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CHAPTER 1 
 

Overview 
 

This dissertation is composed of two projects that advanced our knowledge of innate immune memory. 

The first was broad and straightforward, addressing the essence of innate immune memory. The second 

was specific but circuitous, examining the contributions of a single metabolite to the development of 

innate immune memory.  Taken together, they add to our knowledge of innate immune memory.  

In Chapter 2, I provide background on innate immune memory and macrophages, which are central 

players in innate immune memory responses. I also highlight metabolic adaptations during innate 

immune response to infection, and dive further into the most highly upregulated metabolite in murine 

macrophages challenged with an inflammatory stimulus, itaconate.  

The biological functions of itaconate have been extensively studied, and I summarize what is already 

known about how this metabolite affects macrophages and pathogens.  

In Chapter 3, I outline the first aforementioned project titled, “Bacteria- and Fungus-derived PAMPs 

Induce Innate Immune Memory via Similar Functional, Metabolic and Transcriptional Adaptations”. 

The results of the project define similarities and differences among the ability of bacteria and fungi to 

induce the innate memory phenotype. 

In Chapter 4, I describe the second project titled “Immunoresponsive Gene 1 Facilitates TLR4-agonist-

Induced Augmentation of Innate Antimicrobial Immunity”. The results provide insight into how 

itaconate contributes to and mediates the innate immune memory. 

I discuss how my results fit within our understanding of innate immune memory and the next steps in 

understanding innate immune memory responses in Chapter 5.  



2 

 

 

 

CHAPTER 2 
 

Background 

 

2.1. Innate Immune Memory 

2.1.1. Evolutionary Context  

The classical division of vertebrate immunity, innate and adaptive, is partially based on the adaptive 

system possessing stable memory characteristics, which the innate system does not. However, this is 

oversimplified due to memory characteristics found in the innate system of vertebrates, or even memory 

characteristics found in invertebrate animals and plants which lack any adaptive immunity. For 

example, transgenerational infection resistance has been observed in shrimp, and the agricultural 

industry has noted and harnessed the systemic acquired resistance (SAR) state of plants to produce more 

stable crops(1, 2).  

Netea et al. suggests that adaptive immunity is not a special characteristic unique to the small 

population of vertebrate animals, but rather that immune adaptation, as it provides a significant survival 

advantage, has developed in all living things through various mechanisms to different degrees. While 

highly specific immunoglobulins are not generated through genetic recombination in invertebrates, 

rearrangement of chromatin through epigenetic reprogramming does lead to enhanced protections 

against infection. Using the definition of immune memory proposed by this group (a changed status of 

the immune system of a host after an acute infection (or vaccination), leading to a more effective 

response against re-infection), innate and adaptive immune cells both possess this quality (3).  

2.1.2. Modern Definitions 

As described above, immune memory is a broadly defined phenomenon. Any secondary response that 

differs from a primary response can fall in the memory category. The first is differentiation, where 

exposure to a stimulus permanently matures a cell. The second is priming, where a cell is activated by a 

primary stimulus, and has a more robust to a secondary stimulus because it has not yet returned to 

baseline after the initial stimulus. The third, training, occurs when a cell returns to baseline functional 

state after a primary stimulus, but has a more robust secondary response. The fourth, tolerance, occurs 

when the secondary response is smaller in magnitude compared to the primary response (Figure 1) (4).  

A common and accessible endpoint when assessing innate immune memory is proinflammatory 

cytokine production. However, this endpoint does not consistently correlate with the broader response 

to infection as measured by survival or bacterial clearance (5). RNAseq, CHipSeq, and ATACseq are 

commonly used to measure the transcriptional responses and epigenetic reprogramming, both of which 

are readouts of and mechanisms supporting innate immune memory  (6, 7). Beyond those techniques, 

my research used functional endpoints such as leukocyte recruitment, phagocytosis and killing of 

microbes to assess the antimicrobial response.  
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Figure 1. Patterns of Innate Immune Memory Responses. Inspired by Divangahi et al. (4). 
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2.1.3. Inducing Stimuli 

Multiple types of stimuli induce innate immune memory, including host derived- molecules such as 

oxidized low-density lipoprotein (oxLDL) and uric acid (7-10). The canonical stimuli for innate 

immune memory are microbial products, such as lipopolysaccharide (LPS) and β-glucan, and molecules 

that resemble them, such as monophosphoryl lipid A (MPLA) (Figure 2). Another well-described 

example in humans is the broad spectrum protection provided by Bacillus Calmette-Guerin (BCG) 

vaccine. BCG vaccine protects not only against tuberculoid infections as intended, but also 

nontuberculous infections through innate immune memory (11-14).  

2.1.3.1. β-Glucan 

The fungal pathogen Candida albicans, and the fungal cell wall molecule β-glucan, have been found to 

improve resistance to not only fungal infections, but also to heterologous bacterial infection, 

characteristic of innate immune memory (15-17). Treatment with β-glucan enhances macrophage 

metabolism, increases leukocyte antimicrobial functions, and numbers of leukocytes responding to 

bacterial and fungal infections (18). β-glucan is a β-1,3-linked glucose polymer that possesses vary 

numbers of β-1,6-linked glucose-containing side chains, based on the source of isolation. It is an 

integral component of the fungal cell wall and activates the innate myeloid cells via dectin-1 (19, 20). It 

is important to note that the C. albicans glucan that was used in this research is the same as the immune 

training reagent used by Ifrim (21), Cheng (22), Saeed (6), Garcia-Valtanen (23) and others (24, 25). 

This reagent is prepared in the Williams laboratory and recognized worldwide as the “gold standard” 

immune training agent (26). 

2.1.3.2. LPS and MPLA 

It was noted in 1965 that mice who received LPS were at increased susceptibility to Staphylococcus 

aureus infection for a few hours, then a stable disease resistance formed (27). Harnessing this 

observation for inducing disease resistance in humans required modifications to LPS, as LPS is very 

toxic to humans. A scientist who self-administered just 2µg of LPS in 1980 reported in Lancet that he 

required admission to a critical care unit for resuscitation (28). LPS is an integral component of the cell 

wall of Gram-negative bacteria. It is composed of a membrane-embedded lipid A component that is 

attached to carbohydrate-containing core and O-antigens that cover the outer surface of bacteria. The 

lipid A component is comprised of a polysaccharide backbone and various numbers of acyl chains that 

anchor the LPS molecule in the bacterial cell wall. Lipid A is the component of LPS that is recognized 

by innate immunocytes. It binds to and activates toll-like receptor 4 (TLR4) and cofactor MD-2 with 

varying affinity dependent on the number of acyl chains and phosphate groups (29). Binding of LPS to 

TLR4 elicits a robust pro-inflammatory response characterized by production of pro-inflammatory 

cytokines, chemokines and acute phase reactants. As noted above, LPS induces severe systemic 

inflammation and a syndrome that mimics sepsis, especially in humans. This necessitated a search for 

compounds that retained the immunogenic characteristics of LPS but with diminished toxicity. In 1979, 

