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RECONCILIATION OF IL-1J3 LOSS WITH TRIF-BIASED TLR4 SIGNALING BY 

MONOPHOSPHATE LIPID A 

Chelsea A. Embry 

February 3rd 2011 

ABSTRACT 

Monophosphoryl Lipid A (MPLA), a derivative of LPS endotoxin, is a TLR4 agonist that 

displays as little as 0.1-1% as much toxicity as its parent molecule while retaining immuno

stimulatory properties. We discovered that MPLA activates a TRIF-biased pattern of TLR4 

signaling, resulting in reduced production of MyD88-dependent pro-inflammatory factors, and 

credited TRIF-bias for MPLA's reduced toxicity. A contemporary study showed that MPLA fails to 

promote maturation of the potent inflammatory cytokine IL-1 J3. This dissertation seeks to reconcile 

MPLA's TRIF-biased signaling with IL-1J3 loss, and to determine the ultimate cause of MPLA's 

reduced toxicity compared to LPS. We find that TRIF-biased TLR4 activation results in weak 

MyD88-dependent induction of NLRP3, a critical inflammasome component required for IL-1 J3 

production. MPLA's loss of IL-1J3 results in decreased potentiation of MyD88-dependent 

inflammatory factors in vivo and reduced IL-1 RI-dependent hepatotoxicity. Ultimately, TRIF

biased TLR4 signaling is the causative factor resulting in MPLA's immunogenicity with low 

toxicity; however more studies are needed to determine the initial events leading to the TRIF

dependent Signaling cascade. This dissertation describes the mechanisms responsible for 

MPLA's reduced induction of inflammatory responses and outlines how this signaling may be 

exploited for therapeutic use. 
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CHAPTER I 

INTRODUCTION 

TLR4 recognizes pathogen and damage associate molecular patterns 

Pattern recognition receptors (PRRs) such as Toll like receptor 4 (TLR4) recognize 

"pathogen associated molecular patterns" (PAMPs) expressed on various bacteria, viruses and 

fungi, performing a critical 'watch keeper' function for the immune system. However, in addition to 

being aware of non-self invaders, the body must recognize when its own tissue has been 

damaged even in the absence of infection. Therefore, PRRs also recognize "damage associated 

molecular patterns" (DAMPs). DAMPs are endogenously expressed proteins and molecules 

released during tissue damage or stress [1]. For example, cellular stress in the form of ion 

perturbation induces release of ATP [2], a potent DAMP that induces inflammation by activation 

of an inflammatory cytokine processing complex called the NLRP3 inflammasome [3]. Stressed or 

dying cells may directly release or cause the formation of many other DAMPs including, uric acid 

crystals, hyaluranon fragments, heat shock proteins, "high-mobility group box protein 1" 

(HMGB1), S100-AB (calgranulin-A), and S100-A9 (calgranulin-B, also known as "migration 

inhibitory factor-related protein 14" or MRP-14) [1], all of which are recognized by TLR4 [4]. 

A major PAMP ligand of TLR4 is lipopolysaccharide (LPS), the principle Endotoxin (toxin 

produced during destruction of bacterial cell walls) of Gram negative bacterial sepsis [5]. LPS is 

made up of several structurally distinct parts: an outer O-antigen consisting of polysaccharide 

chains, a core oligosaccharide region containing keto-deoxyoctulosonate (KDO) directly linked to 

Lipid A. Lipid A is the immuno-stimulatory portion of LPS, and consists of a phosphorylated 

diglucosamine head group with four to seven acyl chains (Figure 1). The TLR4 structure consists 

of a curved extracellular ligand-binding "Ieucin-rich-repeat" (LRR) domain and an intracellular 

"Toll/interieukin T 1 receptor" (TIR) signal transducing domain. Much of what is known regarding 

TLR4 activation has been elucidated using LPS. If found in circulation, LPS is sequestered by the 

liver-produced serum factor "lipopolysaccharide binding protein" (LBP) that shuttles LPS to 

membrane bound or soluble CD14 of various cells [6]. Cationic residues at the C-terminus of LBP 
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bind the phosphorylated region on Lipid A [7], and then transfers LPS to MD2 (also known as 

lymphocyte antigen 96) [8]. MD2, a co-receptor required for Endotoxin recognition, is a 

glycoprotein consisting of two anti-parallel j3-sheets that create a hydrophobic pocket in which five 

of Lipid A's acyl chains sit. The sixth acyl chain extends outside of the MD2 pocket and 

simultaneously interacts with the LRR of TLR4 and the external face of MD2 (Figure 2). MD2 

alone is able to interact with TLR4; however, the dimerization of TLR4 required for signal 

transduction occurs only when MD2 is occupied by Lipid A. LPS binding induces a structural 

change in MD2 leading to a hydrophilic interaction between MD2 and TLR4 [9]. The phosphate 

groups of Lipid A protrude from the MD2 pocket, and also interact with charged residues of TLR4 

[9]. The complex binding interactions between MD2, TLR4 and Lipid A emphasize how minor 

changes in Lipid A structure could modify its interaction with MD2ITLR4 and thereby alter 

downstream signaling events. 

MyD88-dependent TLR4 signaling 

TLR4 utilizes both "TIR-domain containing adapter protein inducing interferon-j3" (TRIF) 

and "myeloid differentiation factor 88" (MyD88) as adapters for signal transduction. MyD88 

interacts with "TIR-domain containing adaptor protein" (TIRAP, also known as "MyD88 adapter

like protein" or MAL), which contains "phosphatidyl inositol bisphosphate" (PIP2)-binding domains, 

allowing it to associate with the plasma membrane where MyD88 resides [10]. MyD88 then 

interacts with the SerinelThreonine kinase "IL-1 receptor-associated kinase 4" (IRAK-4) bringing it 

in close proximity to IRAK-1 [11]. After phosphorylation by I RAK-4 , IRAK-1 undergoes 

autophosphorylation, leading to dissociation from MyD88 and increased interaction with "TNF

receptor-associated factor 6" (TRAF-6) [12, 13]. IRAK-1 remains at the plasma membrane and is 

degraded [14], while TRAF-6 moves to the cytosol and promotes phosphorylation of the effector 

kinase "TGF-j3 activated kinase 1" (TAK-1) [15]. TAK-1 signaling activates the "mitogen

associated protein kinase" (MAPK) pathway, which induces "activator protein 1" (AP-1 ) 

transcriptional activity [16]. This signaling pathway also activates IKB kinase (IKK) leading to IKB 

degradation and translocation of the transcription factor NF-KB to the nucleus (19). Activation of 

these transcription factors leads to the production of pro-inflammatory mediators, pyrogenic 
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factors and cytokines like IL-1j3, tumor necrosis factor alpha (TNF-a), cyclooxygenase 2 (COX-2), 

Serpine-1, Endothelin-1 and IL-6 [17]. 

TRIF-dependent TLR4 signaling 

TRIF signaling is thought to take place from an endosomal location after the 

internalization of the MD2ITLR4 receptor complex. Endocytosed TRIF interacts with TRIF-related 

adaptor protein (TRAM), which activates TANK-binding kinase 1 (TBK-1) via "TNF receptor

associated factor 3" (TRAF-3), a protein of exclusive subcellular location [10]. TRIFITRAM 

signaling activates transcriptional activity of "interferon regulatory factor 3" (IRF-3) (21) driving the 

transcription of "interferon-y-induced protein 10" (IP-10, also known as CXCL-10), "interferon

induced protein with tetratricopeptide repeats 1 and 2" (IFIT-1 and IFIT-2) and anti-viral Type-1 

Interferon genes such as IFN-j3 (22). In addition to activation of MAPK and NF-KB through TRAF-

6 (23), TRIFITRAM signaling leads to increased antigen presentation in dendritic cells (20) and 

up-regulated expression of co-stimulatory molecules [18], two events important for T cell 

activation. 

MPLA is an immune-stimulant with reduced toxicity 

LPS is a potent stimulator of immune responses, however its excessive induction of 

inflammation is inhibitory to any possible therapeutic uses. However, hydrolysis or alkaline 

phosphatase treatment of LPS yields a monophosphorylated form of Lipid A, known as 

"Monophosphoryl Lipid A" (MPLA), a TLR4 agonist that displays as little as 0.1-1% as much 

toxicity as its parent molecule while retaining immuno-stimulatory properties [19-24] (see Figure 3 

for structural comparisons of Lipid A chemotypes). During the initial years following its discovery, 

MPLA was found to increase non-specific immune responses to bacterial infection, improving 

survival of mice subsequently infected with E. coli or S. epidermis [25]. MPLA has also been used 

to stimulate antibacterial leukocyte function in previously refractory cells of patients receiving 

"continued ambulatory peritoneal dialysis" (CAPO) who are at risk of bacterial peritonitiS from 

catheter contamination [26]. The adjuvanting properties of MPLA were immediately realized, and 

in less than a decade after its initial discovery, MPLA was being used to boost immune responses 
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during vaccination [27, 28] [29]. MPLA co-administered with antigen leads to enhanced antigen

specific antibody titers and enhanced antigen-specific T cell proliferation, survival and function 

[17, 30] [31]. A PubMed search for "MPLA adjuvant 2010" yielded an extensive list of effective 

MPLA-mediated adjuvanted vaccines against murine pulmonary tumor metastasis [32], murine 

visceral leishmaniasis [33], HBV-related cirrhosis in human liver transplants recipients [34], 

murine tuberculosis [35], and pollen allergens in children [36]. The uncoupling of immune

stimulation from toxicity makes MPLA an excellent candidate for clinical use as a vaccine 

adjuvant. Indeed, GlaxoSmithKleine uses their proprietary MPLA formulation, MPL ® adjuvant, 

approved for human use by the U.S. Food and Drug Administration in 2009, in its Hepatitis B 

virus vaccine Fendrix® and Human Papilloma virus vaccine Cervarix® [37]. 

MPLA represents a structural variant of LPS on commensal bacteria 

MPLA was first discovered as a hydrolytic derivative of LPS that could be generated in 

vitro, but recent work has shown that various commensal and opportunistic pathogenic bacteria 

species produce monophosphorylated LPS, including Bacteroides thetaiotamicron and fragilis, 

Porphormonys gingivalis, and Heliobacter pylori [38-41]. It is interesting to note that bacteria often 

evade detection by the immune system via modification of their LPS structures [42-45]. In fact, 

the actual position of that single phosphate group on the Lipid A head group affects the potency 

of host immune responses, with a 4' phosphate being less immune-stimulatory than a l' mono

phosphate structure [39, 46]. This increased potency of a l' versus 4' phosphate may be due to 

the interaction of the l' phosphate with TLR4, possibly inducing better receptor clustering. 

Proposed mechanism of MPLA's reduced toxicity 

Two models for MPLA's reduced toxiCity have emerged in recent years. First, Okemoto et 

al. found that MPLA fails to stimulate secretion of the highly inflammatory cytokine IL-1 ~ to the 

same levels as LPS and traced this failure to defective activation of caspase-1, which is needed 

for proteolytic maturation of IL-1 ~ from its precursor prolL-1 ~ [47]. Subsequently, Mata-Haro et al. 

reported that MPLA signals through TLR4 in a TRIF-biased manner characterized by impaired 

stimulation of MyD88-dependent signaling events, relative to Lipid A or LPS [17, 48]. In this 
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second model, weak MyD88 signaling is proposed to account for reductions in a broad range of 

inflammatory activities with little impairment of TRIF-dependent promotion of adaptive immune 

responses. Currently, it is unclear whether these two low-toxicity mechanisms operate 

independently of one another, or if one is induced by the other such that either i) impaired IL-1 ~ 

maturation generates the appearance of TRIF-bias through a loss of autocrine/paracrine signaling 

through IL-1R, which requires MyD88 as a signaling adaptor, or ii) if TRIF-biased TLR4 signaling 

directly results in decreased IL-1~ maturation via a novel mechanism. 

