. P. aeruginosa 

± tetracycline was serially diluted and cultured on LB plate at 0 h and 4 h post infection.  At 0 h, 

the concentration of P. aeruginosa cells ± tetracycline was ~ 8x108 cfu/ml and OD600 1.32 

(Table.1). After 4 h of culture, there was an increase of 20% in the concentration of tetracycline 

treated cells from 8x108 cfu/ml to 1x109 cfu/ml (Table.1). Importantly, after 4 h of P. aeruginosa 

culture, there was no decrease in the concentration of tetracycline treated bacterial cells. However, 

the concentration of non-tetracycline treated cells increased to 4-fold (4x109 cfu/ml) when 

compared to the starting concentration (1x109 cfu/ml) (Table.1). The increase in the concentration 

and OD600 of non-tetracycline treated bacterial cells compared to tetracycline treated cells implies  
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 Time  OD600 CFU/ml 

PAO1-no antibiotics 0h 1.32 8x108 

4h 1.78 4x109 

PAO1- Tet treated 0h 1.32 8x108 

4h 1.37 1x109 

 

 

Table 1. The impact of tetracycline on inhibition of P. aeruginosa growth. P. aeruginosa 

bacterial culture was grown for 3 h ± tetracycline. After 3 h of culture, P. aeruginosa was serially 

diluted and plated out to determine the concentration of cells at time points 0 h and 4 h ± 

tetracycline. OD600 of the cell culture was also measured simultaneously. Concentration and OD600 

of tetracycline treated cells at time point 4 h was increased by 20% when compared to 0 h implying 

the inhibition of bacterial cells by tetracycline (16 µg/ml). In contrast, at time point 4 h non-

tetracycline treated cells concentration increased to 4-fold the initial concentration. 
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that tetracycline inhibits the growth of P. aeruginosa cells. 

Before setting up the coinfection model, the impact of arresting bacterial cell division by 

bacteriostatic antibiotics on cytokine induction, in response to P. aeruginosa infection was 

examined. BMDCs were infected with P. aeruginosa (MOI=10, 3, 1) ± bacteriostatic antibiotic 

tetracycline (MIC 16 µg/ml) for 4 h. The supernatant from this stimulation was collected and 

analyzed for IL-12p70 (Fig.16a), IL-12/23p40 (Fig.16b), and TNF-α (Fig.16c) by ELISA. As a 

result, P. aeruginosa infected BMDCs without antibiotic treatment had reduced induction of 

cytokines when compared to antibiotic treated BMDCs. This reduced induction of cytokines in 

non-tetracycline treated cells might be attributed to cell death caused by P. aeruginosa. Overall, 

reduced production of cytokines was also observed from cells infected at higher MOI ± antibiotic 

(Fig.16).  

4.6 No antibiotic treatment and higher MOI of P. aeruginosa resulted in increased cell death 

of BMDCs as observed by propidium iodide staining. To determine whether the reduced 

cytokine induction at higher MOI and in non-tetracycline treated BMDCs was due to BMDC death, 

PI staining was performed. PI is a red-fluorescent nuclear and chromosome counterstain [174]. 

Since PI is not permeable to live cells, it is commonly used to detect dead cells in a population 

[174]. The BMDCs were infected with P. aeruginosa for 4 h at an MOI of 3, 1, 0.5 and 0.2 ± 

tetracycline (16 µg/ml) before PI staining. After 4 h, BMDCs were then stained with PI and 

analyzed on FACs. For FACS analysis, the single dead cell population of uninfected cells was first 

gated. This gate was then applied to P. aeruginosa infected PI stained cells. Flow cytometry data 

analysis showed that P. aeruginosa infection of BMDCs without antibiotic (Fig.17 MOI-1, white 

bar) markedly increased the rate of cell death by 35% compared with tetracycline- treated cells 
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Figure 16. Comparison of cytokine induction during P. aeruginosa infection of BMDCs 

with/without bacteriostatic antibiotics:IL-12p70 (a), IL-23/12p40 (b) and TNF-α (c) BMDC 

cells were either left uninfected or infected with P. aeruginosa (MOI=10, 3, 1) for 4 h ±  

tetracycline. Cell supernatants were collected and used to examine the production of IL-12p70, IL-

12/23p40, TNF-α and IL-6 by ELISA.  
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Figure 17. PI staining analysis of P. aeruginosa infected BMDCs with or without antibiotic. 

Murine bone marrow dendritic cells were infected with P. aeruginosa ± tetracycline at an MOI of 

3, 1, 0.5 and 0.2. The infection was carried out for 4 h after which the cells were stained with PI. 

The number of dead BMDCs were calculated by subtracting the number of dead BMDCs in the 

absence of P. aeruginosa from the dead cells in the presence of bacteria. 
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 (Fig.17 MOI-1, black bar). Less cell death of BMDCs was observed with P. aeruginosa infection 

at an MOI of ≤0.5 (5-10%) with or without antibiotics due to lower concentration of P. aeruginosa 

infecting BMDCs. Therefore, the lower MOI (0.5-0.2) of P. aeruginosa with tetracycline treatment 

can be used in the coinfection model. 