Edgar Ribi reported the development and biological characteristics of MPLA. MPLA was originally 

generated from acid hydrolysis of lipid A. MPLA is structurally similar to LPS but contains one fewer 

phosphate group at the C1 site (30). It was found to have immunomodulatory properties that conferred 

resistance to infection but without the toxicity of LPS (30, 31).  Based on rabbit pyrogenicity assays, 

MPLA is approximately one thousand-fold less toxic than LPS. Doses of 10-100µg have been given 

safely to humans within clinical trials and in commercially distributed vaccines (32). MPLA was found 

to be protective against Toxoplasma gondii in mice in 1988 (33) and increase the phagocytosis of 

adherent peritoneal macrophages in 1986 (34). MPLA induced endotoxin tolerance in a model of 

peritonitis resulting in improved survival and cardiac function in pigs (35, 36). 
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We previously showed that MPLA reprograms macrophage metabolism resulting in increased 

glycolytic capacity, mitochondrial biogenesis and oxygen consumption (37, 38).   Blockade of 

glycolysis, pyruvate transport, ATP synthesis or mTOR signaling diminishes key features of the trained 

phenotype such as chemokine secretion and phagocytosis (39, 40). We have also reported specific 

changes in compartmentalization and abundance of tricarboxylic acid (TCA) cycle metabolites in 

macrophages treated with MPLA (39). The studies performed during my dissertation research delved 

further into the functional and metabolic adaptations induced by treatment with MPLA. 

  



6 

 

 

 

 

Figure 2. Structures and signaling mechanisms of β-glucan, LPS, and MPLA. β-glucan 

structure reproduced from Arthur (2015) (26). Signaling pathways combined from Stothers 

(2021) (41), Brown (2003) (42) and Kawai (2006) (43).  
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2.2. Macrophages 

Macrophages are critical for tissue development as well as immunological function and injury repair. In 

the context of innate immune memory, they are critical for MPLA- and β-glucan induced protection 

against P. aeruginosa infection (20, 44). Murine macrophages are a diverse group of cell types of 

distinct developmental origins.  They can be classified according to lineage, location, or activation state 

among other schemes.   

2.1.4. Classifications 

Tissue resident macrophages have been found to derive from the yolk sac, while circulating monocytes 

and monocyte-derived macrophages originate from bone marrow (45). Macrophages studied in this 

project included resident peritoneal macrophages for in vivo studies, and cultured bone-marrow derived 

macrophages, used for all in vitro experiments. Peritoneal macrophages in adult mice have been 

classified as Large Peritoneal Macrophages (LPM) and Small Peritoneal Macrophages (SPM).  LPM are 

more abundant in naïve mice. They are CD11bhi and F4/80 hi, while SPM are CD11blo and F4/80lo 

MHCIIhi. SPM are derived from circulating monocytes which enter the peritoneal cavity following 

inflammation. LPM are yolk sac-derived resident macrophages. After intraperitoneal injection of an 

inflammatory stimulus (LPS or thioglycolate), SPM are recruited to the peritoneal cavity and are more 

abundant than LPM (46-48). 

Macrophages exists in different activation states in vivo due to distinct milieu origins.  Historically, in 

vivo macrophages were classified as those that induced a Th1 helper response in T cells (coming from 

C57BL/6 mice) and were classified as M1, while macrophages that induced a Th2 response (coming 

from  BALB/C mice) were classified as M2 (49). To study these functional macrophage states in vitro, 

investigators have used a combination of LPS and IFNγ to induce the M1 (classically activated) 

phenotype or IL-4 to create M2-like (alternatively activated) macrophages. A review and transcriptome 

analysis by Orecchioni et al. describes the classifications and compares macrophage classifications 

strategies using RNA sequencing datasets (50). Orecchioni et al. concluded that there was inconsistency 

in the gene expression signatures between the classification schemes, so these in vitro models are not 

ideal for studying macrophage classes in vivo.  

2.1.5. Mechanism of Infection Control 

One goal of this study is to understand how macrophages control an acute infection with P. aeruginosa. 

Macrophages are considered professional phagocytes along with monocytes and neutrophils. Though 

other cell types can perform phagocytosis (epithelial cells, fibroblasts), these nonprofessional 

phagocytes are limited in the scope of particles they take up and may not produce microbicidal reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) in response to phagocytosis or produce 

cytokines (51).  

Phagocytosis is the process of engulfing particles larger than 0.5µM. The particle must be detected, 

engulfed, the phagosome must form and then mature into the phagolysosome.  Detection can occur via 

recognition by a non-opsonic pattern recognition receptor (PRR) recognizing a PAMP. These are 

considered non-opsonic because they do not require the pathogen to be bound by an opsonin protein 

(like an antibody or complement) to facilitate initiation of phagocytosis. Phagocytic receptor 

engagement results in intracellular signaling cascade culminating in actin polymerization to extend 

pseudopodia, cellular processes extruded from the cell to engulf the foreign particle.  When the distal 

ends of pseudopodia merge, the phagosome pinches off from the cell membrane containing the particle. 

Myosin contractions draw the phagosome back into the cell body.  Next early, then late, endosomes fuse 

with the phagosome, and vesicles also leave the phagosome (recycling endosomes) as the contents and 

membrane components of the phagosome shift. In the late phagosome, V-ATPases accumulate on the 

membrane, pumping protons in and acidifying the phagosome to about pH 5.5.  At this stage, the late 
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phagosome fuses with the lysosome, which are even more acidic (pH of 5). NADPH oxidase is present 

on the phagolysosome membrane, supplying ROS. Other microbicidal components active here are acid-

dependent proteases, cathepsins, and lipases (52). Nitric oxide (NO) also interacts with ROS to generate 

reactive nitrogen species (RNS). Collectively, these factors mediate killing of microbes. 

2.2. Immunometabolism 

TCA cycle metabolites are increasingly recognized as signaling and effector molecules that are 

important regulators of the trained immune response. For example, acetyl-CoA is the substrate for 

histone and non-histone protein acetylation (53). Fumarate inhibits HIF-1α hydroxylation, stabilizing 

the transcription factor and increasing IL-1β, whereas alpha ketoglutarate opposes this effect (54). 

Memory monocytes produce increased fumarate, and addition of exogenous fumarate increases cytokine 

responses and recapitulates some, but not all, of the epigenetic changes associated with innate immune 

memory via inhibition of histone demethylase KDM5 (55). The contributions of the TCA cycle 

immunometabolite itaconate to the memory phenotype of macrophages were investigated in this 

dissertation.  

2.2.2. Irg1, IRG1, and Itaconate  

2.2.2.1. History and Structural Descriptions 

The gene Acod1/Irg1 (aconitate decarboxylase 1/Immunoresponsive gene 1) encodes ACOD1/IRG1. 

Acod1 was first identified as 2.3kB cDNA in LPS-stimulated murine macrophages (56). It is found on 

chromosome 14 in mice, a human homologue resides on chromosome 13 (57). Michelucci et al. linked 

in 2013 that Irg1 encodes the enzyme which catalyzes conversion of itaconic acid from the tricarboxylic 

acid cycle intermediate cis-aconitate (58).  