IL-1 P production 

IL-1~ production is organized into two regulated phases: an initial priming event involving 

de novo protein synthesis of 31kD proIL-1~, followed by assembly and activation of a multi

protein complex termed the inflammasome which is responsible for proteolytic maturation of IL-1~ 

to its 17kD active form. In response to TLR4 activation, priming includes up-regulation of both 

prolL-1 ~ and the "NACHT, LRR and PYD domains containing protein 3" (NLRP3, also known as 

NALP3, PYPAF1 and cryopyrin), a regulatory component of the inflammasome [49, 50]. Several 

events can then provide a secondary stimulus for NLRP3 activation: adenosine triphosphate 

(ATP) ligation of the purinergic receptor P2X7, bacterial pore-forming toxins and particulate matter 

such as asbestos, uric acid crystals, aluminum sulfate salts and silica [51]. Experimental 

treatment of primed cells with exogenous A TP induces the cytosolic protein "apoptosis-inducing 

speck-like protein containing a caspase recruitment domain" (ASC) to form large aggregates 

roughly 2f.Jm in diameter that act as nucleation sites for NLRP3 inflammasome assembly via PYD 

interactions [52, 53]. Procaspase-1 is recruited and cleaved to form functional heterodimeric 

complexes of 10kDa and 20kDa subunits capable of IL-1~ maturation [54]. IL-1~ is then released 

in a non-classical manner independent of the Golgi apparatus, which appears to involve the Rab 

GTPase Rab39a mediated traffic to the cell membrane for secretion by a little understood 

mechanism [55]. ATP can also induce the release of immature proIL-1~ from the cell where it 

may be cleaved into the active 17kDa form by extracellular matrix metalloproteins [56]. This 

complex regulation of production is critical due to the potent inflammatory effects exerted by IL-

1~. See Figure 4 for an overview of NLRP3 inflammasome-dependent IL-1~ production. 
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IL-1 receptors 

IL-113 binds to the IL-1 receptor (IL-1R), of which there are two types. Type 1 (IL-1RI) 

transmits an activating signaling, while non-signaling Type 2 IL-1R (IL-1RII) acts as a decoy 

receptor [57]. There also exists an IL-1R antagonist (IL-1RA) which competes with IL-1R for IL-113 

binding, thereby inhibiting signal transduction [58]. IL-1 RI is expressed by lymphoid and myeloid 

cells of the immune system, cardiovascular and gastrointestinal epithelia and hypothalamic tissue 

(17, 18). IL-113 mediates its pyrogenic effects by activating IL-1RI in the hypothalamus (17). The 

almost ubiquitous expression of these two receptors makes their agonists important inducers of 

damaging systemic effects. IL-1 RI, in conjunction with the transmembrane IL-1 R accessory 

protein (IL-1RAcP), transduces signals via MyD88, leading to MAPK, AP-1 and NF-KB activation 

(24). Both IL-1a and IL-113 can activate IL-1 RI (25), however only IL-113 requires inflammasome

induced caspase-1 activation for processing (26). IL-1a also appears to playa role in intracellular 

signaling (27, 28), whereas IL-113 is a secreted protein with potent pro-inflammatory properties 

(29). 

PAMP and DAMP activators of the NLRP3 inflammasome 

LPS is capable of priming cells for IL-113 production, while many TLR4 DAMPs, such as 

ATP, crystals of monosodium urate and cholesterol, amyloid 13 and hyualuranon, are able to act 

as a secondary stimUlUS for activation of the NLRP3 inflammasome (Figure 5) [59). Several 

DAMPs are activators of both TLR4 signaling and NLRP3 inflammasome activation, and have 

been implicated in the pathogenesis of many diseases including: gout, pseudogout, silicosis, 

asbestosis, atherosclerosis and Alzheimer's disease (Table 1) [59). 

MPLA pretreatment protects against LPS-induced shock and prevents ischemic 

reperfusion injury 

MPLA has therapeutic potential beyond use as a vaccine adjuvant. Pretreatment with 

intravenous MPLA prior to administration of endotoxin protects patients against LPS-induced 

fever and tachycardia; MPLA-treated patients also displayed reduced serum levels of TNF, IL-6 
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and IL-8 versus patients pretreated with vehicle control [60]. The inhibition of LPS-induced pro

inflammatory cytokines by MPLA has been confirmed using animal models of septic shock [61, 

62] 

MPLA also protects against ischemia reperfusion (IIR) injury, which is caused by re

establishment of blood flow to tissue after a prolonged period of ischemia. IIR injury can occur 

after a variety of cardiovascular events in which the flow of oxygenated blood is inhibited, 

including myocardial infarct (5) and stroke (6). Studies using pre-administration of MPLA before 

surgical manipulation of tissue result in increased oxygenation of tissue, decreased severity of IIR 

injury (7) and protection from potentially fatal post-ischemia arrhythmias (8). MPLA also inhibits 

post-translational TNF-a production in reperfused ischemic heart tissue, which protects 

cardiocytes from TNF-a mediated necrosis (9, 10). Clinical trial patients receiving a pre-treatment 

of MLA before intravenous injection of LPS, as a simulation of endotoxemia, displayed a 

reduction in elicited serum TNF-a levels compared to patients pre-treated with vehicle control 

(11). IL-1j3, a pro-inflammatory cytokine that plays a significant role in contributing to 

cardiomyocyte death and myocardial inflammation after reperfusion of ischemic heart tissue (12) 

was also undetectable in MPLA vs. non-treated volunteers. IL-1j3 not only contributes to IIR 

injury, but can playa causal role in the pathogenesis of atherosclerotic disease (13-15). It is 

necessary to elucidate the mechanism responsible for MLA's post-translational IL-1j3 defect, to 

determine the possibility that MLA actively inhibits production of inflammatory cytokines that play 

pathogenic roles in cardiovascular and other diseases. 

Conclusion 

Even though MPLA is an effective immune adjuvant and can be utilized to prevent tissue 

death in several inflammatory conditions, the mechanism responsible for these effects and its 

overall reduced toxicity compared to LPS has not been determined. The body of work described 

in this dissertation was initiated to determine the relationship between MPLA's IL-1j3 loss and its 

activation of TRIF-biased TLR4 signaling, and to elucidate the Signaling mechanisms responsible 

for IL-1j3 loss. The studies described here increase understanding needed for further exploitation 

of MPLA's immunogenic and protective effects. 
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Figure 1. LPS is a cell wall component of Gram negative bacteria. Lipopolysaccharide 

(LPS) resides in the outer phospholipid bilayer of Gram negative bacteria. LPS is made up of 

three parts: the polysaccharide O-antigen, the core oligosaccharide also known as KDO, and 

highly immuno-stimulatory Lipid A. 
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Figure 2. The crystal structure of MD2-bound LPS interacting with TLR4. 

The acyl chains of Lipid A fit inside the MD2 pocket. The diglucosamine head 

group and attached phosphates that sit outside of the MD2 pocket then 

interact with the "leucine-rich repeats" (LRRs) of TLR4. MD2-bound LPS 

induces oligomerization or clustering of TLR4, which leads to a downstream 

intracellular signaling cascade. B.S. Park et al. The structural basis of 

lipopolysaccharide recognition by the TLR4-MD2 complex. Nature. 2009. 
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Figure 4. NLRP3 inflammasome activation. Three models have been put forth to explain 

mechanisms of inflammasome activation. Reactive oxygen species (ROS) are induced by many 

of the known activators of inflammasomes. It is postulated that the generation of ROS, possibly 

via the phagosomal NADH-oxidase, releases thioredoxin-interacting protein (TXNIP) from 

thioredoxin (TRX). TXNIP, which is free from TRX, can bind to NLRP3, possibly by competing 

with HSP90 and SGT1 , which retain NLRP3 in an inactive state. Alternatively, the release of 

cathepsin B due to lysosomal destabilization activates the inflammasome during phagocytosis. 

The final model posits pore formation at the plasma membrane that allows for K + efflux. Pore 

formation can occur via the P2X7 receptor/pannexin-1 Oligo-structure via pathogen toxins or ion 

channels. A modification to the last model suggests that small PAMPs can gain cytosolic access 

via the P2X7 receptor/pannexin-1 hemichannel and activate the inflammasome. B.K. Davis, H. 

Wen and J.P. Ting. The inflammasome NLRs in immunity, inflammation and associated diseases. 

Annul. Rev. Immuno/. 2011 
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Figure 5. PAMP and DAMP activators of the NLRP3 inflammasome. Activators of the 

inflammasome are divided into two categories: Sterile activators include host- and environment-

derived molecules, and pathogen-associated activators include PAMPs derived from bacteria, 

virus, fungus, and protozoa. Assembly of the NLRs, ASC, and caspase-1 leads to the formation 

of a penta- or heptamer structure: the inflammasome. Activation of the inflammasome leads to 

maturation and secretion of IL-1l3and IL-18 as well as inflammatory cell death, by either 

pyroptosis or pyronecrosis. (Abbreviations: ASC, apoptosis-associated speck-like protein 

containing a caspase recruitment domain; CPPD, calcium pyrophosphate dihydrate; MOP, 

muramyl dipeptide; MSU, monosodium urate; NLR, nucleotide-binding domain, leucine-rich 

repeat containing; PAMP, pathogen associated molecule patterns.) B.K. Davis, H. Wen and J.P. 

Ting. The inflammasome NLRs in immunity, inflammation and associated diseases. Annul. Rev. 

Immuno!. 2011 . 
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Table 1. Sterile activators of the NLRP3 inflammasome 
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TLR4 agonists 

CHAPTER II 

MATERIALS AND METHODS 

Synthetic Lipid A (Peptides International) and synthetic Monophosphate Lipid A 

(Invivogen) corresponding to the E. coli structures of LPS were reconstituted in DMSO, aliquoted 

and at stored at -80°C. Paired lots of Lipid A and MLA were used for all experiments, such that 

each aliquot went through only one freeze/thaw. TLRgrade™ Ready-to-Use Monophosphoryl 

Lipid A and LPS from Salmonella minnesota RS9S (Re) were purchased from Alexis Biologicals 

(now Enzo Life Sciences). In order to facilitate optimum solubility, MPLA and LPS were 

transferred to sterile, depyrogenated glass vials (Research Laboratory Supply) and sonicated at 

60°C at a frequency of 40kHz for 1h in a Branson Ultrasonic Cleaner (model 1S10). Sonicated 

MPLA and LPS were stored at 4°C until use. 

Reagents 

Adenosine-S'-triphosphate (Roche) and the caspase inhibitor peptide Z-YVAD-FMK (R&D 

Systems) were used at concentrations of SmM and SOf,JM respectively. Recombinant murine CSa 

was from R&D Systems (Lot MJJOS09071 reconstituted at SOf,JM in 0.1% Fraction V Endotoxin

Free BSA from Calbiochem). The CXCR4 antagonist AMD3100 (from Sigma, re-constituted in 

diH20 and stored in single use aliquots at -80°C) was added as a pre-treatment to cells 30 min 

prior to TLR4 agonist. No cellular toxicity (assessed by Trypan-blue uptake compared to no 

treatment) was observed with AMD3100 at highest dose, 10f,Jg/mL, tested. Functional grade rat 

anti-mouse CD11b (Clone M1/70 Lot E017819 from eBiosciences), purified rat anti-mouse CD14 

(Lot 84234 BD Pharmingen) and functional grade rat IgG2b isotype control (Clone eB149/10HS 

from eBioscience) were added as a pre-treatment (functional blocking) to cells 30 min prior to 

activation with TLR4 agonist. Fluorescein isothiocyanate (FITC) conjugated anti-mouse CD11b 

14 



(Clone M1/70 from eBiosciences), allophycocyanin (APC) conjugated anti-mouse CD14 (Clone 

Sa2-8 from eBiosciences) and a 1:100 dilution of monoclonal anti-mouse CXCR4 (Clone 247506 

R&D Systems) with 1 :800 dilution of phycoerythrin (PE) conjugated Rat IgG2b (Clone eB149/10H5 

from eBiosciences) were used for cell staining. 

Bone marrow-derived dendritic cell culture 

Femurs and tibiae of mice were flushed to obtain bone marrow plugs using a 22% gauge 

needle and sterile HBSS. After centrifugation, bone marrow cells were re-suspended at 2x106 

cells/mL in complete R10F media (Gibco RPMI 1640 supplemented with 1mM sodium pyruvate, 

50U/mL penicillin, 50j.Jg/mL streptomycin, 2mM L-glutamine) supplemented with 5ng/mL 

recombinant murine GM-CSF (R&D Systems), 50j.JM 2-mercaptoethanol, and 10% heat 

inactivated fetal bovine serum (Valley Biomedical)). Cells were cultured in 100mm-bacteriological 

Petri dishes and given fresh media on days 3, 6 and 8 with the culture lasting 10 days. Non

adherent cells were harvested and washed in R 1 OF, re-suspended and analyzed by flow 

cytometry for cell surface markers. This culture system yields a myeloid dendritic cell phenotype 

being >97% positive for CD11b (83% of which also express CD11c) and <5% positive for CD4, 

CD8, CD19, B220 or GR1. R10F alone was used for activation of cells. 

Bone marrow-derived macrophage cell culture 

As described above, femurs and tibiae of mice were flushed to collect bone marrow plugs 

using a 22%-gauge needle and sterile HBSS. After centrifugation, bone marrow cells were re

suspended in 10mL complete R5F media (Gibco RPMI1640 with 1mM sodium pyruvate, 50U/mL 

penicillin, 50j.Jg/mL streptomycin and 2mM L-glutamine) was supplemented with 10ng/mL 

recombinant murine M-CSF (R&D Systems), and 5% heat inactivated fetal bovine serum (Valley 

Biomedical)) with 30% L929 supernatant [17] in a 100mm-tissue culture dish and incubated 

overnight at 37°C, 5%C02. The next day, non-adherent cells were collected (-10mL), combined 

with 14mL of 30% L929 in complete R5F with 10ng/mL M-CSF, and plated 4mL per well into a 6-

well Ultra-Low Attachment Surface Costar plates. Four days later, cells were fed by addition of 

1.5mL R5F containing M-CSF and 30% L929 supernatant. Two days after that, cells were fed 
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with 1ml per well only complete R5F. The following day, non-adherent cells were harvested and 

washed in R5F, re-suspended and analyzed by flow cytometry for cell surface markers before 

use. R5F supplemented with only l-glutamine was used for activation of cells. This culture 

system yields macrophages that are positive for CD11b and <5% positive for CD4, CDa, CD19, 

B220 or GR1. 