4.7 Suppression of bacterium-induced IL-23 is highest at 4 h post-virus infection. In section 

4.3, the time required for maximal virus suppression of IL-23 prior to LPS stimulation was 

observed to be 4 h. In order to determine whether the same time-point for virus infection could be 

applied in the virus/bacteria coinfection model, the time kinetics of LCMV infection required for 

cytokine suppression upon bacterial infection was performed. The BMDCs were infected with 

LCMV CL13 or mock virus at an MOI of 2 from 0-4 h and then stimulated with live P. aeruginosa 

(MOI=0.3) for 4 h before testing culture supernatants for IL-23. P. aeruginosa infection time was 

chosen as 4 h, similar to LPS stimulation, as 4 h has been documented to be the time required for 

early maximal proinflammatory cytokine production (Che Mat et al, unpublished data, [175]). 

Similar to what was observed with LPS stimulation (Fig.11, page 39), suppression of bacterium-

induced IL-23 was detected as early as 0 h post-virus infection (Fig.18). Significant amount of P. 

aeruginosa-induced IL-23 suppression was observed at 4 h post-virus infection compared to 0 and 

2 h, therefore, 4 h was chosen as a time-point for initial virus infection.  

4.8 Bacterium-induced IL-23 is inhibited and IL-12/23p40 production levels are unaffected 

by prior LCMV infection. LPS is a highly potent activator of the innate immune system and also 

constitutes a major marker for the recognition of intruding Gram-negative pathogens by the host 

[176]. Earlier results show that LPS-induced IL-23 and IL-12p70 were inhibited by LCMV 

infection (Fig.12a and b, page 42). Therefore, the physiological relevance of suppressed LPS-  
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Figure 18. Time kinetics of virus inhibition of bacterium-induced IL-23 production. 

Suppression of IL-23 production is observed from 0-4h of virus infection. BMDCs were infected 

with CL13 or mock virus over a period of time (0-4h) at MOI of 2. LCMV infection was followed 

P. aeruginosa (MOI=0.3) infection for another 4 h. The culture supernatant was then analyzed by 

ELISA for production of IL-23. Time is represented in hours. Data represent mean ± SD from 

three wells within one representative experiment out of 3 independent experiments with similar 

data profiles. Statistical significance was calculated using two-tailed Student t-test and depicted 

by (*) where *p<0.05.  
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induced IL-23 and IL-12p70 by LCMV infection was determined by employing live P. aeruginosa 

as a secondary antigenic challenge. BMDC cells were cultured in 6 well plates, infected with 

LCMV for 4 h, and followed by 4 h treatment with P. aeruginosa (MOI=0.3). As shown in Fig.19a, 

IL-23 was not basally expressed in unstimulated-BMDCs. LCMV infection resulted in significant 

inhibition of P. aeruginosa-induced IL-23 production (Fig.19a mock P. aeruginosa vs virus P. 

aeruginosa). Therefore, P. aeruginosa-induced IL-23 is inhibited by prior LCMV infection. 

ELISA analysis with the same conditions as described for IL-23 was carried out for IL-12p70 (data 

not shown). However, very low levels of IL-12p70 were observed. Therefore, instead of IL-12p70, 

the IL-12/23p40 subunit (common subunit shared between IL-12p70 and IL-23) was analyzed by 

ELISA in the cell supernatants. As a result, LCMV infection followed by P. aeruginosa infection, 

induced similar levels of IL-12/23p40 expression compared to mock and P. aeruginosa infected 

cells (Fig.19b mock P. aeruginosa vs virus P. aeruginosa). Therefore, these results indicate that, 

unlike IL-23, P. aeruginosa-induced IL-12/23p40 is not inhibited by LCMV infection. 

4.9 LCMV infection inhibits P. aeruginosa-induced TNF-α and upregulates IL-6 production 

in BMDCs. LPS-induced IL-6 and TNF-α was not inhibited by prior virus infection (Fig. 13a and 

b, page 43), therefore it can be hypothesized that bacterium-induced IL-6 and TNF-α will behave 

similar to LPS stimulation and will not be inhibited by prior virus infection as well. BMDCs were 

cultured in 6 well plates and infected with LCMV followed by P. aeruginosa for 4 h and the cells 

were tested for the production of IL-6 and TNF-α. Similar to IL-23 (Fig.19a, page 56), TNF-α and 

IL-6 were not basally expressed in unstimulated-BMDC cells and in contrast LCMV infection 

alone induced TNF-α and IL-6 production (Fig.20a and b). Prior LCMV infection followed by P. 

aeruginosa infection lead to inhibition of TNF-α (Fig.20a mock P. aeruginosa vs virus P.  
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Figure 19. LCMV infection inhibits P. aeruginosa-induced IL-23 and has no effect on IL-

12/23p40 production in BMDCs. BMDC cells were either left uninfected or infected with LCMV 

with an MOI of 2, for 4 h prior to infection with P. aeruginosa (MOI=0.3) for an additional 4 h. 