The structure of IRG1 has since been solved by Chen et al., and the reaction mechanism described by 

Chun et al. (59, 60). Both mouse and human IRG1 are homodimers, each with 2 distinct domains. A 

single amino acid difference near the catalytic site results in an approximately five-fold more active 

mouse homologue compared to that found most commonly in humans. However, a variant with 

increased activity (Asn152Ser) is more common in humans of African descent, hypothesized to be due 

to the fact that it confers a selective advantage against Mycobacterial infection (61). 

Itaconic acid is also known as methylene succinic acid or 2-methylidenebutanedioic acid, and received 

its colloquial name as an anagram of aconitate from which it is synthesized. It is 130.10g/mol. It is a 

diacarboxylic acid, and the pKas of its first and second protons are 3.84 & 5.55 (Figure 3) (62).  

In PubMed, hits related to the physiological role of itaconate are rivaled or perhaps exceeded by 

publications related to the industrial synthesis of itaconate. Itaconic acid is prominent molecule in the 

polymer synthesis industry due to its dicarboxylic structure, with the worldwide trade for this purpose 

estimated at 216 million dollars (63). Since the discovery of Aspergillus terreus synthesis of itaconic 

acid in 1939, production on an industrial scale has been achieved using this fungus (64).  



9 

 

 

 

 
Figure 3.  Itaconic Acid Chemical Structure. Reproduced from PubChem Summary for CID 

811, Itaconic Acid (62).  
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2.2.2.2. Abundance and Subcellular Localization 

Irg1 mRNA peaks at 6 hours, and itaconate at 10 hours in murine macrophages, though increases in 

both are detectable within 2 hours and remain elevated for at least 18 hours (56, 57, 65). Some itaconate 

is exported from both human and murine macrophages through active ABCG2 transport (66).  Multiple 

studies have been undertaken to determine intracellular concentrations of itaconate, which was 

measured at 8 mM in LPS-stimulated murine macrophages, 3 mM in murine microglia, and 60 µM in 

human monocyte-derived macrophages (57). It is also high specifically in peritoneal macrophages from 

LPS- injected mice (58). Using a reporter strain of Salmonella typhimurium, the concentration in the 

Salmonella-containing vacuole of a murine macrophage is reported to be 6mM (67). For reference, 

levels of succinate, another metabolically active TCA metabolite, is present in activated murine 

macrophages at about 2 mM (65). 

2.2.2.3. Transcriptional Control  

In the initial study that identified Irg1, using chemical inhibitors, tyrosine kinase and protein kinase C 

were found to potentiate its expression, and there was evidence that a repressor prevented its basal 

transcription (56). The studies following this to determine transcriptional control of Irg1 were reviewed 

in detail here ((68, 69).  

LPS-stimulated Irg1 expression required either TLR4 adapter protein MyD88 or TRIF (70). CEBPB 

(mouse and zebrafish) and IRF1 (a known acute phase regulator, mouse and human) are both positive 

transcriptional regulators of LPS- stimulated Irg1 (71). Mycobacterium-stimulated Irg1 expression is 

independent to TLR4 but partially dependent on TLR2, MyD88, and NfκB signaling. It was also 

dependent on phagocytosis, but phagocytosis of inert beads did not in itself stimulate Irg1 production. 

LPS-stimulated Irg1 expression did not require phagocytosis (69). 

IRG1 and itaconate can also be induced by non-inflammatory stimuli. Activation of the transcription 

factor TFEB using a 2-hydroxypropyl-β-cyclodextrin or by inhibition of the vacuolar ATPase with 

bafilomycin A was sufficient to induce IRG1, and TFEB deletion resulted in decreased IRG1 and 

itaconate from inflammatory stimuli (72). 

2.2.2.4. Strategies for Exogenous Supplementation 

There is significant controversy in the field regarding the appropriate use and choices of exogenous 

itaconate for supplying intracellular itaconate.  

In an attempt to increase the cell permeability of itaconate, some groups use itaconate esterified to 

nonpolar chains, which would be expected to be hydrolyzed within cell to supply itaconate. Dimethyl 

itaconate had been widely studied, but ElAzzounzy et al. that it does not yield intracellular itaconate 

(73-77). Mills et al. synthesized 4-octyl itaconate (4OI) as another alternative to replace endogenous 

itaconate. 4OI is composed of 2 octyl groups esterified to itaconic acid, and was presumed to be 

hydrolyzed to itaconate intracellularly. They demonstrated that in Irg1-sufficient LPS-stimulated 

macrophages, exogenous treatment with 4OI increased levels of intracellular itaconate, and that it 

produced anti-inflammatory effects in macrophages through the nuclear respiratory NRF2 pathway 

(78). Since, 4OI has been used in many studies.  

Swain and Bambouskova et al, noting the widespread use of 4OI as a substitute for endogenous 

itaconate, examined its appropriateness (79). However, they found through mass spectrometry that 

while exogenous treatment with 4OI increases 4OI levels in cells, it does not increase itaconate levels. 

Treatment with itaconic acid did increase intracellular itaconate levels.  They also found that substitutes 

dimethyl itaconate and 4 monoethyl itaconate are also inappropriate substitutes, based on differences in 

electrophilic properties, inhibition of succinate dehydrogenase, and effects on proinflammatory cytokine 
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levels. Most notably, while all derivatives decreased IL-1β, itaconate unexpectedly increased its 

secretion. The authors suggest that itaconate should be considered not just anti-inflammatory, but rather 

immunomodulatory (79, 80). Only one study has shown labeled intracellular itaconate after treatment 

with labeled 4OI, which would support that 4OI yields intracellular itaconate (80). 

Information on effects of itaconate derivatives is included in this dissertation, but they are not referred 

to as itaconate. 

2.2.2.5. Effects of Itaconate on Eukaryotic Metabolism 

A metabolite itself, itaconic acid has multiple known metabolic effects in mammalian cells. Of note, it 

inhibits succinate dehydrogenase, or complex II in the electron transport chain, causing accumulation of 

succinate (81). It also inhibits aldolase A, an enzyme in glycolysis (82). The role of itaconate in 

metabolism has reviewed extensively by our group and others, notably multiple times by Luke O’Neill 

(83-86). 

2.2.2.6. Effects of Itaconate on Antibacterial Immunity 

Itaconate responses are present in a wide variety of hosts to a wide variety of pathogens. Itaconate 

production in response to bacterial pathogens is present in invertebrates, lower vertebrates, and birds, as 

well as mammals. For example, itaconate was significantly increased in mussels infected with Vibrio sp. 

DO1 and in fish infected with Pseudomonas plecoglossida (87, 88) In marine mollusks infected with 

pathogenic Vibrio, Nguyen showed that itaconic acid reaches about 40 ng/mg in most tissues assayed 

and about 570 mg/ml in hemolymph at 60 hour post infection This corresponds to 4.4 M (89, 90). 

Salmonella enteriditis infection in chickens induces Irg1 in the chicken cecum and spleen (91, 92). In 

rodent models, Irg1 is increased in Leishmaniasis and infection with Borrelia burgdorferi (93, 94). 