Immunoblotting 

1-2x106 activated cells were washed with ice cold 50J,JM NaF in HBSS and lysed using 

radio immuno-precipitation buffer (RIPA: 50mM Tris pH 7.4, 150mM NaCI, 1mM EDTA, 1% Triton 

X-100, 1% NaDeoxycholate, 0.1% SDS in distilled and Millipore filtered H20) supplemented with 

complete mini protease inhibitor cocktail tablets (Roche). lysates were clarified by centrifugation 

and subsequent removal of supernatant from cell debris pellet. Equal protein amounts as 

determined by bicinchoninic acid kits (Pierce Biotechnology) from clarified Iysates were separated 

on a or 12% polyacrylamide gels under reducing conditions. Resolved proteins were transferred 

to nitrocellulose membranes (GE Healthcare) that were then blocked in 5% non-fat dry milk or 

BSA depending on the antibody being used for immunoblotting. Membranes were incubated 

overnight at 4°C with primary antibody, and then incubated for 1h with horse radish peroxidase 

(HRP) conjugated secondary antibody. ECl (Amersham) was used for band visualization via film 

or a FujiFilm LAS-4000(mini) luminescent Image Analyzer. Densitometries of bands were 

measured using Quantity One 4.6.6 software (Bio-Rad). 

Immunoblot antibody specifications 

Information regarding primary antibody use for immunoblotting is shown in Table 2. For 

each of the immunoblots, polyclonal goat anti-mouse ~-actin (1-19 SantaCruz) was also used at a 

concentration of 1 :1000 after membrane was blocked using 5% NFDM. Primary antibodies were 

detected using HRP-conjugated anti-rabbit, anti-mouse and anti-goat antibodies from Jackson 

Immuno Research. 
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Table 2. Antibody specifications for immunoblotting 

ASC P10 caspase-1 Il-1P NlRP3 

Company SantaCruz SantaCruz Abeam Adipogen 

Clone N-15-R M20 Cryo-2 

Cat. No. sc-22514-R sc-514 ab9722-100 AG-20B-0014-C 1 00 

lot No. 11009 K1109 761298 A3028812 

Host Rabbit Rabbit Rabbit Mouse 

Specificity Polyclonal Polyclonal Polyclonal Hybridoma 

SDS-PAGE 12% gel 12% gel 12% gel 8% gel 

Transfer 15V 25min 15V 30min 15V 30min 15V 45min 

Block 5% NFDM 5%BSA 5% NFDM 5% NFDM 

Dilution 1.1000 1:1000 1:850 1 :1000 

Band size 22kDa 10kDa 17 & 31kDa 120kDa 

Abbreviations: NFDM- non-fat dry milk (Carnation), BSA- bovine serum albumin 

Spleen and liver RNA isolation 

Whole spleen and liver sections in RNA/ater Stabilization Reagent were stored at 4°C no 

more than 4 days before tissues were cut into small pieces with scissors and placed in 700~L 

RL T buffer (Qiagen) supplemented with 1 % 2-mercaptoethanol in plastic Eppendorf tubes (not 

polystyrene flow tubes). Tissues were then sonicated on ice for 30sec using a Fisher Scientific 

550 Sonic Dismembrator. 700~L of 70% molecular grade ethanol were added to tissue samples, 

and RNA isolation was performed using RNeasy® Mini Kits (Qiagen) according to the 

manufacturer's protocol by loading column with 700~L twice in a row. 

Quantitative peR 

Gene expression was measured by measuring RNA transcript levels. First, cellular RNA 

was isolated from whole cell Iysates using Qiagen RNeasy Mini Kits according to the 

manufacturer's protocol. Briefly, cells were washed with ice cold HBSS, lysed using RL T buffer 

supplemented with 1 % 2-mercaptoethanol, and frozen at -80aC until RNA isolation. RL T samples 

were thawed at room temperature, mixed with equal volumes of 70% molecular grade ethanol 

and transferred to microfuge RNA isolation columns for isolation. Isolated RNA was synthesized 
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into cDNA using Quanta qScript cDNA Synthesis Kits according to manufacturer's protocol. RNA 

quality was checked using NanoDrop 2000 ™ (Thermo SCientific) with a 260nm/280nm 

absorbance ratio of 1.8-2.0 being considered pure RNA. cDNA was used with 0.51JM target (Ifit2, 

Asc, Serpine-1, 1I1b, Cox-2, Endothelin-1, Tnf-a) or control (Actin or Gapdh) QuantiTect Primer 

Assays from Qiagen. Primers for target N/rp3 (Forward- ATG GTA TGC CAG GAC AG, Reverse

ATG CTC CTT GAC CAG TTG GA) were synthesized by Sigma. Quantitative real-time PCR was 

performed on a CFX96 Real-Time System C1000 Thermal Cycler (BioRad) (10min at 94°C, 

followed by 40 cycles of 15sec at 94°C and 30sec at 55°C) using Power SYBR Green Master Mix 

(Applied Biosystems). Specificity of amplification was determined by melt curve analysis 

immediately following each RTqPCR. Relative mRNA expression was calculated using the 

comparative cycle method (AACt). 

Animal husbandry and genotyping 

C57 BU6 (WT), Trifps2 and IL 1 Rltm'Roml (referred to as IL-1 Rlmu) mice were purchased 

from Jackson Laboratories. Myd88-J-mice were a gift from S. Akira (via Ross Kedl, University of 

Colorado Health Science Center). Myd88 breeders were paired as heterozygous and 

homozygous female and male respectively to confer maternally-derived passive immunity to 

pups. Each litter was typed for homozygosity of Myd88-J
- via PCR amplification of WT and KO 

gene segments from ear punches. (WT forward 5'-TGG CAT GCC TCC ATC ATA GTT MC C; 

reverse 5' -GTC AGA MC MC CAC CAC CAT GC and KO forward 5'-TGG CAT GCC TCC ATC 

ATA GTT MC A reverse 5'-ATC GCC TTC TAT CGC CTT CTT GAC G). Amplified gene 

segments were run on agarose gels for determination of Myd88 genotype, with expected PCR 

products of 550bp for WT and 650bp for KO. All mice were kept in a specific pathogen-free 

animal facility at the University of Louisville, under the supervision of its IACUC. 

Animal experimentation 

Individual mice were moved sequentially to a clean cage and placed under a heat lamp 

for 2 to 3min. Exposed tail skin was briefly sterilized with EtOH. Vehicle control (HBSS), 100IJg 

MPLA or 100IJg LPS in100IJL total volume was injected via tail vein. At 1h post injection, mice 
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were heated again and bled via tail vein for plasma cytokine analysis. At Sh post injection, 

animals were euthanized via CO2 and blood was collected via cardiac puncture for plasma 

cytokine analysis. Whole spleen and liver sections were collected and placed in RNA/ater 

Stabilization Reagent (Qiagen) for subsequent transcript analysis. 

Flow cytometry 

1x106 cells in polystyrene flow cytometry tubes were washed in ice cold Stain Buffer 

(Gibco HBSS with 2% heat inactivated FBS (Valley Biomedical) and 0.1 % sodium azide). Non

specific binding sites were blocked for 10min at room temperature using -1001JL of 20% 2.4G2 

anti-FcR hybridoma supernatant in Stain Buffer. Cells were incubated with previously determined 

dilutions of fluorochrome labeled antibodies for 30m in at 4°C in the dark. Cells were washed once 

more in Stain Buffer, and re-suspended in Stain Buffer for analysis on a BO FACSCalibur™ flow 

cytometer. Data were analyzed using FlowJo Flow Cytometry Analysis Software v.7.S.1 for Mac. 

Culture supernatant cytokine detection 

Culture supernatants from 2x105 cells were collected and stored at -80°C until ELISA. 

Culture supernatants were analyzed using BO OptEIA TM mouse IL-S ELISA sets (BO 

Biosciences), mouse IL-113 and TNF-a Ready-Set-Gol® ELISA sets (eBioscience) according to 

each manufacturer's protocol. 00 values were obtained at a wavelength of 4S0nm using a 

Molecular Devices cm8X precision microplate reader and SoftMax® Pro software (v 5.2 rev C). 

Plasma cytokine, C5a, serum amyloid A and alanine aminotransferase detection 

Blood from tail vein or cardiac puncture was collected in BO Microtainer® Plasma 

Separator Tubes with Lithium Heparin according to the manufacturer's protocol. Plasma samples 

were immediately analyzed for IL-1I3, TNF, IL-12p70, MCP-1, IL-S, IL-10 and KC using 

Cytometric Bead Array (CBA) according to the manufacturer's protocol (CBA Flex Sets, Flex 

Standards and Mouse/Rat Soluble Protein Master Buffer Kit from BO Pharmingen). Samples 

were run on a BO FACSCalibur™ flow cytometer, and data were analyzed using BO CBA FCAP 

Array software v1.0.1. Plasma samples were then stored at -80C until ELISA for CSa, IL-6, serum 
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amyloid A (SAA) and alanine aminotransferase (AL T). Plasma CSa levels were detected using 

purified rat anti-mouse CSa and biotin rat anti-mouse CSa (BD Pharmingen), and IL-6 was 

detected using BD OptEIA TM mouse IL-6 ELISA sets (BD Biosciences). SAA levels in plasma 

were analyzed using SAA Mouse ELISA Kits from Invitrogen according to the manufacturer's 

protocol. Plasma levels of AL T were determined using Mouse AL T ELISA Kits from Uscn Life 

Sciences according to manufacturer's protocol. 

Immunofluorescent confocal microscopy 

Sx104 cells were activated in each well of microscopy chamber slides (Nalge Nunc 

International) for Sh with TLR4 agonists. Cells were then pulsed with SmM ATP (Roche) for Smin. 

Chamber slides were placed on ice and incubated with Alexa Flour-S94 conjugated cholera toxin 

subunit-B (CTB at 1 :SOO) (Invitrogen) for an additional Smin before being fixed and permeabilized 

using ice cold 1: 1 methanol:acetone solution. Non-specific binding sites were blocked using 4-S 

drops of Image-i~ FX Signal Enhancer (Invitrogen) for 1 h prior to overnight incubation at 4°C 

with polyclonal anti-ASC, (Clone N-1S-R, Santa Cruz, at 1:200). Slides were then incubated with 

Alexa Fluor-488 conjugated goat anti-rabbit IgG at 1 :400 (Invitrogen) for 1 h before preparation 

using VectaSheild Hard-Mount Medium with DAPI (Vector Laboratories). Images were captured 

by a Leica TCS SPS " confocal microscope using LAS AF 2.2.0 software. Cells and ASC specks 

(which appear as bright spots -2\..1m in size inside the cell) were enumerated using ImageJ 1.43 

analysis software. 

Statistical analysis and sample normalization 

Each experiment used separate cell cultures derived from individual mice. The difference 

between groups in time course experiments was statistically analyzed using balanced one-way 

ANOVA. Individual data points were analyzed by paired two-sample for means t-test using a 

hypothesized mean difference of zero and a confidence level of O.OS. A P-value of <O.OS was 

considered statistically significant. Data points in ELISA and RTqPCR were averaged from 

triplicate wells +/- SEM. All RTqPCR data were normalized to Actin or Gapdh. Signals from 

vehicle-only treated cells were used as reference points for calculation of fold increase. 
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Figure 6. Phenotype of bone marrow derived dendritic cells. 1 x1 06 bone 

marrow derived dendritic cells were stained with anti CD11b, CD11c, GR1, 

CD19, CD4, CD8 and 8220 fluorochrome-labeled antibodies after 10 day 

culture as described on page 26. 
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Figure 7. Phenotype of bone marrow derived macrophages. 1x106 bone marrow derived 

macrophages were stained with anti CD11b, CD11c, GR1, CD19, CD4, CD8, F4/80, CD14 and 

8220 fluorochrome-labeled antibodies after 7 day culture as described on page 27. 
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CHAPTER III 

NLRP3 INFLAMMASOME ACTIVATION BY MLA AND LIPID A 

INTRODUCTION 

TLR4 recognizes a wide range of PAMPs and endogenously released DAMPs that alert 

the immune system to invading pathogenic organisms or cellular damage, respectively. LPS of 

gram negative bacteria is TLR4's canonical PAMP ligand, inducing a pro-inflammatory cytokine 

response as well as up-regulation of factors involved in antigen presentation and T cell activation 

by monocytic cells. TLR4's two signaling pathways, named for the adaptor proteins MyD88 and 

TRIF mediate these outcomes respectively [63]. The immune-stimulatory properties of TLR4 

ligands make them potentially useful as vaccine adjuvants [64], but therapeutic exploitation 

requires careful consideration of the potentially toxic inflammatory side effects of TLR4 signaling. 

One derivative of LPS, MPLA, is potently immuno-stimulatory while exhibiting 0.1-1% as much 

toxicity as its parent molecule [65] which has led to its approval for use as a vaccine adjuvant in 

its clinical grade form, MPL adjuvant® [66]. Clinical use of MPL adjuvant® for prophylactic 

immunization demonstrates that low toxicity stimulation of TLR4 for therapeutic purposes is 

feasible, however the intracellular signaling activities that control whether or not a given TLR4 

ligand is likely to trigger inflammatory side effects are not fully defined. 