Cell supernatants were collected and used to examine the production of IL-23 (a) and IL-12/23p40 

(b) by ELISA. Data represent mean ± SD from three wells within one representative experiment 

out of 3 independent experiments with similar data profiles. Statistical significance was calculated 

using two-tailed Student t-test and depicted by (*) where *** p<0.001.  

a) a) 
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Figure 20. Bacterium-induced TNF-α production is inhibited whereas IL-6 production is 

upregulated by LCMV infection. BMDCs were infected with LCMV or mock virus at an MOI 

of 2 followed by P. aeruginosa infection (MOI 0.3). Cell supernatants were then collected for 

ELISA analysis of TNF-α and IL-6. Data represent mean ± SD from three wells within one 

representative experiment out of 3 independent experiments with similar data profiles. Statistical 

significance was calculated using two-tailed Student t-test and depicted by (*) where *p<0.05, *** 

p<0.001. 
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aeruginosa). On the other hand, LCMV infection followed by P. aeruginosa infection, resulted in 

upregulation of IL-6 expression compared to mock and P. aeruginosa infected cells (Fig.20b mock 

P. aeruginosa vs virus P. aeruginosa). Therefore, as hypothesized bacterium-induced IL-6 was  

upregulated by LCMV infection. However, surprisingly, bacterium-induced TNF-α was inhibited 

by LCMV infection. 

4.10 IL-10 is upregulated by prior LCMV infection and subsequent P. aeruginosa 

stimulation of BMDC. LCMV infection of BMDCs was observed to induce anti-inflammatory 

cytokine IL-10 production in LCMV and LPS stimulation model (Fig.14, page 45). Also, LCMV-

induced IL-10 was further upregulated upon LPS stimulation (Fig.14, page 45). This leads to the 

hypothesis that IL-10 will also be upregulated in LCMV and P. aeruginosa infected BMDCs. 

Hence, expression levels of IL-10 were examined. BMDC cells were cultured in 6 well plates, 

infected with LCMV at an MOI of 2 for 4 h, and followed by 4 h treatment with P. aeruginosa 

(MOI=0.3). ELISA analysis confirmed that LCMV infection alone induced a significant high level 

of IL-10 secretion (Fig.21 medium vs virus). The addition of P. aeruginosa further significantly 

enhanced LCMV-induced IL-10 expression (Fig.21 virus vs virus P. aeruginosa). Thus, IL-10 

production is upregulated by LCMV/ P. aeruginosa coinfection.   

4.11 Anti-IL-10 antibody treatment may not have an effect on IL-23 production in the 

coinfection model. As observed in the section 4.10, IL-10 was upregulated in the coinfection 

model. Also, anti-IL-10 antibody in LCMV and LPS stimulated BMDCs for some extent was able 

to neutralize the production of IL-10 (Fig.15b, page 47). Therefore, to further determine the role 

of IL-10 in inhibiting IL-23 production, BMDCs were treated with IL-10 neutralizing antibody.  
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Figure 21. LCMV infection upregulates IL-10 expression in BMDCs upon P. aeruginosa 

stimulation. BMDC cells were either left uninfected or infected with LCMV with an MOI=2, for 

4 h prior to treatment with P. aeruginosa (MOI=0.3) for an additional 4 h. Cell supernatants were 

collected and used to examine the production of IL-10 by ELISA. Data represent mean ± SD from 

three wells within one representative experiment out of 3 independent experiments with similar 

data profiles. Statistical significance was calculated using two-tailed Student t-test and depicted  

by (*) where * p<0.05, *** p<0.001. 
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BMDC cells were cultured in 6 well plates, infected with LCMV at an MOI of 2 for 4 h, and 

followed by 4 h P. aeruginosa (MOI 0.3) infection. BMDCs were treated with anti-IL-10 (2µg/ml) 

and isotype control antibody (2µg/ml) after 2 h of LCMV infection. Neutralizing antibody 

treatment did not upregulate IL-23 production from BMDCs upon virus or P. aeruginosa infection. 

Production of IL-23 by isotype control was similar to antibody treated cells (Fig. 22a). Also, the 

production of IL-10 by anti-IL-10 antibody treated BMDCs was similar to the isotype control and 

no antibody-treated BMDCs, indicating neutralizing IL-10 antibody may not have an effect in this 

experiment (Fig. 22b).  

4.12 Formalin treatment of GFP-PAO1 confirmed the uptake of bacteria by BMDC. The 

bacterial invasion of BMDCs during PAO1 infection was determined to confirm the uptake of 

bacteria by BMDCs. BMDCs were infected with GFP-PAO1 at an MOI of 10 for 30 minutes. (a) 

GFP-PAO1 infected cells were washed twice before FACS analysis for GFP signal without 

formalin treatment (Fig.23a, solid line). Uninfected BMDCs were used as a control (Fig.23a grey 

fill). Approximately, 52 % of cells were infected with GFP-PAO1 without formalin treatment of 

infected BMDCs or GFP-PAO1 (b) GFP-PAO1 was treated with 4% formalin for 30 min before 

FACS analysis to determine quenching of GFP-signal by formalin (Fig.23b solid line). The GFP-

PAO1 signal decreased from 55% to 6 % when compared to non-formalin treated GFP-PAO1 

(Fig.23a solid line), therefore, formalin treatment of GFP-PAO1 quenches the GFP signal. 