2.2.2.6.1. Direct Interactions Between Itaconate and Microbes  

The interactions between itaconate and microorganisms have been under investigation since the 1960s. 

Prior to the classification of itaconate as an antimicrobial metabolite, it was known to be a potential 

carbon source for some microorganisms. Most recently at the time of this publication, itaconate was 

found to influence gut microbiota composition, promoting diet-induced obesity (95). The interactions 

between this metabolite and microbes are complex and reviewed below. 

2.2.2.6.1.1. Assimilation of Itaconate 

Martin et al. screened a panel of molds, yeasts, and bacteria for incorporation of labeled itaconate in 

1961. They found that Salmonella and Pseudomonas species assimilated itaconate, including clinically 

relevant pathogens S. enteriditis, S. typhimurium, and P. aeruginosa (96). Multiple Pseudomonas strains 

were found to grow on itaconate as a sole carbon source in other studies as well (97). Cooper 

determined that in these microbes, carbon from itaconate gave rise to pyruvate and acetyl-CoA via an 

inducible mechanism, detectable only in cells grown in itaconate (98).  

Though the mechanism of itaconate metabolism was solved in the 1960, the genes encoding these 

enzymes were identified more recently (96, 99-101).  Itaconyl-CoA transferase (Ict in P. aeruginosa or 

ripA in Yesinia pestis) transfers a CoA to itaconate, then itaconyl-CoA hydratase (Icl or ripB) converts 

itaconyl-CoA to S-citramyl-CoA. Finally, S-citramyl-CoA lyase (Ccl or ripC) cleaves that to pyruvate 

and acetyl-CoA, supplying the TCA cycle with substrate. RipABC are also present in S. enteritica. 

Interestingly, this pathway generates its own substrate for itaconate activation (acetyl-CoA), and 

therefore should only require a catalytic amount. Of note, they also demonstrated that a human homolog 

of YpCCl, possibly targeted to the mitochondria, also degrades itaconate, and they hypothesize that the 

other reactions are catalyzed by succinyl-CoA synthetase and methylglutaconyl-CoA. Hersch et al. 

demonstrated that the Salmonella itaconate response element, including enzymes to degrade itaconic 
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acid, is under control of the RipR (STM3132 in S. typhimurium), which senses itaconate levels directly 

(102). 

The discovery of the genes involved in itaconate degradation by Sasikaran et al. linked this pathway to 

pathogen survival during infection. Y. pestis, P. aeruginosa, and S. enteritica are all known to have 

intracellular phases of their life cycle.  The environment within the macrophage is poor in glucose. The 

RipABC operon, and therefore itaconate detoxification, is required for Y. pestis to grow in activated 

macrophages and contributes to murine S. enteritica infection. YpCcl homologs were found in 11% of 

bacterial genomes, about a third of which are opportunistic pathogens (101). Wang et al. identified the 

enzyme Rv2498c as an itaconate resistance factor in Mycobacterial infection in mice. It catalyzes the 

final step in itaconate degradation ((S)-citramyl CoA to pyruvate and acetyl-CoA) and its deletion 

attenuated infection (103). 

2.2.2.6.1.2. Promotion of Microbial Persistence by Itaconate  

Itaconate causes P. aeruginosa to decrease LPS and increase EPS and biofilm formation which in turn 

increases itaconate production by myeloid cells. At the same time, the P. aeruginosa adapts to 

assimilate itaconate as a carbon source (104). P. aeruginosa from chronically infected patients with 

cystic fibrosis is more apt to promote high itaconate responses from myeloid cells (105). Itaconate also 

promotes S. aureus biofilm formation in chronic infection and promotes bacterial survival in a 

pneumonia model due to suppression of neutrophil glycolysis and antimicrobial respiratory burst  (106, 

107). 

2.2.2.6.1.3. Bacterial Metabolic Pathways Affected by Itaconate 

Bacteria may have evolved to metabolize itaconate not only for carbon, but to eliminate it from the 

environment due to its inhibitory effects of other important anaplerotic pathways. 

2.2.2.6.1.3.1. Glyoxylate Shunt and ICL activity 

A series of articles published by McFadden and colleagues in the 1970s identified that in addition to 

supplying carbon, it may be advantageous for bacteria to degrade itaconate to protect their metabolic 

pathways. The glyoxylate shunt is a persistence factor for pathogens to survive inside macrophages. 

McFadden et al. first solved the mechanism for the first step of the glyoxylate shunt, in which isocitrate 

lyase (ICL), catalyzes conversion of isocitrate to succinate and glyoxylate. Malate synthase then 

catalyzes a reaction between acetyl-CoA and glyoxylate to produce malate. This allows for generation 

of TCA cycle metabolites while bypassing decarboxylation steps, which permits carbon assimilation 

from small molecules such as ethanol and acetate. ICL is inhibited by succinate, which is structurally 

similar to itaconate (108). 

2.2.2.6.1.3.2. Itaconate Inhibition of ICL 

McFadden et al. found that 5mM itaconate inhibited growth of Pseudomonas indigonofera on ethanol, 

but not on glucose, consistent with the fact that the glyoxylate shunt is not required when glucose is 

present (109).  Hillier and Charnetsky describe that most Yersinia species they tested expressed ICL and 

were sensitive to itaconate only when grown on acetate. However, the pathogen responsible for the 

bubonic plague, Y. pestis, expresses ICL and was sensitive to itaconate on more diverse carbon 

substrates (110).  Isocitrate lyase activity and itaconate sensitivity have also been shown in fungi (111), 

plants (112), and naematodes (113). A review by Kratky and Vinsova describes the potential for 

isocitrate lyase inhibitors such as itaconate in Mycobacterium tuberculosis treatment (114). 

Hammerer et al. discovered pathogen resistance via degradation to itaconate could be combatted. The 

minimum inhibitory concentration (MIC) of itaconate against S. enteritica ATCC 14028, which encodes 

ICL, is 20 mM. It is classified as itaconate resistant as itaconate levels are only believed to reach 8 mM 

intracellularly in murine macrophages, and even less in human macrophages. They developed a 
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pantetheine-conjugated itaconate mimic which, intracellularly, is converted to an itaconyl-CoA mimic 

to inhibit itaconate degradation. While this compound displayed no cellular toxicity alone, it lowered 

the minimum inhibitory concentration of itaconate to less than 1 mM itaconate, within the human 

physiologic range (115). 

2.2.2.6.1.3.3. Itaconate Inhibition of Non-ICL pathways  

However, isocitrate lyase is not the only target of itaconate. More recently, Berg et al. made the 

surprising discovery that itaconate also inhibited acetate assimilation in the ICL-negative bacteria 

Rhodospirillum rubrum through inhibition of propionyl-CoA carboxylase (116). 