Two main hypotheses have been proposed for explaining MLA's reduced toxicity: i) that 

weak induction of IL-1J3 leads to decreased inflammation [47] and ii) that TRIF-biased activation 

of TLR4 results in weak induction of MyD88-dependent pro-inflammatory factors [17]. IL-1J3 is 

potent inflammatory cytokine that can potentiate MyD88 signaling through IL-1 RI. After a priming 

event for prolL-1 J3 induction, a secondary stimulus promotes the formation of the NLRP3 

inflammasome which activates procaspase-1 [49, 50]. Mature caspase-1 can then cleave prolL-

1J3 into mature IL-1J3 [54]. It is unknown if TRIF-biased signaling by MLA is related to its weak 

promotion of IL-1J3 maturation. 
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TLR4 signaling alone is sufficient for production of significant levels of the inflammatory 

cytokine IL-1J3 [47], and although the levels of IL-1J3 produced by this mechanism are lower than 

with activation by experimental addition of A TP, they may be relevant in situations of chronic 

inflammation. For example, DAMPs recognized by TLR4 have been implicated in the 

pathogenesis of several inflammatory conditions including diabetes, arthritis, systemic lupus 

erythematosus, septic shock, stroke and myocardial infarct as well as Alzheimer and Crohn's 

disease, each of which has been linked to aberrant production of IL-1J3 and/or NLRP3 activation 

[67-73]. Additionally, MPLA has been shown to prevent ischemic reperfusion injury if given prior 

to organ transplant or cardiac tissue manipulation in several animal models [74-79], suggesting a 

possible mechanism whereby MPLA exerts a protective effect in tissues via interference with 

TLR4/DAMP-induced inflammasome assembly. A more precise understanding of the means by 

which TLR4 signaling results in IL-1 J3 maturation is needed for the development of targeted 

signaling therapies, as well as to generate next-generation vaccine adjuvants that remain 

immuno-stimulatory with as little risk of adverse inflammatory effects as is possible. 

Despite obvious clinical significance, the contributions of MyD88 and TRIF to TLR4-

dependent inflammasome priming and activation remain surprisingly undefined. A previous study 

attempted to define the roles of TLR4 signaling adapters in terms of caspase activation; however, 

this study utilized low purity LPS preparation likely to contain microbial contaminants such as 

peptidoglycan (PGN) and muramyl dipeptide (MDP) which are capable of priming cells and 

inducing IL-1J3 production by themselves via TLR2 and nucleotide-binding oligomerization domain 

(NOD) receptors [80-84]. Moreover, this study concluded that caspase-1 activation is 

independent of either MyD88 or TRIF [84], while it has been definitively shown elsewhere that 

purified LPS does not induce IL-1 J3 production from cells doubly deficient in MyD88 and TRIF [49, 

50, 85-87]. Use of highly pure, synthetic TLR4 agonists allowed us to more accurately define the 

relative contributions of the MyD88 and TRIF signaling pathways to various phases of IL-1 J3 

production, without confounding activation of other TLRs or NOD receptors. Our results 

demonstrate that MPLA's TRIF-biased TLR4 signaling activity is the cause and not a 

consequence of impaired IL-1 J3 production because TLR4-induced priming at the level of NLRP3 

induction is a MyD88-dependent event. 
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METHODS 

Before any treatment or activation, cells were rested for 2h at 37°C, 5% CO2 in a 

humidified incubator. 

Reagents 

Synthetic MLA and Lipid A based on the E. coli structures MPLA and Lipid A were used 

for in vitro experimentation. Predicted structures of synthetic Lipid A compounds were determined 

using mass spectroscopic analysis by Dr. Bogdan Bogdonov and Dr. Rick Higashi at the 

University of Louisville's Mass Spectroscopy Core Facility. Experimental mass-charge ratios for 

both Lipid A and MLA matched reported values (Figure 8 and 9). 

Transcript analysis 

1x106 myeloid DCs per treatment were activated for 1h (unless otherwise indicated) in 

polystyrene tubes before taking ceillysates for RNA isolation, cDNA synthesis and RTqPCR. 

Cytokine detection by ELISA 

2x105 myeloid DCs per treatment were activated for 6h in 96-well polystyrene plates with 

TLR4 agonist before culture supernatant was harvested and stored at -80°C until ELISA. Where 

indicated, cells were pulsed for 20m in with 5mM ATP before supernatant was harvested. 

Immunoblot analysis 

2x106 myeloid DCs per treatment were activated for 5h in polystyrene tubes before 

Iysates were taken. Anti-mouse ASC, procaspase-1, p10 caspase-1, IL-113, NLRP3 and Actin 

were used as described in MATERIALS and METHODS (page 28). 
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Immunofluorescent confocal microscopy 

5x104 myeloid Des per treatment were activated for 5h, and then pulsed for 10min with 

5mM ATP before being fixed for staining. For stain and antibody information refer to MATERIALS 

and METHODS (page 34). 

RESULTS 

lipid A, but not MLA, induces significant IL-1 p production from myeloid Des in a caspase-

1 dependent manner in the absence of exogenous A TP 

To confirm previously published findings that MLA fails to stimulate IL-1J3 production in 

our cell culture system, and to establish that the absence of one phosphate from the Lipid A 

diglucosamine head group is sufficient for this effect, we treated myeloid Des with structurally 

defined, synthetic TLR4 agonists in the absence of exogenously added ATP and analyzed culture 

supernatants by ELISA. Myeloid Des activated with Lipid A secreted significantly more IL-1J3 

compared to those activated with MLA (Figure 10 A). This secretion of IL-1J3 was dependent on 

caspase activity, because pretreatment of Des with the caspase inhibitor peptide Z-YVAD-FMK 

reduced IL-1J3levels to undetectable levels. Production of IL-6, a caspase-1 independent cytokine 

[88], was not affected by addition of Z-YVAD-FMK (Figure 10 B). These data show that synthetic 

Lipid A induces IL-1 J3 production in a caspase-dependent manner, that MLA fails to promote 

significant IL-1 J3 production from myeloid Des, and that removal of one phosphate from the Lipid 

A's head-group is sufficient for this effect. 

TRIF-biased TLR4 signaling proceeds independently of IL-1 RI 

The receptor for IL-1J3, IL-1RI, requires MyD88 as a signaling adaptor and it is therefore 

formally possible that the greater amounts of IL-1 J3 released by Lipid A-stimulated cells generated 

the higher levels of MyD88-associated outcomes, relative to TRIF-biased MLA, that we previously 

observed when comparing Lipid A and MLA [17, 48]. In the current study, IL-1J3 was not 

detectable in culture supernatants within 1 h of treatment with Lipid A or MLA, which is the time 

frame when TRIF-biased signaling by MLA was evident in the previous studies [17, 48]. 
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Nevertheless, low levels of early IL-113 production could potentiate MyD88 Signaling through 

autocrine/paracrine activation of its receptor, IL-1RI, so we tested whether or not the presence of 

a functional IL-1 RI was required for Lipid A to induce higher levels of a MyD88-dependent gene 

product. First, tests of the ability of Lipid A to increase transcript levels of Cox-2 and Ifit-2 in wr, 

TRIF mutant (TrifPS2) or MyD88-1- myeloid DCs confirmed these transcripts to be MyD88-or TRIF

dependent, respectively (Figure 10 C,E). As reported previously [48], MLA induced Significantly 

less up-regulation of MyD88-dependent Cox-2 over time as compared to Lipid A, while up

regulation of TRIF-dependent Ifit-2 were similar between the two agonists (Figure 10 D, F). We 

reasoned that if differential up-regulation of MyD88-dependent transcripts between MLA and Lipid 

A was dependent on IL-113 production and subsequent IL-1RI autocrine signaling, Lipid A-induced 

levels of Cox-2 would decrease to those of MLA when tested in cells that lack IL-1 RI signaling. 

Instead, differential up-regulation of MyD88-dependent Cox-2 was retained in Lipid A-treated IL-

1 Rlmu cells (Figure 10 D, F), indicating that TRIF-biased TLR4 signaling by MLA proceeds 

independently of IL-RI Signaling. 

Both MyD88 and TRIF contribute to priming of myeloid Des at the level of IL-1 P transcript 

and prolL-1 p 

We next investigated several of the steps involved in IL-113 maturation in order to 

determine whether MLA's signaling could directly lead to impaired IL-113 production. Okemoto et 

aI., and subsequently our group (Mata-Haro et al.), have shown that biological preparations of 

MLA induce 1I1b transcript up-regulation to the same extent as LPS [17, 47]. Using synthetic 

agonists, we first confirmed that MLA and Lipid A-treated DCs have similar levels of IL-113 

transcript, with induction peaking 1 h after activation (Figure11 A). We next measured levels of 

prolL-113 protein in activated DCs, and found slight differences in protein induction after MLA vs. 

Lipid A stimulation (Figure 11 B). To test further for any differences in pro1L-113 priming, 

experiments were performed in the presence of caspase inhibitor Z-YVAD-FMK, which 

normalizes translation of prolL-113 by preventing its loss due to proteolytic cleavage and also by 

preventing any potentiation of prolL-113 induction by mature IL-113 via IL-1RI-MyD88 signaling. As 

shown in Figures 11 C and D, pretreatment with Z-YVAD-FMK led to induction of prolL-113 that 
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was indistinguishable between MLA and Lipid A, indicating that the agonists induced prolL-1 f3 

transcription and translation with the same potencies. Caspase activity was indeed inhibited, as 

the 17kDa band of mature IL-1f3 in Lipid A stimulated DCs was absent after pre-treatment with 

peptide. 

Upon analyzing the contributions of MyD88 vs. TRIF to up-regulation of IL-1f3 transcript in 

Lipid A-treated DCs, we discovered that full transcript induction required both MyD88 and TRIF 

signaling adapters (Figure 11 E). Although induction of transcript was previously viewed to be 

strictly MyD88-dependent, that conclusion was based on a study performed before the full extent 

of the complexity of inflammasome priming, assembly and activation was understood (and before 

new and more sensitive techniques for transcript detection were developed) [89]. In the absence 

of Z-YVAD-FMK treatment, MyD88 was found to contribute significantly to proIL-1f3 up-regulation, 

with TRIF being less critical for induction (Figure 11 F), which may reflect in part the requirement 

for MyD88 in IL-1R1 signaling that could potentiate proIL-1f3 expression. 

Secretion of IL-1P induced by TLR4 agonists in the absence of exogenous ATP is co

dependent on MyD88 and TRIF 

Previous studies have reported weak IL-1f3 production by MLA [17, 47]. We confirmed 

this finding in myeloid DCs using synthetic MLA to stimulate the cells in the absence of 

exogenous ATP, which showed weak production of IL-1f3 at all doses when compared to Lipid A. 

When we assessed dependence of IL-1f3 production on MyD88 vs. TRIF, we found levels of both 

secreted and cell-associated mature IL-1f3 to be reduced in the absence of either signaling 

adapter. Additionally, MLA remained less potent than Lipid A at inducing IL-1f3 production in 

Trir'PS2 or MyD88-1- DCs. We were unable to directly detect caspase-1 maturation in cells treated 

with TLR4 agonist alone; however the caspase inhibitor experiments described above showed 

that the 17kDa product corresponding to mature IL-1f3 was dependent on caspase activity. These 

data demonstrate that the low levels of mature IL-1f3 produced in response to TLR4 activation 

alone, in the absence of exogenous ATP, are dependent on both TRIF and MyD88 signaling. 

Moreover, the different levels of mature IL-1 f3 secretion induced by MLA vs. Lipid A did not 
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appear to result from differences in ASC or procaspase-1 levels, as both proteins are 

constitutively expressed (Figure 12 A-C), as previously reported [54]. 

MyD88 is critically required for ATP stimulated IL-1 p production 

Although production of mature IL-113 following TLR4 activation in the absence of added 

ATP was found to be co-dependent on MyD88 and TRIF, we speculated that addition of ATP 

could compensate for activities induced downstream of either adapter. This was tested by 

stimulating WT, Trit'p.s2 or MyD88-1- cells with TLR4 agonists followed by an ATP pulse to stimulate 

inflammasome assembly and activation. We found that Lipid A-primed Trit'p.s2 DCs showed only 

slight decreases in IL-113 production relative to WT cells in the presence of ATP, while MyD88 

appeared critical for any significant ATP-induced IL-113 production, a dependence that was 

correlated with the amount of secreted active caspase-1 (Figure 13 D). It was previously reported 

that ATP induces secretion of both pro and mature IL-113 [90]. In order to determine the relative 

contributions of pro and mature forms of IL-113 to the total amounts detected in the ELISA 

experiment shown in Figure 13 A-C, we analyzed culture supernatants of MLA or Lipid A-primed, 

ATP-pulsed DCs by immunoblot (Figure 13 D). Although ATP addition markedly increased the 

amount of total IL-113 secreted by MLA-primed DCs, relative to the unassisted levels detected in 

Figure 4A, we found that approximately 99% of the IL-113 released by ATP to be unprocessed 

pro1L-113 (Figure 13 E). This result confirms MLA's inability to activate caspase-1 even in the 

presence ATP [47]. Collectively, these data show a stringent requirement for MyD88, and to a 

much lesser degree for TRIF, in ATP-triggered IL-113 production by TLR4/Lipid A-primed cells. 

Additionally, MLA-primed DCs were unable to secrete the mature form of IL-113 even when given 

a strong secondary stimulus for inflammasome activation. 