Consequently, the uptake of GFP- PAO1 by cells was confirmed by infecting BMDCs with GFP- 

PAO1 for 30 min, followed by washing twice with PBS and then ± formalin treatment of infected 

BMDCs for 30 minutes. Formalin treatment of infected cells would prevent any detection of GFP 

signal from bacteria which are outside the cells. The GFP signal is indicative of intracellular  
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Figure 22. Anti-IL-10 antibody may not have an effect on IL-23 production from virus and 

P. aeruginosa infected BMDCs. BMDCs were infected with LCMV at MOI 2 for 4 h followed 

by P. aeruginosa (MOI 0.3) infection for 4 h. The cells were treated with anti-IL-10 antibody 

(2µg/ml) and isotype control (2µg/ml) 2 h after LCMV infection. IL-23 (a) and IL-10 (b) was then 

measured from cell-free supernatants by ELISA. All the BMDCs infected with P. aeruginosa were 

treated with tetracycline (MIC=16 µg/ml). Data represent mean ± SD from three wells within one 

representative experiment out of 3 independent experiments with similar data profiles. 

 

 

 

b) 
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Figure 23. Formalin quenching of GFP-PAO1 signal to detect invasion of BMDCs by PAO1. 

(a) GFP-PAO1 infected ~52% of BMDCs at an MOI of 10 after 30 min of infection without 

formalin treatment (solid line). Uninfected BMDCs were used as a control (grey fill). (b) GFP-

PAO1 was treated with formalin for 30 min (solid line) and analyzed on FACS for GFP-signal 

(6%). To detect intracellular invasion of GFP-PAO1, BMDCs were infected with GFP-PAO1 for 

30 min, followed by wash with PBS and formalin treatment of infected cells for 30 min to quench 

any GFP-PAO1 extracellular signal; uninfected formalin treated cells were used as control (grey 

fill). As formalin quenches GFP-PAO1 signal, therefore the GFP expression ~37% (dash line) 

indicates intracellular PAO1 infection. 
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infection (Fig.23b dash line, ~37%). These results suggest that some of P. aeruginosa is able to 

enter and infect BMDCs, However, this data is not conclusive of an intracellular or extracellular 

infection which is able to trigger the induction of cytokines. 

4.13 BMDCs were infected by PAO1 as determined by gentamicin protection assay. The 

gentamicin protection assay was performed to confirm P. aeruginosa infection and quantify the 

percentage of BMDCS infected by P. aeruginosa in the coinfection model. BMDCs (2.5×106 

cells/ml) were infected with PAO1 at an MOI of 0.3 for 4 h, washed and then treated with 

gentamicin (200µg/ml) for 1 h. At a concentration of 200µg/ml gentamicin was observed to kill 

PAO1 after 1 h of treatment (data not shown) which is consistent with the literature [177]. 

Gentamicin treated BMDCs were then subjected to cell lysis to release intracellular bacteria 

followed by serial dilutions and plating onto agar plates to carry out CFU/ML assay. The number 

of gentamicin treated cells (3.84 × 105) divided by the number of BMDCs (2.5×106 cells/ml) 

provided an infection rate of 15% (Table. 2). Therefore, P. aeruginosa infected 15% of BMDCs 

in the coinfection model. 
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Table 2. Infection rate of P. aeruginosa determined by gentamicin protection assay. BMDCs 

were infected with P. aeruginosa for 4 h at an MOI 0.3 followed by gentamicin treatment 

(200µg/ml) for 1 h. Cells were then washed and lysed with 0.1% Triton X-100 + 0.01% SDS for 

5 min. Lysed BMDCs were then serially diluted, plated on LB agar plates and incubated overnight. 

Infection rate of P. aeruginosa was calculated by dividing the CFU/ml by the concentration of 

BMDCs.  

 

 

 

 

 

 

Concentration of 

BMDCs 

CFU/ml of intracellular P. aeruginosa Infection rate (%) 

2.5×106 cells/ml 3.84 × 105 15% 
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Chapter 5 

Discussion 

The ability of immune cells to respond to secondary bacterial infection is critical to 

clearance of infection [178]. In particular, virus infection may influence the ability of immune cells 

to respond to a secondary infection. Clearance of infections depends on the induction of cytokines 

such as IL-23 and poor responses of this cytokine as a direct result of virus infection may impede 

immune responses to secondary infections [6]. A proper balance between IL-12 and IL-23 plays a 

key role in immunoregulation [179]. These two cytokines exhibit similar immunobiological 

functions as they both promote T cell proliferation. However, each cytokine acts to stimulate 

different subtypes of CD4 T cells. While IL-12 acts to induce the differentiation of naïve CD4 T 

cells, IL-23 acts to induce the differentiation and proliferation of a novel subset of CD4 T cells, 

called Th17 [41, 50, 180]. IL-23 differentiated Th17 cells are known for the induction of IL-17 

which is a key cytokine helping in neutrophil recruitment to the site of bacterial infection for its 

clearance [66-70]. However, Th17 cells are also involved in human autoimmune inflammatory 

diseases; the enhanced expression of  IL-23/Th17 axis is involved in psoriasis, rheumatoid arthritis 

(RA), multiple sclerosis (MS), Crohn’s disease (CD) and ulcerative colitis [40, 181-183].  

The vast majority of severe or fatal influenza virus infections are related to secondary 

bacterial pneumonia [184], emphasizing the need to understand the causes behind the 

compromised immune defense in this context. In this study, the LCMV and P. aeruginosa infection 

model system was utilized to investigate how cytokine expression is modulated by virus infection, 

expanding on our preliminary data demonstrating that IL-23/12 expression is inhibited by LCMV 
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upon LPS E. coli stimulation. In particular, we examined the impact of virus infection on dendritic 

cell cytokine induction by measuring IL-23 and few other LPS-induced inflammatory cytokines. 