Nguyen at al. show using metabolomics that itaconate inhibits grown of Vibrio. sp DO1 at 3 mM in LB 

media with acetate. However, they assert that inhibition is through disruption of central carbon 

metabolism due to accumulation of multiple TCA cycle metabolites, and not inhibition of isocitrate 

lyase. ICL activity increased following treatment with itaconic acid, but this may be due to upregulation 

of ICL due to the presence of an inhibitor. Notably, glyoxylic acid also accumulated, which would not 

occur if ICL was inhibited. Additionally, this is done in LB supplemented acetate, which the authors 

describe as carbon limited. LB traditionally contains yeast extract, supplying carbon other than acetate, 

making this a poor system to examine itaconate ICL inhibition (90).  

Ruetz et al. found that itaconyl-CoA also inhibits methlycoloyl-coA mutatase (MCM), which is required 

for growth on propionate and for lipid metabolism. Concentrations as low as 1mM itaconate inhibited 

B-12 dependent growth on propionate (117). 

A study by Nair et al revealed the role of itaconate in control of Mycobacterium tuberculosis reaches 

beyond inhibition of isocitrate lyase. If itaconate inhibits M. tuberculosis solely through inhibition of 

isocitrate lyase, then Icl-sufficient strain have increased virulence in Irg1 knockout mice, and Icl-

deficient strains should have equal virulence in WT and Irg1 knockout mice. Nair et al. found that both 

Icl-sufficient and Icl-deficient M. tuberculosis are more virulent in Irg1 knockout mice, indicating 

another mechanism for Irg1 in protection against infection from M. tuberculosis. Interestingly, they 

found no difference in infectivity between in vitro infectivity of BMDM from Irg1KO or WT mice 

(118). 

2.2.2.6.1.4. Itaconate as a Weak Organic Acid Antimicrobial Molecule 

Because one group reports that itaconate is only inhibitory under acidic conditions to Salmonella 

species, they also hypothesize that itaconate may only traverse the inner bacterial membrane under 

acidic conditions. Once in the neutral cytosol, it would release protons and contribute to acidic stress 

(102).  This is the mechanism by which propionate and citrate preserve mildly acidic foods (119). The 

effect of weak organic acid growth on P. aeruginosa have been studied in detail and found to be 

inhibitory, but itaconate has not been examined (120). The exact mechanism of weak acid inhibition of 

P. aeruginosa is unknown. 

2.2.2.6.2. Itaconate Transport to Bacteria-Containing Vacuoles 

2.2.2.6.2.1. Salmonella-Containing Vacuoles 

Despite the wealth of studies on the direct effects of itaconate on pathogens, the mechanisms that 

localize itaconate were not understood. Chen et al. recently identified IRG1 interacting with a host 

defense proteins of previously unknown role, RAB32/BLOC3, in the context of S. typhimurium 

infection (67). They showed that it facilitates tethering of IRG1-expressing mitochondrial networks to 

vacuoles in infection, facilitating delivery of itaconic acid. In support of a common pathway, they also 

showed that IRG1 was induced in cell types known to control infection through RAB32 (RAW264.7 

and DC2.4) but not in lines that do not (Henle-407 and 293T). Using a reporter system based on S. 

typhimurium 3121, which senses itaconic acid to regulate transcription of an itaconate degradation 
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pathway, they noted that itaconate reached 6mM, an inhibitory concentration, in in the S. typhimurium 

containing-vacuole. They also showed itaconate delivery to vacuoles containing E. coli, suggesting this 

may be a broad pathogen control mechanism (67). 

Itaconate, when transported to the Salmonella Containing Vacuole (SCV) in murine macrophages 

infected with either WT S. Typhi or S. typhimurium ΔGtgE ΔSopD2, contributes to controlling 

intracellular pathogen replication and is present at concentrations which inhibited bacterial growth (67). 

GtgE and SodD2 are T3SS effector proteins in S. Typhimuirum that are absent in S. typhi, and 

contribute to the host specificity seen between S. typhi and S. typhimurium (121, 122). However, these 

RAB32/BLOC3 are also active in human macrophages, and S. typhi is postulated to overcome this 

strategy via targeting of an unidentified human-specific pathway component (123). This pathway has 

not been investigated in context of P. aeruginosa infection.   InvA and SpiB encode structural 

components of the T3SS1 and T3SS2 respectively, which are required for many effectors proteins 

including SopD2 and GtgE (124-127). RAB32/BLOC3 are also important for control of S. aureus 

infection and Burkholderia pseudomallei infection, though itaconate has not been implicated in these 

mechanisms (123, 128). 

2.2.2.6.2.2. Legionella-Containing Vacuoles 

Naujoks et al. conducted proteomic analysis of Legionella-containing vacuoles and identified itaconate 

as enriched in this structure following IFNγ stimulation. Silencing of Irg1 promoted Legionella 

pneumophila growth both in BMDM and primary alveolar macrophages. Irg1 silencing does not affect 

percentage of infected cells but does reduce the number of intravacuolar bacteria. Also, IRG1 shown to 

localizes to mitochondria, which were closely associated with Legionella-containing vacuoles (129).  

2.2.2.6.3. Itaconate Crosstalk with Lysosomes 

There is crosstalk between lysosomes and itaconate production. The first link was found in 2022, that 

activation of the lysosomal transcription factor TFEB increases itaconate production in 

macrophages(72). Also in 2022, another group found a mechanistic link in the opposite direction: that 

itaconate increases TFEB activity (130). These axes were found to be important for microbial control in 

vivo and in vitro.  The transporter ABCG2 exports itaconate from murine BMDM. When the transport is 

inhibited, increased the lysosomal transcription factor TFEB nuclear translocation and lysosomal 

number was observed (66). 

2.2.2.6.4. Other Mechanisms By Which Itaconate Affects Pathogen Control 

2.2.2.6.4.1. Bacterial Control 

Price et al. found that IRG1 in combination iNOS, CASP11, IRGM1, IRGM3, and NOX2 are 

responsible for control of with for control of L. pneumophila infection through IFNγ signaling. They 

also found that the IRG1 response could be dampened by 2-deoxyglucose (2-DG), causing an increase 

in intracellular bacterial replication. They hypothesize this mechanism to be not through inhibition of 

glycolysis, as they did not replicate this finding with glycolysis inhibitors, but rather through the 

unfolded protein response pathway, which is stimulated by 2-DG.(131) 

Jessop et al demonstrated that while IFN-γ-induced itaconate production was important for control of 

the intracellular pathogen Francisella tularensis, control could also be achieved by directly inhibiting 

SDH with dimethyl malonate. They conclude that the metabolic effects of itaconate are the key 

mechanism of pathogen control (132). 

Hall et al. found that Irg1-deficient macrophages in Zebrafish have impaired bactericidal activity due to 

decreased utilization of fatty acids for OXPHOS-derived mROS production, which are directly 

bactericidal. Also, they found that JAK/STAT and glucocorticoid receptor signaling were involved in 

Irg1 expression during infection (133). 
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2.2.2.6.4.2. Viral Control 

Itaconate has also been studied in the context of viral immunity specifically. Cho et al found that Irg1 

expression in mouse cortical neurons decreased viral load of WNV and MHV (134). Later, Daniels et 

al. discovered a possible mechanism. They found that ZBP1, RIPK1, and RIPK3, increased IRG1 and 

itaconate. The subsequent change in metabolic phenotype prevented viral replication due to increased 

succinate and decreases oxygen consumption (135) . 