MLA-primed myeloid DCs display reduced ASC-speck formation and caspase-1 activation 

The almost complete failure of MLA to support IL-113 maturation in the presence of ATP 

described above suggested that formation of higher order inflammasome structures might be 

impaired. Such structures are commonly detected by imaging a constitutively expressed 

inflammasome component, ASC, after exogenous ATP is provided to cells which had been 
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primed with TLR4 agonists. ASC visualization under these conditions shows initially diffuse and 

then highly focused aggregation into ASC 'specks', reflecting assembly and activation of the 

inflammasome [53]. To test for the competence of MLA-primed cells to support formation of these 

structures, MLA and Lipid A-primed DCs were pulsed briefly with ATP before ASC-specks were 

visualized by confocal microscopy. Lipid A-primed DCs displayed significantly more ASC-specks 

than those primed with MLA (Figure 14 A), with MLA-primed DCs forming fewer ASC-specks at 

all doses tested (Figure 14 B). The potency shift revealed by the dose response experiment 

suggested that MLA's potency was approximately 1 % that of Lipid A. Further, ASC-speck 

formation was correlated with the amount of the p10 subunit of mature caspase-1 generated, with 

MLA-primed DCs generating markedly less p10 than those primed with Lipid A, upon ATP 

addition (Figure 14 C). These data show that MLA's activation of TLR4 results in impaired 

inflammasome assembly and caspase-1 activation even in the presence of an exogenous 

secondary stimulus for inflammasome activation. 

Pre-treatment with low dose MLA prevents Lipid A-induced inflammasome activation in 

the presence of A TP 

Since MLA was shown to have protective effects on IL-1j3 mediated pathology as in 

ischemic reperfusion injury and endotoxic shock [74-79], we wanted to see if stimulating myeloid 

DCs with low doses of MLA could inhibit subsequent Lipid A-induced inflammasome in the 

presence of ATP. As shown in Figure 14 D, while myeloid DCs treated with Lipid A for 5h after 

overnight stimulation with vehicle control robustly generated active caspase-1, while cells 

pretreated with low dose MLA did not. Thus, MLA pretreatment can block Lipid A's ability to a 

required step in inflammasome activation, indicating that MLA could be used for protection from 

IL-1j3 mediated pathology. 

MLA weakly induces NLRP3 transcript and protein in myeloid DCs 

Because MLA-primed DCs failed to activate capase-1 and form ASC-specks upon 

addition of ATP, we considered whether other components of the inflammasome might explain 

MLA's deficient IL-1j3 production. It was recently reported that induction of NLRP3 is a required 
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DISCUSSION 

There is a need for safe vaccine adjuvants that stimulate the immune system without 

inducing inflammatory side effects. We previously demonstrated that MLA, used clinically in 

vaccine preparations as MPL adjuvant®, is a TRIF-biased agonist of TLR4 [17, 48], and argued 

that this TRIF-bias likely explains its low toxicity profile. Others have concluded that MLA's failure 

to induce IL-1~ is responsible for decreased toxicity [47]. We now show that MLA's altered TLR4 

signaling is upstream and is in fact responsible for IL-1 ~ loss. Activation of TLR4 by MLA results 

in efficient priming at the level of proIL-1~, but weak induction of NLRP3, an event requiring intact 

MyD88 signaling. The only other adjuvant approved for use in humans is alum, which is a potent 

activator of the NLRP3 inflammasome and induces both Th1 and Th2 type antibody responses 

[93-95]. However, a requirement of NLRP3 activation and IL-1~ production for initiating protective 

immune responses is disputed [96]. In fact, alum's induction of specifIC Th-1 type immune 

responses, which are most effective at protecting against intracellular viral and bacterial 

infections, are independent of NLRP3 and IL-1~ [93-95]. If IL-1~ production is not critical for 

adjuvant-established protective immunity, then MLA, which fails to support production of this 

inflammatory cytokine, is preferable to alum or an admixture of both. Collateral inflammasome 

activation during vaccination could merely increase the likelihood of adverse side effects. 

Additional evidence for the dispensability of IL-1~ in generating protective immunity is that NLRP3 

activation and IL-1~ production are actively suppressed in antigen presenting cells by effector 

and memory T cells during recall responses [97]. 

In addition to reconciling the causality of IL-1~ loss with TRIF-biased signaling, we have 

clarified the contributions of TRIF and MyD88 to inflammasome priming and activation 

downstream of TLR4 signaling alone, or in the presence of exogenous ATP. In the absence of an 

exogenous stimulus for inflammasome activation, MyD88 signaling induces up-regulation of 

proIL-1~ and NLRP3 while TRIF signaling promotes some proIL-1~ induction and low levels of IL-

1 ~ maturation through a yet undefined mechanism. TRIF's contribution to infiammasome 

activation was previously demonstrated in mice deficient for autophagy genes, [98], but more 

studies are required to fully define TRIF's role in TLR4-dependent IL-1~ production. The 

elucidation of TRIF and MyD88 Signaling pathways responsible for NLRP3 inflammasome priming 
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and activation described here provide a knowledge base for the development of novel signaling 

therapies for IL-1J3-mediated pathologies; a current aim of many investigators and clinicians [51, 

68, 99-103]. Additionally, the low levels of IL-1J3 produced in response to TLR4 stimulation alone 

may be clinically relevant to inflammatory conditions mediated by endogenous activators of TLR4 

such as DAMPs [67-73]. 

Even in the presence of exogenous A TP, MLA-primed cells were unable to accomplish 

inflammasome assembly, caspase-1 activation and production of mature IL-1J3 presumably, a 

critical defiCiency at the level of NLRP3. Additionally, pretreatment with MLA inhibited Lipid A

induced inflammasome activation at the level of p10 caspase-1 generation in the presence of 

ATP. This is intriguing considering that MLA can be used to prevent ischemic reperfusion injury 

[74-79], whose pathology is mediated in part by IL-1J3 [70]. MLA's effectiveness at inducing a 

tolerant state whereby cells are temporarily unresponsive to further stimulation through TLR4 has 

been demonstrated in both humans and several animal models [60-62, 104]. Tolerance of this 

kind is achievable using endotoxin itself (LPS or Lipid A), however these TLR4 agonists induce a 

toxic inflammatory response prior to acquisition of tolerance [105, 106]. Clinically, intravenous 

administration of MLA is well tolerated [601, and is an attractive alternative to endotoxin for 

conferring tolerance because initial induction of pro-inflammatory cytokines is greatly decreased. 

Preconditioning with MLA may result in a type of 'inflammasome tOlerance', which could be 

critically valuable for conditions in which IL-1J3 -mediated pathology occurs after reperfusion of 

ischemic tissue as in organ transplantation, myocardial infarct and stroke and subsequent release 

of inflammasome activating ATP from stressed or damaged cells. 

Collectively, this work is the first thorough study of the adapter requirements involved in 

TLR4-dependent NlRP3 inflammasorne priming for IL-1J3 production, and describes a possible 

mechanism for the protective effects seen with MLA in therapeutic settings such as prevention of 

ischemic reperfusion injury. Further studies will be required to reveal the extent to which 

tolerance is induced by MLA, and if TRIF-biased TLR4 signaling can be utilized effectively as a 

pre-conditioning regimen to prevent or mitigate IL-1J3 mediated pathology. 
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Figure 8. Mass spectroscopic analysis of synthetic Lipid A . Mass spectroscopy 

was performed under the supervision of Dr. Bogdan Bogdonov from the lab of Dr. Rick 

Higashi at the University of Louisville. 
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Figure 10. TRIF-biased TLR4 signaling proceeds independently of IL-1RI. (A, B) ELISA 

analysis of IL-113 (A) and IL-6 (B) in culture supernatant from 2x105 wr myeloid DCs activated for 

6h with 100ng/mL MLA or Lipid A after a 30m in treatment with Z-YVAD-FMK where indicated. (C, 

E) RTqPCR analysis of Cox2 (above) and Ifd2 (below) from 1x106 wr, Trif""2 or Myd88+ myeloid 

DCs activated for 1h with 100ng/mL MLA or Lipid A . (D, F) RTqPCR analysis of Cox2 (above) 

and Ifit2 (below) from 1x106 wr or IL-1RIITIU myeloid DCs activated with 100ng/mL MLA or Lipid 

A. Vehicle control (VC) is represented as the Oh time point Results are the average of triplicate 

wells +/- SEM from four (A, B) or three (C-F) independent experiments. NS: not Significant, ** 

denotes P value < 0.01 and *** denotes P value < 0.001. 
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Figure 11. IL-1P priming in WT, TrifPs2 and MydSS-l·OCs activated with MLA and Lipid A. (A) 

RTqPCR analysis of 1I1b from 1x106 WT myeloid DCs activated for 1h with 100ng/mL MLA or 

Lipid A. Vehicle control (VC) is represented as the Oh time point. (8) Immunoblot analysis of 

prolL-113 from 2x106 WT myeloid DCs activated for 5h with 100ng/mL MLA or Lipid A. (C, D) 

Immunoblot analysis and quantitation of pro and mature IL-113. 2x106 WT myeloid DCs were pre

treated with 50f,JM Z-YVAD-FMK for 30min before 5h activation with 100ng/mL MLA or Lipid A. 

(E) RTqPCR analysis of 1I1b from 1x106 WT, Trifps2 or Myd88-1- myeloid DCs activated with 

100ng/mL MLA or Lipid A. (F) Immunoblot analysis of prolL-113 from 2x106 WT, Triflps2 or Myd88-

/- myeloid DCs activated for 5h with 100ng/mL MLA or Lipid A. Results are the average of 

triplicate wells +1- SEM from four independent experiments (A, E) or are representative of four (8, 

F) or five (C, D) independent experiment. NS: not significant, * denotes P value < 0.05, ** denotes 

P value < 0.01. 
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Figure 12. Generation of mature IL-1P by TLR4 agonists alone is co-dependent on My088 

and TRIF. (A-C) ELISA analysis of IL-113 in culture supernatant from 2x105 WT, Trit'PS2 or Myd88-1-

myeloid DCs activated for 6h with 100ng/mL MLA or Lipid A. (0, E) Immunoblot analysis and 

quantification of prolL-113 or Asc and procaspase-1 from 2x106 WT, Trifps2 or Myd88-1- myeloid 

DCs activated for Sh with 100ng/mL MLA or Lipid A. Results are the average of triplicate wells +/

SEM from three independent experiments (A-C) or are representative of four (0, top and E), or 

three (0, middle and bottom) independent experiment. NS: not significant, * denotes P value < 

0.05. 
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Figure 13. My088 is critically required for ATP-stimulated IL-1 p production. (A-C) ELISA 

analysis of IL-113 in culture supernatant from 2x105 WT, Trit'PS2 or Myd88-1- myeloid Des activated 

for 6h with 100nglmL MLA or Lipid A then pulsed for 20min with 5mM ATP. (D) Immunoblot 

analysis of IL-113 and p10 caspase-1 performed using equal volumes of supernatant from 

samples in A-C (100 ng/mL). (E) Using densitometry ratios of pro to mature IL-113 from (D) the 

percent of pro and mature IL-113 of total were calculated. Results are the average of triplicate 

wells +/- SEM from three independent experiments (A-C), are representative of three 

independent experiments (D) or are the average of three independent experiments +/- SEM (E). 

NS: not significant, * denotes P value < 0.05. 
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Figure 14. MLA-primed myeloid DCs display fewer ASC-specks and less active caspase-1 

compared to Lipid A. (A, B) 5x1 04 WT myeloid DCs were activated for 5h with MLA and Lipid A 

then pulsed for 5min with 5mM ATP. (A) Representative images from confocal microscopy 

showing nuclei (DAPI, blue), plasma membrane (CTB, red) and inflammasomes (ASC, green). 

Images are representative of at least two independent experiments. (B) Box and whisker plot of 

enumerated cells and ASC-specks of images from at least two independent experiments 

containing -550 cells per treatment. (C). Immunoblot analysis of the p10 subunit of caspase-1 

from 1x106 WT myeloid DCs activated for 5h with MLA or Lipid A representing three independent 

experiments. (D) Immunoblot of the p10 subunit of caspase-1 from 1x106 WT myeloid DCs were 

pretreated with 10ng/mL MLA or VC for 18h before activation for 5h with 1IJg/mL Lipid A before a 

5min pulse with 5mM ATP. Image representative of two independent experiments; ** denotes P 

value < 0.01. 
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CHAPTER IV 

IL-1 IS LOSS CONTRIBUTES TO REDUCED TOXICITY OF MPLA 

INTRODUCTION 

We previously detennined that TRIF-biased signaling downstream of TLR4 activation by 

Monophosphate Lipid A is responsible for its loss of IL-1P maturation activity in Chapter III of this 

dissertation (CA Eaves et a!. Science Signaling; accepted for publication). This effect is due to 

the strict MyD88-dependence of NLRP3 induction, a required inflammasome priming event for IL-

1P maturation. It has been proposed elsewhere that weak IL-1P production is responsible for 

MPLA's reduced in vivo toxicity compared to LPS [47]. While we have shown that IL-11:3 loss is 

downstream of TRIF-biased TLR4 signaling, the role of IL-113 in mediating differential 

inflammatory processes in vivo between the two TLR4 agonists has yet to be clarified. 

IL-1P production is tightly regulated, presumably due to the cytokine's inflammatory 

potency and pervasive effects on nearly all tissues of the body. Downstream of TLR4, both TRIF 

and MyD88 Signaling pathways contribute to priming at the level of pro1L-11:3 induction, while 

NLRP3 induction strictly requires MyD88 (CA Eaves et al Science Signaling; accepted for 

publication). A fully primed cell responds to a secondary stimulus for inflammasome activation by 

assembling the NLRP3 inflammasome and converting constitutively expressed procaspase-1 into 

a p10/p20 heterodimer capable of proteolytically processing prolL-1p into mature IL-1P [54]. 