Macrophages and DCs are the only major sources of IL-23 production [41]. There were two main 

reasons why DCs were chosen as the model system for this study. 1) Research in our lab has shown 

that DCs produce higher amounts of IL-23 when compared to macrophages (data not shown). 2) 

The LCMV strain CL13, used in this study, has been shown to bind and have high affinity for α-

dystroglycan (α-DG), a receptor for extracellular matrix proteins that is highly expressed on DCs 

[185].  

Prior research in our lab had shown that LCMV infection inhibits IL-23/IL-12p70 

production upon LPS E. coli stimulation (Che Mat et al, unpublished data). Therefore, the response 

of BMDCs using the LPS from P. aeruginosa in parallel with E.coli was compared before setting 

up the coinfection model with LCMV and live bacteria P. aeruginosa. Herein, it was established 

that both LPS from E. coli and P. aeruginosa were able to induce the expression of IL-23 and IL-

12p70 in BMDCs.  

The cytokines IL-12p70 and IL-23 share the IL-12/IL-23p40 subunit, therefore, the 

mechanisms regulating the expression of IL-12 and IL-23 may be shared [39].The production of 

IL-12p70 is dependent on the IL-12p40 subunit, as the IL-12p35 subunit is constitutively 

expressed in most cells [186]. IL-23p19 is closely related in structure to the IL-12p35 subunit, and 

secretion of bioactive IL-23 requires that both subunits be secreted from the same cell [39]. Indeed, 

we demonstrate that LPS P. aeruginosa- induced secretion of IL-12p70 and IL-23 cytokines is 

repressed by LCMV infection which is consistent with the previous data using LPS E.coli (Che 

Mat et al, unpublished data). In our in vitro model, LCMV infection alone did not lead to 
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significant production of either IL-12p70 or IL-23. Low induction of IL-12p70 by LCMV is 

consistent with the literature reporting that during LCMV infection IL-12 induction is limited and 

is dispensable for effective anti-viral immunity [156, 157, 187, 188]. Studies reporting the low IL-

12p70 induction during LCMV induction have been conducted in vivo. In addition, IL-23 

production by LCMV in vitro/in vivo has not been reported so far. This is the first study to show 

inhibition of P. aeruginosa -induced IL-12p70 and IL-23 production by LCMV infection in vitro.  

Virus infection has been shown to induce/alter the production of IL-23 expression in 

several studies. The first study that showed that virus infection induces IL-23 expression, treated 

mice with replication defective adenovirus followed by RT-PCR analysis to measure the 

expression of IL-23p40 and IL-23p19 in cell supernatants. Another study demonstrated that 

different viruses exhibit differential effects on the production of IL-23 [41]. Human macrophages 

infected with either the Sendai virus or influenza A virus resulted in altered IL-12 and IL-23 

production [77]. The expression of IL-23p19, IL-12p35 and IL-12/IL-23p40 mRNA has been 

observed to increase in Sendai virus-infected human macrophage cells, but not in influenza A virus 

infected cells. Thus, it is no surprise to see low induction of IL-12p70 and IL-23 in our in vitro 

model as different viruses induce differential amounts of IL-12p70 and IL-23. 

LPS stimulation of TLR4 also results in the production of other inflammatory cytokines 

such as IL-6 and TNF-α. To address whether the effect of LCMV infection was specific for LPS-

induced IL-23p19 and IL-12/IL-23p40 inhibition, IL-6 and TNF-α expression were also analyzed. 

TNF-α is a proinflammatory cytokine and an integral component of effective innate immunity, and 

has been reported to provide antimicrobial resistance in many studies [189-191]. Specifically, 

TNF-α has been shown to activate macrophage phagocytosis and microbicidal activity [28, 29]. 
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On the other hand, IL-6 is considered both a proinflammatory cytokine and an anti-inflammatory 

cytokine. In its proinflammatory state, IL-6 has been shown to skew T cell differentiation towards 

TH2 and TH17 [30, 31]. In addition, IL-12 family of cytokines has been reported to derive from 

an early precursor of the IL-6 family [192]. 

 LCMV infection has been observed to induce IL-6 [166] and TNF-α [193] in vivo. LCMV 

infection was observed to induce IL-6 and TNF-α in vitro in the infection model. The data analyzed 

from the dual stimulation of BMDCs suggested that the LPS-induced expression of IL-6 and TNF-

α was not inhibited by LCMV infection using both LPS from E. coli and P. aeruginosa indicating 

that IL-23p19 and IL-12/IL-23p40 is specifically suppressed by LCMV.  