Itaconate may also be involved in direct viral inhibition. In a screening endeavor including over 20,000 

compounds, Sethy et al. identified that multiple itaconate derivatives possessed anti-cytopathic effects 

against influenza A virus ad enteroviruses via inhibition of nuclear export of viral proteins, a critical 

component of the influenza life cycle (136). Neutralized itaconate did not neutralize ZIKV. Incubation 

with itaconate in acidic conditions did neutralize the virus, but this was purely a result of acidity (135, 

137, 138). However, not all studies that itaconate or its derivatives have found these compounds to be  

beneficial in viral infection.  

Olangnier showed that NRF2 decreases STING expression in human THP1 and monocyte-derived 

macrophages impairing immunity to DNA viruses. 125 µM 4OI decreased expression of Sting in an 

NRF2 dependent manner (139). Viral infection decreases activity of the demethylase ALKBH5, 

increasing the RNA modification N6 - methyladenosine. Liu et al. showed that this is part of the host’s 

antiviral response, as it this modification decreases alpha-ketoglutarate dehydrogenase expression. This 

creates a block in the TCA cycle, decreasing available cis-aconitate for production of itaconate. 4OI or 

DMI treatment both significantly increased viral load in BMDM, as did knockdown of OGD. They 

conclude that itaconate is required for viral replication (140). 

Ren et al. found that RSV infection increased Irg1 up to 6 fold by 36 hours in human A549 cells. In 

mouse lung RSV infection, they showed that RSV infection increased Irg1 expression, approximately 5 

fold in primary neurons and Irg1 caused increased ROS species and lung injury (141).   

2.2.2.7. Biological Effects of Itaconate Not Directly Related to Antimicrobial Immunity 

Though this dissertation focused on the role of itaconate in antimicrobial immunity, the literature 

investigating itaconate is vast. Here, some other potentially indirectly relevant roles of itaconate that are 

not included in the many published immunometabolism-focused reviews of itaconate are summarized. 

2.2.2.7.1. Itaconate and Derivatives In Cellular Protection 

With a few exceptions, all the studies reviewed in this section utilized itaconate derivatives, and were 

dependent on NRF2, an antioxidant response element. 4OI was discovered to interact with the NRF2 

regulator KEAP1, increasing NRF2 transcription factor activity and antioxidant responses (78). This 

inspired many groups to investigate the antioxidant effects of itaconate derivatives. 

The effects of both exogenous and endogenous itaconate have been studied on neurons. Liu et al. found 

that 30 minutes pretreatment with 25µM 4OI in vitro protected neurons from damage by hydrogen 

peroxide through NRF2 (142). Another group found that 20mg/kg itaconic acid injected 4 hours after 

injection of heavy metals protected rats from metal-induced perturbations in spatial memory (143). 

However, Duffy et al. report that endogenous itaconate has a conflicting result on memory. They found 

that high fat diet in mice with imparted orexin signaling increased microglial expression of Irg1 in the 

hippocampus, and this was associated with impaired learning and memory (144). 

Li et al. found that Irg1 plays a key role in microglia phenotype as neuroprotective or neurotoxic. Some 

inflammatory stimuli induce a neurotoxic population of CCR9+/IRG1+ microglia, while others induce a 

neuroprotective CCR9- /IRG1- population. They noticed that acute, reversible infection tended to elicit 

neuroprotective variety, while infections causing permanent damage were associated with the 

neurotoxic phenotype (145). 
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As itaconate has been shown to be cardioprotective in endotoxemia, Shan et al. examined its 

cardioprotective effects against damage from doxorubicin, an antitumor drug known for cardiotoxicity, 

partially due to oxidative stress and mitochondrial damage. Intraperitoneal injection of 100mg/kg/day of 

dimethyl itaconate for 4 days following doxorubicin treatment was shown to be cardioprotective in an 

NRF2-dependent manner (75). Two groups, using adenosine-induced and unilateral ureteral artery 

occlusion, have shown the protective effects of 4OI against renal fibrosis. Doses as low as 1mg/kg/day 

over a period of weeks were found to be effective in reducing autophagy and NFκB activation, as well 

as improving renal function (146). Tang et. al demonstrated that 4OI is also protective against high 

glucose injury in human umbilical vein endothelial cells in vitro through NRF2. 4OI was protective at 

25µm for 1 hour prior to high glucose exposure(147). In a model of mastitis induced by LPS in mice, 

Zhao et. al found that intraperitoneal injection of doses between 50-200mg/kg  dimethyl itaconate 24 

hours prior to LPS administration decreased injury and inflammatory cytokines, decreased NFκB 

activity, and increased NRF2(148).  

Zhang et al studied cerebral ischemia and reperfusion using a transient middle cerebral artery occlusion 

in mice, and found that administration of 20mg DMI in saline intraperitoneally at the time of occlusion 

lessened neurologic deficits and toxic microglial polarization.(74)  Yi et al found 25mg/kg 4OI 1 hour 

prior to injury protected hepatocytes from hepatocytes from ischemia and reperfusion injury. 

Interestingly, they also discovered using bone marrow chimeras that Irg1 is not only protective in the 

hematopoietic cells but also in hepatocytes themselves through the NRf2 antioxidant pathway (149). 

Cordes et al. studied the effects of itaconate itself on cerebral ischemia and reperfusion injury. Itaconic 

acid was adjusted to pH 7.2 in saline, infused for 30 min at 15 mg/kg/min prior to cerebral artery 

occlusion and 20 minutes during reperfusion. This increased plasma itaconate from 0 mM to 

approximately 2 mM 2 hours after reperfusion. In addition to improving markers for redox injury, 

itaconate treatment ablated cerebral vasoconstriction, improving blood flow and oxygen tension. It also 

reduced leukocyte adhesion and edema, and improved neurological function. In the same study, this 

group found that addition of 15mg/mL itaconate adjusted to neutral pH to resuscitation fluid itaconate 

improved survival after traumatic brain injury and hemorrhagic shock (150).   

Despite these studies demonstrating beneficial effects of exogenous itaconate in multiple ischemia and 

reperfusion studies, a study by Ganta et al. suggests that endogenous itaconate production may not be 

beneficial in ischemia alone in a murine model of peripheral artery disease. Inhibition of Interferon 

regulatory factor-9 by miR93 decreases IRG1 and itaconate production in ischemic muscle resulting in 

more M2 like macrophage polarization, promoting angiogenesis and restoring perfusion (151). 

2.2.2.7.2. Itaconate in Pregnancy 

By examining the effect of a progesterone receptor antagonist uterine mRNA profiles during blastocyst 

implantation in mice, Cheon et al. identified that Irg1 was regulated by progesterone.  They followed up 

the finding with a study confirming that Irg1 mRNA was upregulated during the window of 

implantation in a progesterone receptor-dependent fashion. Additionally, they found that interference 

with Irg1 in preimplantation uteri using siRNA decreased Irg1 mRNA and decreased embryo 

implantation, suggesting it plays a critical role in implantation. (152, 153) Chen et al. further 

characterized Irg1 in implantation, finding Irg1 is regulated not only by progesterone but also estradiol 

through the PKC pathway, and that it is only expressed in the uterine luminal epithelium during 

pregnancy (154).  