Mature 17kDa IL-1P is active at low concentrations, as serum levels of 50pg/mL are well above 

the maximum pM range for the Kd of IL-1RI [107]. Hence the expression of IL-1RI in almost all 

tissues makes control of IL-11:3 production even more relevant in induction of systemic 

inflammation. In fact, very low concentrations of IL-1P are physiologically significant because 

circulating levels rarely exceed 50-100pg/mL under patho-inflammatory conditions caused by 

dysregulation of the NLRP3 gene in humans [108], such as in Muckle-Wells autO-inflammatory 
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syndrome, familial cold urticaria, chronic infantile neurological cutaneous and articular (CINCA) 

syndrome and neonatal-onset multisystem inflammatory disease (NOMIO) [109-111]. 

Excessive levels of endotoxin (LPS) result in systemic inflammatory shock, mimicking 

many symptoms of disseminated bacteremia [112], which is characterized by refractory 

hypotension and subsequent tissue hypoxia, rapid respiratory rate, leukoctyosis or leucopenia, 

fever, cytokine production, rapid heart rate with decreased cardiac function, disseminated 

intravascular coagulation, multiple organ failure and death [113]. Shock in response to LPS 

results in part from an inflammatory cytokine storm mediated primarily by monocytes and 

macrophages and is marked by high levels of serum IL-1(3 and TNF [114-116]. IL-1(3 has been 

directly implicated in the pathogenesis of endotoxemia, and inhibitors of its production or 

signaling via IL-1RI (such as Fluorofenidone [70] and Kineret® [117] protect mice from lethality of 

endotoxic shock. In contrast to LPS, MPLA fails to induce production of IL-113 in vitro or in vivo 

[17,47] (C.A. Eaves et al. Science Signaling. 2011. Accepted for publication), and is 0.1-1% as 

toxic as LPS [19-24]. 

Although MPLA induces TRIF-dependent events like induction of Ifit-1 and 2, IP-10 

(CXCL-10) and up-regulation of co-stimulatory molecules C080/CD86 to similar levels as LPS 

[118], induction of inflammatory MyD88-dependent products such as Serpine-1, Endothelin-1, 

COX-2, IL-6, and NLRP3 are significantly decreased [48] (C.A. Eaves et at. Science Signaling. 

2010 In press). We therefore hypothesized that LPS-induced IL-113 contributes to in vivo toxicity 

by potentiating MyD88-driven inflammatory outcomes in a multi-step process. For MPLA, failure 

to maintain this positive feedback loop through IL-1RllMy088 signaling then is likely to magnify its 

initial TRIF-biased TLR4 activation. Initial TRIF-biased TLR4 activation by MPLA results in loss of 

IL-113 production, which results in weaker IL-1RI-dependent MyD88 activation in vivo, making 

MPLA's TRIF-bias even more evident. To test this hypothesis, mice expressing a mutant, non

signaling form of IL-1RI, were given high dose LPS or MPLA and monitored for inflammatory 

cytokine and transcript production. 
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METHODS 

Reagents 

TLRgmde 111 Ready-ta-Use Monophosphoryl Lipid A and LPS from Salmonella minnesota 

R595 (Re) were purchased from Alexis Biologicals (now Enzo Life Sciences). Paired lots of 

sonicated MPLA and LPS were used for experimentation. 

Mice 

Female, age-matched C57IBL6 and IL-1RI mutant mice (B6;129S1_111r1lm1RomUJ) were 

purchased from Jackson Laboratories, and were rested for at least seven days after arrival prior 

to use in experimentation. 

RESULTS 

LPS, but not MPLA, induces high levels of plasma IL-1P 

We first examined the early production of IL-1P in mice treated with MPLA or LPS. LPS

treated mice produced high levels of plasma IL-1P at 1hr, while MPLA-treated mice failed to show 

any increase in IL-1P over that of vehicle control (Figure 16). This result confirms previous reports 

that MPLA fails to induce IL-1P in vivo and in vitro [17,47] (CA Eaves et al. Science Signaling, 

accepted for publication). Considering the very early appearance of IL-1P in LPS-treated mice, 

we hypothesized that IL-1P could potentiate all LPS-induced MyD88-associated inflammation in 

vivo. 

Early cytokine dependence on IL-1 RI signaling 

We next analyzed the levels of various pro-inflammatory cytokines at 1 hand 6h post 

injection ofTLR4 agonists. Both MPLA and LPS induced similar amounts ofTNF, KC, IL-6, MCP-

1 and IFN-y at 1h (Figures 17-19). Most cytokines were completely unaffected by loss of IL-1RI 

Signaling at 1h, however there was a Significant decrease in MPLA-induced MCP-1 in the IL-

1 Rlmu compared to WT (Figure 17). Because of the very early time point and the fact that MPLA 
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does not induce plasma IL-113 (Figure 16), this IL-1RI effect is probably independent of IL-113. It is 

possible that an IL-113 independent IL-1 RI signaling event contributes to MPLA's MCP-1 

induction. 

MPLA and LPS promote similar early cytokine profiles, but MPLA-induced cytokine levels 

are not sustained 

By 6h levels of all cytokines had decreased significantly in MPLA-treated mice, while 

inflammatory cytokine induced by LPS was sustained (with the exception of TNF). These data 

show that MPLA induces a transient increase in pro-inflammatory cytokines, while LPS induces 

robust, sustained cytokine production. While there was a trend for LPS-induced cytokines to 

decrease in the absence of IL-1RI signaling, only plasma levels of IL-6 at six hours post LPS 

treatment were Significantly decreased in the IL-1Rlmu (Figures 17-19). 

IL-1 RI signaling contributes to differential pro-inflammatory transcript levels between LPS 

and MPLA 

We next wanted to look at pro-inflammatory gene expression in organs targeted during 

intravenous administration of TLR4 agonist. We analyzed expression of various MyD88- or TRIF

dependent transcripts in the spleen at 6h after TLR4 agonist administration. In wr mice, LPS

treatment led to high levels of Serpine-1, Endothelin-1, Ifit-2, Cox-2 and Nlrp3 (Figure 20). In 

contrast, spleens from MPLA-treated mice had high levels of TRIF-dependent Ifit-2 (Figure 21), 

but relatively low expression of the pro-inflammatory MyD88-dependent transcripts tested. These 

results confirm the TRIF-biased results seen previously in spleen transcripts at lower doses of 

MPLA and LPS (30 or 10J.jg respectively) [17]. Strikingly, in the absence of IL-1RI signaling, the 

significant differential induction of MyD88-dependent genes between MPLA and LPS was lost 

(Figure 20, shaded panels). lfit-2 expression remained similar to wr in the IL-1Rlmu mice (Figure 

21, shaded panels), presumably reflecting the strict TRIF-dependence of this transcript and the 

MyD88-dependence of IL-1 RI contribution to its expression. These data indicate that IL-1 RI plays 

a significant role in potentiating LPS-induced MyD88-dependent inflammatory transcripts [119], 
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and that loss of IL-1RI signaling, through impaired IL-113 production, likely reinforces MPLA's 

TRIF-bias. 

IL-1 RI and hepatotoxicity 

While pro-inflammatory cytokines may predict toxicity, we wanted to assess direct toxicity 

in the form of hepatocyte damage, and to determine any dependence on IL-1RI signaling. Plasma 

alanine aminotransferase (Al T) is an indicator of acute hepatotoxicity because it is released from 

the liver by cellular stress and death (120). When we analyzed plasma levels of ALT at 6h post 

injection with TLR4 agonists, we saw variability in the amount of AL T generated, however the 

average level of LPS-induced AL T was higher than MPLA (Figure 22). Plasma from LPS-treated 

IL-1 Rlmu mice did not have any detectable AL T, suggesting LPS-induced liver toxicity is mediated 

by IL-1RI signaling. 

In vivo complement activation 

Differential activation of IL-1RI appears to play some role in MPLA vs LPS inflammation 

in vivo, however IL-113 does not explain all differences in pro-inflammatory outcomes (Figures 17 

and 18). Because direct interaction of LPS can trigger complement activation via the alternative 

pathway, we wanted to test whether complement could also be contributing to LPS toxicity in our 

experiments. Both MLA and Lipid A were found to synergize with CSa for cytokine production 

(see Chapter III), but it had not been determined whether MPLA or LPS induced differential 

complement activation in vivo. When we analyzed CSa levels in plasma, we found no increase 

over control with MPLA or LPS 6h post-treatment; however LPS-induced IL-6 production 

significantly more than MPLA (Figure 23), indicating that CSa generation probably does not playa 

major role in toxicity associated with LPS in this model. 

DISCUSSION 

I L -1 RI signaling contributes to specific differential inflammatory outcomes when 

comparing MPLA and LPS. While all MyD88-associated transcripts at 6h showed some 

dependence on IL-1RI regardless of treatment with MPLA or LPS, only LPS-induced IL-6 cytokine 
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responses showed a dependence on Il-1 RI signaling. Production of KC, MCP-1, TNF and IFN-y 

in response to lPS was not affected by the absence of Il-1RI. 

It is important to note that MPLA and lPS induced similar levels of early KC, TNF and 

MCP-1 1 hr after treatment, demonstrating that MPLA is not devoid of activity and is capable of 

stimulating cytokine production equivalent to lPS. Induction of MCP-1 was shown elsewhere to 

be important for mediating the adjuvant effects of aluminum hydroxide and MF59 [121]. With 

these adjuvants, MCP-1 acted as a monocyte chemo-attractant, and enhanced differentiation of 

the recruited monocytes toward antigen presenting dendritic cells [121].MPLA's rapid induction of 

this important immunomodulatory molecule may therefore help explain MPLA's adjuvanticity. 

lPS induced significantly more IFN-y production than MPLA, but its production did not 

appear dependent on Il-1 RI signaling. IFN-y has been shown elsewhere to potentiate lPS

induced pro-inflammatory cytokines including Il-1, TNF-a and Il-6 [119]. Additionally, IFN-y was 

just recently described as the key mediator of endotoxic shock in a model using mice lPS-treated 

mice primed with heat killed P. aenes [122]. Production of IFN-y in response to lPS is dependent 

on MyD88 signaling [17], and may explain why TRIF-biased MPLA does not induce symptoms of 

shock. 

Even though most lPS-induced cytokines and chemokines were found to be Il-1RI

independent, every MyD88-associated transcript tested was found to be significantly reduced in 

the splenic tissue of Il-1 Rlmu mice, at the same time that levels of the TRIF-dependent transcript 

Ifit-2 remained as high as those in WT mice. Interestingly, the absence of Il-1RI signaling 

lowered lPS-induced levels of MyD88-dependent transcripts to the same low levels as MPLA 

induction; indicating that Il-113 signaling is needed to prolong the TlR4ITRIF vs. MyD88 

'balanced' signaling attributes of lPS, demonstrating the importance of Il-113 production in the 

toxicity of lPS. 

We also observed greater plasma levels of Al T in lPS-treated vs. MPLA-treated mice, 

with a critical dependence of lPS-induced AlT levels on Il-1RI-signaling. Il-113 along with the 

pro-inflammatory cytokines TNF-a and Il-6 have been implicated in the pathogenesis of liver cell 

death in various acute and chronic models of hepatotoxicity [123, 124]. High dose acetaminophen 

(N-acetyl-p-aminopheno or APAP) causes acute liver injury and ultimately organ failure [125, 
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126]. During APAP-induced liver toxicity, plasma levels of IL-1J3 are greatly increased [127], and 

the I L -1 RIIMyD88 signaling pathway has been shown to contribute to APAP-induced heptatoxicity 

[128]. Separately, another group found a clear link between NLRP3-dependent caspase-1 

activation, IL-1 J3 production and APAP-induced liver cell death [129], supporting our conclusion 

that IL-1 RI signaling contributes to LPS-induced ALT levels. 

Endotoxin has been show to be capable of activating the critical C3 complement 

component [130], however structural differences in LPS can greatly alter it complement activating 

activity [131-133]. The failure of the ability of LPS to activate complement was shown elsewhere 

to be caused by structural changes to regions other the polysaccharide O-antigen [134], and 

serum factors also contribute to complement activating competency [135]. We cannot currently 

say why our LPS did not generate CSa; however we suspect this to be an issue of endotoxin 

dose, or variability in acyl chain structure of the S. minnesota ReS9S chemotype we used, or 

possibly host environment. 

The results described here suggest that strong IL-1J3 production induced by LPS can 

account for most of the differential activation of MyD88-dependent inflammatory factors compared 

to MPLA at later time points in vivo. Additionally, our TLR4 agonist did not induce detectable 

levels of active complement in the form of plasma CSa. While reduced IL-1J3 production by MPLA 

may explain a portion of its reduced toxicity compared to LPS, we previously showed this 

phenomenon to be downstream of TRIF-biased TLR4 activation. Therefore, we suspect the 

differences in inflammation or toxicity induced by MPLA and LPA to ultimately be a result of this 

their respective modes of activation of TRIF vs. MyD88-dependent TLR4 signaling. Ultimately, it 

seems likely most of the toxic effects of LPS are attributable to various inflammatory cytokines 

downstream of MyD88 signaling, including IL-1J3 and IFN-y production. MPLA's TRIF-biased 

TLR4 activation results in loss of these factors that potentiate inflammation and toxicity. 
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Figure 16. Plasma IL-1P induced by LPS or MPLA. S. minnesota LPS or MPLA were 

administered I.V. to C57/BL6 mice, 100IJg per recipient, blood was collected 1h later. Plasma 

levels of IL-1j3 were analyzed by ELISA; statistical significance determined using a two-tailed, 

paired t-test; ** means p<0.01 
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Figure 17. Plasma TNF and MCP-1 induced by LPS or MPLA. S. minnesota LPS or MPLA 

were administered I.V. to wr or IL-1Rlmu mice, 100~g per recipient, blood was collected 1h and 

6h latert. Plasma levels of TNF and MCP-1 were analyzed by Cytometric Bead Array analysis. 