It is interesting to note that the production of IL-12p70, IL-23, TNF-α and IL-6 was higher 

in LPS P. aeruginosa induced BMDCs compared to LPS E.coli stimulated cells. These differences 

could be attributed to differences in the structural composition of the two LPS. For example, it has 

been reported that conical Lipid A (e.g., from E. coli) is more agonistic whereas, less conical lipid 

A like that of Porphyromonas gingivalis may activate a different signal and cytokines (TLR2 

instead of TLR4), and completely cylindrical lipid A like that of Rhodobacter sphaeroides is 

antagonistic to TLRs [194, 195]. A study also showed in vitro divergent inflammatory response of 

macrophages to two different strains of P. aeruginosa, with higher IL-6 and TNF-α protein 

expression generated in response to strain P1 and higher IL-1β protein expression in response to 

strain Fc808 [196]. Also, LPS genes are highly variable between different strains, subspecies and 

species of bacterial pathogens of plants and animals [197, 198]. In addition, in vitro experiments 

have demonstrated great variance in the capacity of various LPS to induce the synthesis of 
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cytokines, with LPS of E. coli, Salmonella spp. or Neisseria meningitidis being more potent than 

that of Bordetella pertussis or Bacteroides fragilis [199, 200].  

LPS is one of the major constituents of Gram-negative bacteria and is a potent activator of 

the innate immune system [176]. As discussed above, LCMV infection resulted in inhibition of 

LPS-induced cytokines. Therefore, in order to compare our findings with a viral/bacterial 

coinfection model, it was further investigated how BMDCs (LCMV-infected or uninfected 

controls) respond to the P. aeruginosa bacterial infection. The experiments employing the P. 

aeruginosa model were performed in parallel with the LPS from P. aeruginosa as a control.  

PI staining of P. aeruginosa infected BMDCs treated with tetracycline (MIC 16 µg/ml) 

showed that an MOI ≤ 0.5 can be used in the experiments owing to death of BMDC infected with 

higher MOI and no antibiotic treatment. BMDC death could have been caused by the P. aeruginosa 

macromolecular syringe, the type III secretion system (TTSS) which injects toxins into host cells 

[201]. Four effector proteins (toxins)- exoenzyme S (ExoS), exoenzyme U (ExoU), exoenzyme T 

(ExoT) and exoenzyme Y (ExoY) secreted by the TTSS have been identified in P. aeruginosa 

[202]. The first three proteins ExoS, ExoU and ExoT have been linked to virulence. ExoS and 

ExoT toxins are closely associated and are bi-functional encoding both Rho GTPase activating 

protein (RhoGAP) activity and ADP-ribosyltransferase activity (ADPRT) activity [203-205].  The 

function of RhoGAP and ADPRT is to disrupt the host cell actin cytoskeleton, block phagocytosis, 

and cause cell death [206]. In addition, ExoU is the most virulent of the P. aeruginosa type III 

effector proteins and the gene encoding this protein is found in approximately 30% of the clinical 

isolates [207]. After its interaction with a cofactor superoxide dismutase 1 (SOD1), ExoU shows 

phospholipase A2 (PLA2) activity [208-210]. ExoU also localizes to the plasma membrane with 
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the help of an unrelated membrane localization domain [211]. It may damage host tissue by its 

PLA2 activity which leads to prompt cell death by direct dissolution of the plasma membrane [208, 

209, 212].  

An MOI of 0.3 (15% infection) was used throughout the experiments using the P. 

aeruginosa and LCMV coinfection model. Similar to the LCMV and LPS infection model, P. 

aeruginosa–induced IL-23 was inhibited by LCMV infection. ELISA analysis with the same 

conditions as described for IL-23 was carried out for IL-12p70 (data not shown). However, very 

low levels of IL-12p70 were observed which might be due to low MOI of 0.3 used in the 

experiments.  

Our finding of IL-23 inhibition by prior virus infection is supported by a study that reported 

that influenza A infection in mice resulted in exacerbated S. Aureus pneumonia associated with 

expression of IL-17, IL-22 and IL-23. This caused an inhibition of the Th17-mediated host defense 

against bacterial pneumonia, due to IL-23 involvement in the development of Th17 cells [6].  This 

study linked inhibition of Th17 immunity with pre-existing IAV-induced type I IFN mediated 

suppression of IL-23 by DCs [6]. 

Differences between cytokine expressions levels were observed between the two in vitro 

models presented in this study. P. aeruginosa-induced TNF-α expression was observed 

significantly inhibited by LCMV whereas LPS-induced TNF-a expression remained unaffected. 

In line with TNF-α inhibition by LCMV, a study reported that primary influenza infection reduces 

anti-staphylococcal host defense by inhibiting NK cell-induced TNF-α production and crippling 

NK cell ability to stimulate antibacterial activities of alveolar macrophages [83].  
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This difference in cytokine induction between LCMV infected and TLR or whole P. 

aeruginosa -stimulated BMDCs can due to a number of reasons. The bacterium can trigger a 

number of other ligands like TLR- 2, 4, 5 and 9 compared to LPS (TLR-4 ligand) which can result 

in high amounts of TNF- α production. Some studies have also confirmed that the LPS of P. 

aeruginosa is recognized by TLR4 as well as TLR2 [213]. In addition, PRR family of nucleotide-

binding oligomerization nomain-(NOD-) like receptor (NLR) proteins- Nod1 and Nod2 sense 

peptidoglycan (PGN) motifs can also be involved in detecting P. aeruginosa. Nod1 is specific for 

a diaminopimelate containing GlcNAc-MurNAc tripeptide (GM-TriDap) fragment found solely in 

Gram-negative bacterial PGN, while Nod2 binds muramyl dipeptide (MDP) motif that is common 

to Gram-positive and Gram-negative bacteria [214, 215]. After recognition of bacterial ligands 

through the LRRs domain Nod1 and Nod2 activate the NF-κB and elicit the production of 

proinflammatory cytokines [216]. Therefore, negative feedback regulation of TNF- α could be 

triggered in LCMV and P. aeruginosa infected cells to inhibit cell destruction leading to 

suppression of TNF-α. This negative regulation could be induced due to different transcription 

factors being activated by different PRRs simultaneously, leading to the inhibition of TNF- α gene 

transcription.  