Sherwin et al, in their pursuit to identify the genes regulated by the cytokine leukemia inhibitory factor I 

(LIF), which was known to be a critical effector of estrogen in blastocyst implantation, noticed that 

IRG1 was upregulated (155). More evidence that LIF is involved in controlling IRG1 expression was 

produced by Terakawa et al. who found that injection of an anti-LIF antibody reduced Irg1 mRNA 

expression and interfered with implantation(156). As it was known that LIF works through JAK/STAT, 

Catalano et al. investigated if STAT3 was required for implantation. Blockade of STAT3 prevented LIF 

from inducing IRG1 expression (155, 157).  
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Itaconate may have another function in pregnancy as a biomarker for gestational diabetes mellitus 

(GDM). GDM is new onset diabetes mellitus in pregnancy and carries risks for the mother and 

offspring. de Seymour et al. analyzed metabolites in serum from 22 cases and 26 matched controls. 

Serum was collected at 20 weeks gestation, weeks earlier than GDM is diagnosed currently. The authors 

suggest it has potential as a biomarker, though studies with more patients need to be done.   In this 

study, itaconate levels were significantly higher in the cases compared to controls, however there was 

still a great deal of overlap between the two groups, which is not ideal for a biomarker (158). 

2.2.2.7.3. Itaconate in Cancer 

Though IRG1 and itaconate appear beneficial in many contexts, most data on IRG1 suggests it is 

detrimental for this disease process. It may be an oncogene or contribute to tumor tolerance in the tumor 

microenvironment.  

Genlin Ji published a study in 2009 in which a monoclonal antibody against IRG1 was produced using 

hybridomas and used to examine IRG1 expression in human gastric cancer samples. Poorly 

differentiated tissue samples were significantly more likely to display IRG1 by this method 

(159).McNeal et al. studied IRG1 expression in the laying hen model of ovarian cancer and found that 

IRG1 expression was higher in cancerous ovaries compared to normal ovaries, and correlated with 

cancer grade (160). The authors suggest that IRG1 may be a tumor-induced immunosuppressor in this 

context.  

An exciting study by Weiss et. al sought to identify how crosstalk between peritoneal resident 

macrophages and tumor cells influences macrophage metabolism. They performed an unbiased 

metabolomic screen of peritoneal resident macrophages which identified itaconate as the most highly 

upregulated in mice with peritoneal tumors of multiple cell lines. In vitro, they found that cell-cell 

contract was required for some tumor cells to increase itaconate in macrophages, whereas others 

appeared to induce IRG1 via a soluble factor. Irg1 shRNA treatment both reduced number of tumor cell 

in the peritoneal cavity, indicating that tumor-induced IRG1 in macrophages is a pro-tumor factor.  

shRNA also decreased ROS species, NRF2, and antioxidant gene expression. As tumors induce Irg1 in 

macrophages in mouse models, the authors also found evidence that the same is true in human. Irg1 

expression in monocytes in ascites from ovarian cancer patients ascites was found to be elevated 

relative to expression PBMCs from either patients or healthy donors (161). A review by Dr. Weiss 

suggests that more work is done to determine if targeting IRG1 or itaconate may be useful in treatment 

of peritoneal tumors. He also suggests itaconate and IRG1 may be involved in immunosuppression in 

the tumor microenvironment (162).  

Pan et. al discovered that Irg1 is an oncogene candidate in the context of glioma. Irg1mRNA and 

protein were higher in patient glioma samples compared to nearby healthy tissue. Higher Irg1 

expression was also associated with decreased survival. Irg1 depletion using siRNA was also associated 

with decreased tumor burden in glioma models. (163) 

Consistent with this study, in an analysis of normal and glioma patient samples, Shi et al. found that 

miR-78 was reduced in glioma, and that this miR-78 negatively regulates Irg1. Irg1, this context, was 

an oncogene, and they show that mi-RNA has potential in tumor treatment (164). 

Marek’s disease virus (MDV) causes T-cell lymphoma in chickens. As well as the threat it poses to the 

poultry industry, this virus is also used to model T-cell lymphoma.  Smith et al., to identify chicken 

genes associated with susceptibility, identified that Irg1 had increased expression in MD-susceptible 

cell lines.  They identified clusters of genes with similar expression profiles to Irg1 in MDV infection 

and noted that many genes clustering with Irg1 are involved in apoptosis, so they hypothesized that 

Irg1, too, is involved in this process (165). 

One study finds a negative correlation between carcinogenic exposure and Irg1. Bisphenol A (BPA) is a 

known endocrine disruptor which has been linked to breast cancer development in mice. Irg1 mRNA 
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levels were significantly decreased in the mammary tissue of mice exposed in utero to Bisphenol A 

(166).
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CHAPTER 3 

Bacteria- and Fungus-derived PAMPs Induce Innate Immune Memory via Similar 

Functional, Metabolic and Transcriptional Adaptations 

 

3.1 Introduction 

Innate myeloid and lymphoid cells in the periphery and innate leukocyte progenitors in bone marrow 

retain memory of prior pathogen exposure, which prepares them to elicit an augmented response to 

subsequent infection (167, 168). This phenomenon, termed innate immune memory (or trained 

immunity), can be elicited by exposure to microbes or treatment with pathogen-associated molecular 

patterns (PAMPS) (169, 170). PAMPS are microbe-derived glycopeptides, carbohydrates, lipoproteins 

and nucleic acids that bind pattern recognition receptors (PRRs) on cells of the innate immune system to 

initiate a rapid, non-specific antimicrobial response (42, 171). TLR4 ligands, such as monophosphoryl 

lipid A (MPLA), are PAMPs that potently activate the innate immune system and induce innate immune 

memory. Treatment with MPLA confers heightened broad-spectrum resistance against clinically 

important Gram negative (P. aeruginosa), Gram positive (Staphylococcus aureus) and fungal (Candida 

albicans) pathogens (5, 44, 172-174). The protection persists for weeks and is dependent on 

reprogramming of innate myeloid cells (44, 173, 175). 

β-glucan, a constituent of the fungal cell wall and the primary natural ligand of Dectin-1 (another PRR), 

is also highly effective at inducing sustained broad-spectrum resistance to infection with Gram negative, 

Gram positive and fungal pathogens (5, 176, 177). As such, β-glucan is considered a gold standard 

innate immune training reagent (178, 179). These agents both induce protective innate immune memory 

but do so through distinct receptors and pathways, we hypothesized that a comparative analysis of the 

agents would provide insight into common mechanisms facilitating innate immune memory.  