Statistical significance determined using a two-tailed, paired t-test, * indicates p<O.05; ** indicates 

p<O.01, Data is representative of two experiments. 

56 



4.0 

3.5 
-' E 3.0 
C, 

:!.5 c 
0 1.0 ~ 
IU l.5 E 
1/1 

1.0 IU 
&: 

0.5 

0.0 

350 

300 
-' 
E C, 250 .' 
c 
>. 200 
Z 
!:!: 
IU 150 
E • ~ 100 . 

50 . 

o 

r-I 
L.;..J 

NS NS 

8 0 

~ ~ 
eJ 

0 0 

= 
L.;..J 

WT IL-1Rlmu 

1hrplasma KC 

NS NS 

WT IL-1Rlmu 

1hrplasma IFN-y 

NS * * * .---_._--------._-------_._-----_ ... _-.. 

WT 

* 

IL-1Rl"'u 

6hrplasma KC 

*** 

@ 
o 

: 

o 

*** 

o 

WT IL-1Rlmu 

6hrplasma IFN-y 

o vc 

!:::, MPLA 

() LPS 

o VC 

!:::, MPLA 

() LPS 

Figure 18. Plasma KC and IFN-y induced by LPS or MPLA. S. minnesota LPS or MPLA were 

administered I.V. to WT or IL_1Rlmu mice, 100jJg per recipient, blood was collected 1h and 6h 

latert. Plasma levels of KC and IFN-y were analyzed by Cytometric Bead Array analysis. 

Statistical significance determined using a two-tailed, paired t-test, *** indicates p<O.001. Data is 

representative of two experiments. 
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Data is representative of two experiments. 
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Figure 20. Splenic Endothelin-1, Serpine-1, Cox-2 and Nlrp3 transcript levels. 

1001-'9 of MPLA or LPS was administered by I.V. injection to wr or IL-1Rlmu mice. At 

6h , spleens were taken and Endothelin-1, Serpine-1, Cox-2 and Nlrp3 transcript 

levels analyzed by quantitative peR. 
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Figure 22. Liver toxicity in MPLA and LPS treated mice. wr 
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CHAPTER V 

COMPLEMENT AND TLR4 CORECEPTOR ACTIVATION BY LPS AND MPLA 

INTRODUCTION 

Activation of TLR4 by LPS is not direct, but involves sequential handling of LPS by 

several shuttling molecules. Initially, the Lipid A head group of LPS is bound by LBP in serum 

which transfers LPS to soluble or membrane-bound CD14, primarily expressed on monocytes 

and macrophages [136]. CD14 transfers LPS to MD2, forming the MD2ILPS complex, which is 

then recognized by TLR4 [6). CD14 contains an LRR region similar to TLR4 and a groove 

composed of ~-sheets that contains two hydrophobic pockets with charged residues for LPS 

binding [137]. Although the 55kDa glycoprotein CD14 does not contain a transmembrane 

signaling domain, it has been extensively studied in terms of assisting TLR4 signaling [6). At low 

concentrations of LPS, CD14 markedly increases the efficiency of transfer from LBP to 

MD2ITLR4. At very high concentrations however, CD14 appears dispensable for LPS-induced 

TLR4 Signaling [138] [139]. There does seem to be critical dependence on CD14 for TRIF

mediated signaling as CD14 mutant mice fail to produce Type-1 interferons in response to LPS 

[140). 

While MD2, and TLR4 are the critical receptors involved in the 'LPS-sensing apparatus' 

[141] [142], several additional signaling molecules that serve as TLR4 co-receptors have been 

described. The chemokine receptor CXCR4 has been shown to directly bind LPS, and is capable 

of transducing LPS-dependent signaling, resulting in cell migration, IKB phosphorylation, p38 

MAPK phosphorylation and IL-6 production in human monocytes. This made us question whether 

synthetic E. coli type MLA, which induces weak NF-KB activation [48], was able to fully engage 

CXCR4 signaling during TLR4 activation. 

Other MD2-TLR4 co-receptors are potentially involved in bringing about MLA's TRIF

biased signaling attributes. Integrin alpha M (ITGAM), also known as CD11b, is a subunit of the 
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heterodimeric Type 1 transmembrane protein known as complement receptor 3 (CR3) and 

macrophage antigen 1 (Mac-1). CD11b is expressed mainly on monocytes, granulocytes and NK 

cells, and its chief function has been characterized as assisting phagocytosis of complement 

coated substances and supporting cellular adhesion to activated endothelium [143). CD11b has 

also been shown to contribute to LPS-rnediated TLR4 signaling and can directly bind LPS [144, 

145]. In macrophages, CD11b, in concert with CD18 (the additional subunit of CR3IMac-1), 

activates the MAPK pathway and NF-KB transcriptional activity, leading to enhanced production 

of COX-2, IL-12 p35/p40 and IL-6 downstream of TLR4 activation [10, 146]. Because MLA and 

Lipid A differ structurally, in terms of phosphoryl groups known to interact directly with TLR4 and 

its co-receptors, we tested the hypothesis that MLA's TRIF-biased was the result of differential 

interaction with these receptors. Figure 24 shows co-receptors involved in the LPS recognition 

that may playa role in MLA's TRIF-bias. 

Interactions with the complement system offer another explanation for MLA's low toxicity. 

The complement system is a complex cascade of extracellular protein fragmentation initiated by 

pathogen interaction with antibodies (classical pathway), or through mannose-binding lectins or 

ficollins (lectin pathway) or spontaneous hydrolysis of C3 (alternative pathway). Direct recognition 

of LPS can also induce C3 hydrolysis, a mechanism included in the alternative complement 

pathway. All three complement pathways converge at C3 hydrolysis which results in subunits C3a 

and C3b. While C3a can act directly on cells expressing C3aR to induce inflammatory cytokine 

secretion and increased cell motility, C3b interacts with C5 convertase to cleave C5 in subunits 

C5a and C5b. C5a induces inflammation in a manner similar to C3a, while C3b, along with 

several other complement proteins, forms the membrane attack complex, or MAC. In addition to 

this classic activation pathway, thrombin, neutrophil elastases and macrophage serine proteases 

are thought to be capable of C3-independent C5 cleavage [147-150). (Figure 25) 

C5a activates the G-protein coupled receptor C5aR (CD88) as well as the G-protein 

independent C5a-like receptor 2 (C5LR, also known as GPR-77) [151]. C5aR is highly expressed 

on neutrophils, but is also present on lung and liver epithelium, monocytes and various 

leukocytes [152-156). In neutrophils, C5a activation of the C5aR leads to production of the 

neutrophil chemo-attractant leukotriene B" (L TB,,), the platelet aggregation factor thromboxane" 
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(T~) and arachidonic acid, which leads to NADPH oxidase assembly and superoxide formation 

[1S7, 1S8]. Macrophages respond to CSa by enhancing phagocytosis, increasing chemotaxis, 

while endothelial cells produce inflammatory cytokines such as IL-6, TNF and IL-8 when activated 

with CSa and LPS [1S4, 1S9, 160]. In normal immune function, CSa plays an important role in 

attracting immune cells to the site of infection and enhancing their anti-microbial functions. 

However, when production of CSa is over stimulated, as in septic shock, CSa production has 

pathogenic consequences. Blocking antibodies against CSa have been shown to inhibit many of 

the inflammatory events associated with septic shock [161], and protects against LPS-induced 

multi-organ failure, caspase activation and consumptive coagulopathy in rats [162-166]. In fact, 

administration of CSa leads to symptoms similar to those of septic shock [164]. During sepsis, 

serum levels of CSa reach 10-100nM, and levels of CSaR rapidly decrease as the receptor-ligand 

complex is internalized [167, 168]. Very high concentrations of C5a have an inhibitory effect on 

neutrophil functions; resulting in decreased NADPH oxidase activity and decreased bacterial 

killing (see Figure 26 for a summary of cellular activation by complement during sepsis). 

While CSaR is not technically a TLR4 co-receptor, its co-stimulation during TLR4 

activation leads to enhanced production of TNF-a, IL-23, IL-113 and IL-6 [169J. Co-stimulation of 

CSLR and TLR4 increases production of pro-inflammatory HMGB1 while inhibiting TNF-a 

production [169]. The synergism between CSaR and TLR4 is proposed to be mediated by 

"mitogen-activated protein kinase kinases 112" (MEK1/2), JNK1/2, ·phosphatidyl inositol-3 kinase" 

(PI3K) and possibly Akt signaling [170, 171]. Because of C5a's potency and important role in 

endotoxic shock, we wanted to determine if differential complement activation was responsible for 

the increased toxicity and inflammatory properties of LPS compared to MPLA. Additionally, we 

wanted to assess the ability of LPS and MPLA TLR4 activation to synergize with CSaR activation 

for increased cytokine production. 
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MATERIALS AND METHODS 

Reagents 

Synthetic Lipid A (Peptides International) and synthetic Monophosphate Lipid A (Invivogen) 

corresponding to the E. coli structures of LPS were reconstituted in DMSO, aliquoted and at 

stored at -80°C. Paired lots of Lipid A and MLA were used for all experiments, such that each 

aliquot went through only one freeze/thaw. 

Cells 

Bone marrow-derived dendritic cells and macrophages were used for experimentation. 

Refer to MATERIALS AND METHODS section (page 27) for derivation protocol. 

Inhibition of TLR4 co-receptors 

In order to determine the contribution of each co-receptor in TLR4 signaling, 

macrophages and dendritic cells were treated with blocking antibodies and chemical inhibitors for 

30min before activation with synthetic TLR4 agonists. Cells to be activated with TLR4 agonists 

alone were pretreated with isotype control antibodies, or vehicle control in the case of AMD31 00. 

Cellular toxicity as determined by Trypan Blue uptake was not increased over vehicle control at 

the doses of inhibitors used for experimentation. 

In vitro C5aR and TLR4 synergy 

Macrophages and dendritic cells were plated at 2x105 per well of 96-well polystyrene 

plates and immediately activated with 50nM recombinant murine C5a and S. minnesota MPLA or 

Lipid A. Culture supernatant was collected at 5h and stored at -800C until ELISA. 
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RESULTS 

Bone marrow-derived dendritic cells express CD11b, CD14 and CXCR4. 

Expression levels of various TLR4 co-receptors can vary according to cell type and 

culture protocol after primary cell derivation, so we first determined expression levels of CD11 b 

and CD14 on newly generated bone marrow-derived dendritic cells by flow cytometric analysis. 

Almost all CD11 c positive dendritic cells stained positive for CD11 b (Figure 27), as expected, and 

approximately 50% of CD11c cells stained positive for CD14 (Figure 28). We then analyzed 

CXCR4 expression on the bone marrow-derived dendritic cells by flow cytometry. The dendritic 

cells from our culture system stained brightly for CXCR4 as compared to iSotype staining (Figure 

29). 

CD11 b blockade does not inhibit TLR4-dependent IL-6 production in bone marrow-derived 

dendritic cells 

CD11b, a subunit of Mac-1 in concert with CD18, is a co-receptor that has been shown to 

contribute to TLR4-dependent cytokine production. However, blockade of CD11b did not affect 

MLA or Lipid A-induced IL-6 production from our dendritic cells (Figure 30). 

Inhibition of CD14 increases MLA-induced IL-6 production 

CD14 is a critical TLR4 co-receptor for maximal TLR4-dependent signal transduction and 

cytokine production [172]. We hypothesized that differential interaction with CD14 based on the 

structurally distinct diglucosamine head groups of MLA and Lipid A could account for their 

observed disparities in cytokine production. We found that CD14 blockade resulted in increased 

levels of IL-6 production from dendritic cells for both MLA and Lipid A treatment (Figure 30), 

supporting the hypothesis that CD14 partiCipates in TLR4 signal transduction. The percent 

increase in IL-6 production was Significantly greater for MLA as compared to the percent increase 

Lipid A, indicating that the two agonists may differentially interact with CD14. 
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Inhibition of CXCR4 inhibits MLA and Lipid A induced IL-6 production 

CXCR4 has been characterized as a TLR4 co-receptor capable of inducing MAPK and 

NF-KB activation [142]. Because MLA induces less activation of the JNK, ERK1/2 MAPK and NF

KB pathways as compared to Lipid A and LPS [48}, we wondered if weaker engagement of 

CXCR4 by MLA might account for its TRIF-biased signaling compared to LPS. We used the 

chemical inhibitor AMD3100, also known as Plerixafor or Mozobil (developed by AnorMED) to 

determine if MLA and Lipid A differentially utilize CXCR4 for potentiation of TLR4-induced IL-6 

production. Dendritic cells treated with MLA or Lipid A and the CXCR4 inhibitor showed a 

significant reduction of IL-6 production compared to Lipid A treatment alone (Figure 30). These 

data confirm that CXCR4 activation does contribute to TLR4-dependent cytokine production, and 

it appears that MPLA and LPS are both able to utilize this co-receptor to similar extents. 