Another potential mechanism related to LCMV may also be involved in the differential 

effect on TNF-α. LCMV-NP has been reported to inhibit the nuclear translocation and 

transcriptional activity of the NF-κB [217]. Since NF-kB is a key transcription factor involved in 

TNF-α regulation, inhibition of the function of this transcription factor may result in the observed 

TNF-α inhibition.  
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Pre-exposure to LPS reduces sensitivity to a second challenge with LPS a phenomena 

called LPS tolerance [218]. Therefore, pre-treatment of BMDC by LCMV which activates TLR2, 

7 and 9 [193, 219] may have resulted in cross tolerance of TLR4, which could then lead to reduced 

TNF-α production in response to P. aeruginosa infection. In support of this notion, the 

macrophages pretreated with TLR-2 ligand-macrophage-activating lipopeptide (MALP-2) showed 

reduced production of TNF-α in response to LPS (TLR-4 ligand) [220]. The mechanism behind 

the reduced production of TNF-α in response to LPS was attributed to impaired LPS-induced 

activation of both NF-B and JNK in MALP-2-pretreated cells [220]. Therefore, several factors 

such as TLR cross-tolerance, LCMV-induced inhibition of transcription factor NF-B and 

negative regulation of TNF-α gene transcription could have led to inhibition of TNF-α as observed 

in our coinfection model. 

As discussed previously, IL-23 is composed of a p19 subunit and the p40 subunit which is 

shared with IL-12. Therefore, to determine the involvement of IL-12/23p40 subunit in the observed 

IL-23 inhibition, virus induced regulation of IL-12/23p40 production upon P. aeruginosa 

stimulation was determined. One of the subunits (IL-12/23p40 or IL-23p19) must be 

downregulated to observe inhibition of IL-23, as the synthesis of IL-23p19 and IL-12/IL-23p40 

within the same cells is required for the formation of biologically active IL-23. No impact of virus 

infection on bacterium-induced IL-12/23p40 subunit was observed, which may indicate the 

downregulation of IL-23p19 subunit during inhibition of IL-23 in this model. Currently, there is 

no ELISA kit to measure IL-23p19 subunit by itself, therefore, IL-23p19 mRNA expression could 

be measured to detect whether IL-23p19 subunit is inhibited by virus infection.  
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To determine a potential mechanism for LCMV inhibition of LPS or bacterium-induced 

IL-23, we analyzed IL-10 production from LCMV infected BMDCs. It has been reported that 

enhanced IL-10 expression reduces the induction of proinflammatory cytokine genes including 

that of IL-23 and IL-12 [221-224]. Our finding is consistent with others showing that LCMV-

infected cells secrete high levels of IL-10 [171, 221, 222] which was further enhanced by the 

addition of LPS from E. coli or P. aeruginosa. Furthermore, it has been shown that macrophages 

from IL-10-deficient mice expressed significantly higher levels of IL-23 p19 and that recombinant 

IL-10 suppressed LPS-induced IL-23 p19 mRNA expression in thioglycollate-elicited peritoneal 

macrophages [170].  As well, a recent study suggests that B-cell lymphoma 3-encoded protein 

(Bcl3) may be involved in IL-10 regulation of IL-23p19 [225]. Mühlbauer et al. found that LPS-

induced Bcl3 expression was strongly impaired in IL-10-deficient dendritic cells and that Bcl3 

overexpression resulted in decreased LPS-induced IL-23p19 expression in IL-10-deficient 

dendritic cells [225]. 

We examined the role of IL-10 in our study system by using neutralizing anti-IL-10 

antibodies. Several possibilities could explain this phenomenon. 1) high amounts of IL-10 

produced in this coinfection model, which may then not be efficiently neutralized by the antibody; 

2) IL-10 may not have a role in the inhibition of cytokine expression in this model system; 3) 

although IL-10 was still detected in the presence of the neutralizing antibody, this does not 

necessarily indicated that IL-10 was not neutralized. The ELISA antibodies could have bound 

different epitopes of IL-10, compared to the neutralizing antibody. If this occurred, then inhibition 

of IL-10 detection in the IL-10 ELISA will not be observed. Although neutralizing antibodies are 

commonly used to inhibit cytokine function, in our model system we were not able to confirm that 
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the IL-10 neutralizing antibody was effective. Based on these reasons, the data from the 

neutralizing antibody experiments remain inconclusive. In order to effectively confirm the 

involvement of IL-10 in the inhibition of IL-23, the use of BMDC from either IL-10 deficient or 

IL-10 receptor deficient mice could be used as a model system.  

Numerous studies have shown a role for type I IFNs in inhibiting the clearance of 

secondary bacterial infection after virus infection, suggesting a critical mechanism for the 

repression of bacterial immunity. However, in our coinfection model LCMV did not induce the 

production of type I IFN in vitro (data not shown).  