No synergy observed between TLR4 and C5aR in dendritic cells 

It has been shown that TLRs can synergize with complement receptors for the induction 

of pro-inflammatory cytokines [169]. We wanted to determine if activation of TLR4 by MPLA or 

Lipid A and C5a would synergize for TNF-a production, a cytokine previously determined to 

increase in a synergistic fashion upon dual C5aR and TLR4 activation [169]. Interestingly, we did 

not see synergy for TNF-a production in dendritic cells activated with MPLA or Lipid A and C5a, 

and so we decided to analyze C5aRITLR4 synergy in macrophages, a cell type previously 

described to display the effect [169]. We found that MLA and Lipid A induced similar dose

dependent production of TNF-a from macrophages, and that addition of C5a Significantly 

increased levels of TNF-a (Figure 31). Importantly, the synergy between C5a and MLA- or Lipid 

A-activation of TLR4 was comparable, indicating that both agonists were able to induce TLR4-

mediated synergy with C5aR signaling. We did observe much higher overall levels of cytokines 

produced in dendritic cells compared to macrophages (this was also true for IL-6, IL-113 and MCP-

1), and it is therefore possible that this cell type is capable of producing maximal amounts of TNF

a through TLR4 alone, or that dendritic cells do not express functional C5aR 
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DISCUSSION 

TLR4 uses many co-receptors for optimal signal transduction. Because we observe 

different activation of TLR4 adapter signaling when comparing MLA and Lipid A, we hypothesized 

that differential interaction with TLR4 co-receptors could explain the TRIF-bias of MLA. 

CD14 blockade during TLR4 activation resulted in a significant increase in IL-6 

production for MLA, but not Lipid A-treated cells. This result suggests a differential CD14-

interaction between the two agonists. However, we cannot yet determine whether the results 

indicate a stronger or weaker interaction of MLA with CD14 compared to Lipid A because either 

could generate the observed pattern. If MLA fails to strongly interact with CD14, overall TLR4-

activation and subsequent signal transduction may be weaker as well. However, because CD14 

engagement is associated with MyD88-independent signal transduction [140], MLA may strongly 

bind CD14, resulting in rapid internalization of the TLR4 receptor such that blockade of this 

pathway may increase MyD88-dependent signaling such as that involved in IL-6 production. More 

studies will be required to determine whether the strength of MLA-CD14 binding is similar to that 

of Lipid A. 

Because Lipid A-CXCR4 binding contributes to activation of NF-KB and JNK-MAPK, we 

hypothesized that weak interaction between MLA and CXCR4 could possibly account for the 

appearance of TRIF-bias; however IL-6 production in response to Lipid A or MLA were both 

decreased when CXCR4 was blocked. This indicates that CXCR4 signaling does contribute to 

TLR4-mediated cytokine production, but likely does not explain the TRIF-biased signaling pattern 

ofMLA. 

Activation of TLR4 by both Lipid A and MLA synergized with CSaR signaling for cytokine 

production in macrophages, but no synergy was observed in dendritic cells. We have yet to 

determine the relative expression of CSaR on these two cell types. Additionally, human alveolar 

macrophages and polymorphonuclear cells (PMNs) are known to release bioactive CSa in 

response to TLR4 stimulation or activation with PMA [1S0). As we have not assessed the 

amounts, if any, of CSa released by these cells we cannot rule out differential production of 

endogenous CSa as an explanation for failure of dendritic cells to display synergy. However, 

because MLA appears competent at synergizing with CSaR in macrophages for cytokine 
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production, we are less inclined to elucidate the reasons why dendritic cells fail to respond to 

exogenous CSa. We have observed differences in 'degree' of TRIF-biased signaling in these two 

cells types, and these findings may indicate a difference in inflammatory potential between 

macrophages and dendritic cells. 
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CD11/CD18 

Hs Hsp90 

Adapted from K. & M. Triantafilou. Trends in Immunology. 2002. 

Figure 24. The LPS activation cluster. Lipopolysaccharide-binding protein (LBP) binds and 

transfers LPS to membrane bound CD14. Signaling molecules such as CXCR4, CD11/CD18, 

Hsp70, and Hsp90are recruited, LPS is released from CD14 and binds MD2ITLR4 and various 

co-receptors that make up the LPS activation cluster for signal transduction. 
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Figure 25_ The alternative pathway of the complement cascade. C3 is 

spontaneously hydrolyzed into C3a and C3b subunits via interaction with pathogen 

(or LPS). C3a then activates C3aR inducing production of inflammatory mediators. 

C3b-containing C5 convertase acts to cleave C5 into C5a and C5b. C5a is 

detected by C5aR, inducing inflammatory cytokine production, or by C5L2 which 

appears to act as a weak or non-signaling scavenging type receptor. C5b joins with 

other proteins to form the membrane attack complex, or MAC. 

72 



Excessive C5a production during sepsis 

1 I I 1 
NEUTROPHIL MACROPHAGE 
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ENDOTHELIAL CELL 

~ ~ Tissue factor 
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Figure 26. C5a contributes to pathogenesis of sepsis. Sepsis, as well as endotoxic shock, 

leads to the overproduction of GSa, which has pathogenic pro-inflammatory effects on various cell 

types. Excessive GSa has an inhibitory effect on neutrophil function, resulting in unchecked 

bacterial multiplication. Endothelial cells respond to GSa by producing tissue factors that induce 

vascular coagulation resulting in death. Macrophages produce inflammatory cytokines and 

chemokines in response to GSa, which may lead to multi-organ failure, while GSaR activation in 

thymocytes results in apoptosis and deletion of critical immune precursors. (Adapted from PA 

Ward; The dark side of GSa in sepsis; Nature Reviews Immunology, 2004) 
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Figure 27. CD11b expression on bone 

marrow-derived dendritic cells. 1 x1 06 

8M-DCs were stained with fluorochrome 

labeled anti CD11c, CD11b or isotype 

control antibodies. CD11c positive cells co-

expressing CD11b was then determined by 

flow cytometric analysis. 
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Figure 28. CD14 expression on bone 

marrow-derived dendritic cells. 1 x1 06 

BM-DCs were stained with fluorochrome 

labeled anti CD11c, CD14 or isotype 

control antibody. CD11c positive cells co-

expressing CD14 was then determined by 

flow cytometric analysis. 
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Figure 29. CXCR4 expression on bone 

marrow-derived dendritic cells. 1 x1 06 

8M-DCs were stained with fluorochrome 

labeled anti CD11c, CXCR4 or isotype 

control antibodies. CXCR4 expression was 

then determined by flow cytometric 

analysis. 
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Figure 30. Inhibition of TLR4 co

receptors. 2x105 dendritic cells 

were pre-treated with AMD3100. 

anti-CD14 or anti-CD11b antibody 

for 30min prior to activation with 

1 OOng/mL synthetic E. coli MLA or 

Lipid A. Culture supernatant was 

harvested at 6h and assessed for 

IL-6 by ELISA. Bars are the 

average of triplicate wells +/-SEM 

and are representative of three 

independent experiments. 
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Figure 31. Tests of TLR4 synergy with C5aR in dendritic cells and macrophages. 2x105 

bone marrow-derived dendritic cells and macrophages were activated simultaneously with SOnM 

recombinant murine CSa and various concentrations of biological S. minnesota MPLA and Lipid 

A. Culture supernatants were harvested at 6h and assessed for TNF-a by ELISA. 
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CHAPTER VI: DISCUSSION 

The NLRP3 inflammasome as a therapeutic target for MPLA 

It has been well established that MPLA can be administered prior to LPS treatment for 

the induction of 'endotoxic tolerance', which is characterized by reduced inflammatory cytokine 

production, decreased febrile response and heart rate [60). MPLA pretreatment of organs to be 

transplanted also prevents cell death subsequent to tissue reperfusion (7), an event partially 

mediated by IL-113 production (12). In this dissertation we have shown that MLA fails to induce IL-

113 maturation because its TRIF-biased TLR4 signaling leads to weak MyD88-dependent NLRP3 

induction (see Chapter IV). This signaling resulted in protection against secondary stimuli for 

NLRP3 inflammasome activation because not aU necessary components (NLRP3 protein) were 

induced. MLA is also capable of inhibiting Lipid A-induced inflammasome activation when given 

as a pretreatment to cells subsequently challenged with Lipid A. While this mechanism surely 

involved classic endotoxin tolerance mechanisms, we propose that MLA also induces a form of 

'inflammasome tolerance'. Cells pretreated with MLA fail to respond to a second attempt at 

inflammasome priming through TLR4 activation, and will also not respond to inflammasome 

activating stimuli such as ATP (and possibly any other agent of inflammasome activation). 

Because of this MPLA could be used as a therapeutic agent in conditions where NLRP3-

activating DAMPs (such as amyloid 13, cholesterol crystals, uric acid crystals) are known to playa 

role in the pathogenesis of IL-1f3-mediated inflammatory disease (such as Alzheimer's, 

atherosclerosis and gout, respectively) [59}. 

Loss of NLRP3 inflammasome activation and the adjuvanticity of MPLA 

MPLA is an effective vaccine adjuvant, and is currently approved for human use in 

GlaxoSmithKline's Hepatitis B vaccine Fendrix and its human papillomavirus vaccine Cervarix 

under the name MPL adjuvant® [37]. The role of NLRP3 inflammasome activation and IL-113 
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production in mediating adjuvanticity has been debated. While some say the two events are 

necessary for robust adjuvant effects of aluminum hydroxide (alum) [93}, other groups have 

shown inflammasome activation and IL-1~ production are dispensable for such effects [93, 95, 

173}. These two findings do not necessarily rule each other out, as one study demonstrated that 

alum-induced antibody production is independent of NLRP3 inflammasome [173}, and the other 

showed NLRP3-dependence of Th1 T cell generation [174}. Therefore, adjuvant effects can be 

separated into IL-1~/NLRP3-dependent and -independent categories. It is also probable that the 

fitness of a particular adjuvant should be detennined by taking its function into consideration. For 

example, MPL® adjuvant may provide protective immunity for a particular viral infection, while its 

use in therapeutic anti-tumor vaccines may require supplementation with an agonist that more 

effectively promotes Th1 responses It is easy to image next generation adjuvants being as 

tailored to their particular target as to the pathogen's antigens themselves. 

The importance of TLR4 co-receptor activation in MPLA's TRIF-biased signaling 

Initiation of TLR4 signaling is a complex dance involving serum proteins and soluble 

factors, co-receptors and intracellular adapter proteins. While MPlNMLA and LPS/Lipid A from 

anyone bacterial species vary only slightly in their overall structures, the nature of Lipid A binding 

to any of the aforementioned factors is such that very small structural changes can have large 

consequences on signal transduction. For example, removal of two acyl chains from hexa

acylated LPS transfonns a potent agonist into an antagonist [175}, and removal of all but one 

phosphate from the Lipid A head group results in TRIF-biased TLR4 signaling [17, 48}. We 

therefore theorized that differential interactions with TLR4 co-receptors could explain MLA and 

Lipid A's unique signaling. Inhibition of CD11b did not affect TLR4-dependent cytokine induction; 

while CXCR4 inhibition resulted in a similar percent decrease in IL-6 production for MLA and Lipid 

A (see Chapter V). CD14 blockade greatly increased MLA-induced IL-6, while only slightly 

increasing Lipid A-induced IL-6 (Figure 30). It is interesting that CD14 inhibition alters MPLA

induced cytokine production so significantly, because CD14 can directly interact with the Lipid A 

head group and has been shown to be involved specifically in enabling the TRIF-signaling 

pathway [137, 140). These results are very exciting, as they could potentially explain MLA's TRIF-
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bias, and studies are currently underway to determine how MLAIMPLA may be interacting with 

CD14 differently than Lipid NLPS. 

Summary: TRIF-biased TLR4 signaling as the ultimate cause of MPLA's reduced toxicity 

MPLA displays 0.1-1% as much toxicity as its parent molecule LPS [19-24J, but the 

mechanism responsible for this phenomenon is undetermined. When it was determined that 

MPLA fails to promote production of the pro-inflammatory cytokine IL-1(3, this event was credited 

as the primary cause of MPLA's reduced toxicity compared to LPS [17J. However, we have 

shown that TRIF-biased TLR4 signaling is ultimately responsible for loss of IL-1(3 maturation 

because NLRP3, a protein required for inflammasome function and caspase-1 activation, is 

MyD88-dependent and not induced by MLA (see Chapter IV; C.A. Eaves et al. Science Signaling, 

accepted for publication). We have also shown that MPLA's TRIF-dependent loss of IL-1(3 

production contributes to reduced MyD88-dependent induction of pro-inflammatory factors (see 

Chapter V). While IL-1RI signaling does not fully explain the differences between LPS and MPLA 

in their promotion of inflammation in vivo, we believe that TRIF-biased signaling ultimately 

explains this disparity. LPS induces high levels of MyD88-dependent inflammatory products (IL-

1(3, IFN-y, etc.) that promote a cascade of inflammation and subsequent toxicity. MPLA displays 

reduced toxicity because of its failure to promote this inflammatory pathway due to its TRIF

biased TLR4 signaling. The findings in this dissertation can serve as a foundation for the 

development of targeted therapies for NLRP3I1L-1f3-mediated disease, and describe TRIF-biased 

TLR4 activation as a model for induction of potent immunogenicity with low associated toxi 
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