Our finding that LCMV does not induce type I IFN is supported by literature as it has been 

demonstrated that LCMV NP blocks the type I IFN response by inhibiting nuclear translocation 

of IRF3 [226]. IRF3 and IFN-regulatory factor 7 (IRF7) are the common downstream 

transcriptional factors involved in the TLR-mediated signaling pathways, and IRF3 has been 

demonstrated to be a potent transcription factor for activation of the IFN-β promoter [227, 228]. 

Other studies have confirmed and extended these findings by demonstrating that LCMV NP 

inhibits both RIG-I and MDA5 pathways, and both the D382 and G385 NP residues are critically 

involved in blocking LCMV RNA- and other virus ligand-induced activation of IFN-β. [226, 229, 

230]. As, IFN- β is needed for IFN-α expression, it is not surprising that virus-induced IFN-α 

production was undetectable in our coinfection model [231, 232].  

Therefore, in our in vitro coinfection model, other factors such as SOCS such as SOCS3 

might be involved in the observed suppression. SOCS3 can be induced by stimuli including that 

of TLR ligands [233]. A study showed that Simvastatin which is a drug used in multiple sclerosis 

treatment, inhibits IL-23 transcription by inducing SOCS3 expression [234]. In addition, Nair et 
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al. demonstrated that the PPE18 protein of Mycobacterium tuberculosis up-regulates the 

phosphorylation of SOCS3, which interact with IκBα–NF-κB complex [235]. The inhibition of 

IκBα phosphorylation by IκB kinase-β prevents nuclear translocation of the NF-κB subunits in 

LPS-activated macrophages. SOCS3 small interfering RNA was able to enhance IL-12/IL-23p40 

production in PPE18 and LPS-treated macrophages [235]. 

There are other alternative mechanisms which may be at play in the regulation of IL_23 

expression. IL-23 production DCs has also been reported to be negatively regulated by protein 

phosphatase 2A (PP2A) [236]. PP2A forms a complex with IKKβ by which it prevents  sustained 

phosphorylation of the IKK complex required for the degradation of the NF-κB inhibitor [236]. 

This association leads to rapid suppression of IL-23p19 gene expression in DC [236].  

Furthermore, cytokines such as IL-4 and TGF- β can inhibit IL-23 production. IL-4 has 

been reported to downregulate IL-23 p19 and IL-12 p40 mRNA expression in Sendai virus-

stimulated macrophages, probably due to declined transcription of both p19 and p40 gene [237]. 

In addition, anti-inflammatory cytokine TGF-β has been well-reported in literature to inhibit 

proinflammatory cytokine production which may also play a role in the observed inhibition of IL-

23 [238].   

5.1.1 Summary, Conclusions and Future work 

This is the first study conducted that demonstrates downregulation of IL-23 as well as TNF-

α in a virus and bacterium in vitro coinfection model without the involvement of virus-induced 

type I IFN. As well, the use of LCMV and P. aeruginosa (opportunistic pathogen) is a novel 

coinfection model and thus represents an under-researched area. Using this model we identified 

that suppression of LPS-induced IL-23 expression in LCMV infected cells is comparable between 
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LPS from E. coli and P. aeruginosa. Furthermore, the bacterium-induced IL-23, like LPS 

stimulation of BMDCs, is inhibited by prior LCMV infection. In contrast, while production of 

TNF-α is unaffected in LPS stimulated cells, TNF-α was significantly inhibited in bacterium 

infected cells. Taken together, LCMV infection results in inhibition of specific anti-bacterial 

cytokine upon secondary antigenic challenge without the involvement of type I IFN. 

To fully delineate the mechanisms behind LCMV-induced deregulation on the immune 

response against secondary bacterial infection, future work should attempt to investigate the TLR-

signaling pathway molecules that might be affected by prior virus infection. This LCMV and P. 

aeruginosa coinfection model should be extended to in vivo studies to examine the Th17 cell 

response. Also, as reported by Didierlaurent et al, suppression of immune cell functions in response 

to bacterial infection might also be visible weeks after the resolution of virus infection which can 

be tested in an in vivo coinfection model [239]. IL-10 deficient or receptor knockout mice can be 

used to study the effects on IL-10 on IL-23 suppression instead of anti-IL-10 antibody. 

Furthermore, as BCL3 may be involved in IL-10 regulation of IL-23p19; BCL3 protein expression 

levels from IL-10-deficient BMDCs can be analyzed to gain more insight into the mechanism 

behind the IL-10 suppression of LPS or bacterium-induced IL-23 production by LCMV infection.  

Also, the expression of PP2A, IL-4 and TGF-β which have been observed to inhibit IL-23 

production as discussed, can be analyzed to elucidate other factors involved in IL-23 inhibition.  

The findings revealed here may impact our current understanding on the regulation of IL-

23 cytokine during viral infection in the presence of secondary bacterial infection. This research 

also might herald the use of new therapies on viral infection by manipulating the IL-23/Th17 axis 

activation. The ability of antigen presenting cells to produce an adequate level of IL-23 expression 
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may help enhanced virus clearance, and reduce the likely hood of secondary bacterial infection by 

affecting the development of Th17 cells. 
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