Our research shows that macrophages play a key role in facilitating the induction of innate immune 

memory (20, 39). Macrophage depletion ablates the memory response conferred by treatment with 

MPLA (20, 39). The survival benefit conferred by MPLA treatment is paralleled by increased 

infiltration of macrophages into sites of infection with concomitant augmentation of microbial clearance 

and decreased organ injury (39). Further studies show that adoptive transfer of macrophages trained 

with MPLA or β-glucan augments innate leukocyte recruitment, clearance of bacteria and protection 

against local and systemic infections (20, 40). Collectively, these studies show that macrophages 

develop memory of prior PAMP exposure and help to orchestrate a heightened innate immune response 

to infection. 

In this study, we compared the features of trained immunity induced by β-glucan and MPLA, due to 

their distinct origins (fungal vs bacterial), receptors and associated signaling pathways but similar 

overall protective effects against infection in vivo as described separately in our previous reports (20, 

39, 40). An in-depth, side-by-side analysis of cellular responses to infection in vivo and the 

transcriptomic, metabolic, and functional characteristics of macrophages conferred by β-glucan and 

MPLA ex vivo allowed for identification of common features facilitating the generation of innate 

immune memory. 

3.2 Methods  

3.2.1 Mice.  

Wild type male and female C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME), acclimated for at least 1 week, and were used at age 10-12 weeks. Mice had access to food and 

water ad libitum and a structured light/dark cycle. All experiments and procedures complied with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by 

the Vanderbilt University Institutional Animal Care and Use Committee. 
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3.2.2 β-glucan and MPLA.  

The -(1,3)-D-glucan training reagent was isolated from Candida albicans and purified as described 

previously.(180) The purity of -glucan was confirmed using 1H and 13C NMR spectroscopy. All 

preparations of -glucan were determined to be sterile and endotoxin-free. It is important to note that 

the β-glucan training reagent used in this research is the same as that used in the studies of Ifrim (181), 

Cheng (182), Saeed (183) , Garcia-Valtanen (184)  and Gill (185). β-glucan was solubilized at 5 mg/mL 

in 5% dextrose in H2O (D5W). MPLA derived from Salmonella enterica serotype Minnesota Re 595, 

was purchased from Invivogen (San Diego, CA). MPLA was solubilized in DMSO (1 mg/mL) and 

sonicated for 1 hour at 40°C.  

3.2.3 In vivo immune training protocol.  

Mice received 1 mg of -glucan or 20 μg of MPLA in 200 μl by intraperitoneal injection daily for 2 

consecutive days. Control mice received 200 μl lactated Ringer’s solution. Infection or measurements 

were performed 1 day after the second injection of β-glucan or MPLA. 

3.2.4 P. aeruginosa infection model.  

Mice were challenged with P. aeruginosa via the intraperitoneal route as described in our previous 

studies.(186) P. aeruginosa was purchased from American Type Culture and Collection (Manassas, 

VA; ATCC 19660). Bacterial cultures were grown in tryptic soy broth for 22 hours at 37C, washed, 

and diluted in sterile saline. Mice were inoculated via the intraperitoneal route with 1  108 colony-

forming units (CFUs) P. aeruginosa in 0.5 mL saline. Six hours after inoculation, body temperatures 

were measured by rectal thermometer. Whole blood was collected by a right carotid artery laceration 

under isoflurane anesthesia into heparinized microcentrifuge tubes, centrifuged at 2,000  g for 15 

minutes at 4C, and plasma was collected and stored at -80oC until subsequent cytokine analysis. 

Following cervical dislocation under anesthesia, the peritoneal cavity was lavaged with 5 mL of cold 

sterile phosphate buffered saline (PBS). A portion of lavage fluid was serial diluted, plated on tryptic 

soy agar, incubated at 37oC overnight and bacterial colonies were counted to determine CFUs/mL PF. 

The remaining peritoneal lavage fluid was centrifuged at 300  g for 6 minutes at 4C and the cell pellet 

was resuspended in phosphate-buffered saline (PBS) for flow cytometric analyses. 

3.2.5 Cytokine analysis.  

The concentration of IL-6 and TNF- were measured by DuoSet ELISA kits from R&D Systems 

(Minneapolis, MN) according to manufacturer’s protocol.  

3.2.6 Flow cytometry.  

Cells collected by peritoneal lavage were resuspended in PBS at a concentration of 1  107 cells/mL and 

incubated with 1 g/mL anti-mouse CD16/32 (eBioscience, San Diego, CA) prior to addition of 

fluorochrome-conjugated antibodies (0.5 g/106 cells) and incubation for 15 minutes at room 

temperature. Antibodies used to differentiate peritoneal leukocytes included anti-F4/80-FITC (clone 

BM8; eBioscience), anti-Ly6G-PE (clone 1A8; BD Biosciences, San Jose, CA), anti-Ly6C-PE Cy5.5 

(clone HK1.4; eBioscience) alongside respective isotype controls. Monocytes were identified as 

F4/80+Ly6C+, macrophages as F4/80+Ly6C-, and neutrophils as Ly6G+F4/80-. Data were collected using 

an Accuri C6 flow cytometer and analyzed using Accuri C6 software (BD Biosciences). 

3.2.7 Bone marrow-derived macrophages (BMDM). 

 Femurs were harvested from mice and flushed with RPMI 1640 containing 2 mM glutamine and 25 

mM HEPES (Gibco, Grand Island, New York) supplemented with 10% fetal bovine serum (FBS, 

Gibco), 1% antibiotic-antimycotic (Gibco), and 10 ng/mL mouse recombinant macrophage-colony 

stimulating factor (M-CSF, R&D Systems), henceforth referred to as complete media. Bone marrow 

cell suspensions were plated at 6  104 cells/mL and incubated at 37⁰C with 5% CO2 in 150 mm culture 

plates for 7 days to generate BMDM.  
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3.2.8 In vitro immune training protocol.  

BMDM were generated as described above and treated with -glucan (5 g/mL) or MPLA (1 μg/mL) 

for 24 hours. Media was then removed and BMDM were washed with PBS. They were then incubated 

with fresh complete media and incubated for an additional 3 days to generate the trained phenotype (3 

days-post group; 3dp). Control BMDM were treated with vehicle (NS) using the same regimen. In some 

experiments, BMDM were treated with β-glucan, MPLA or vehicle for 4 or 24 hours and immediately 

assessed (i.e. without 3-day resting period) to assess the acute response to training agents (4 hr and 24 

hr groups). 

3.2.9 Seahorse extracellular flux analysis.  

One day prior to the assay, BMDM were plated at 5  104 cells/well in a 96-well Seahorse assay plate. 

All measurements were performed on a Seahorse XFe96 Extracellular Flux Analyzer (Agilent). The 

glycolysis and mitochondrial stress tests were performed using the manufacturer’s protocol. Briefly, 

extracellular acidification rate was measured at baseline and after the addition of 10 mM glucose 

(Sigma-Aldrich), 1 M oligomycin (Agilent), and 50 mM 2-deoxyglucose (2-DG; Sigma-Aldrich). 

Oxygen consumption rate was measured at baseline and after the addition of 1 M oligomycin, 1 M 

FCCP (Agilent), and 0.5 M antimycin A and rotenone (Agilent). 

3.2.10 TCA cycle metabolite measurements.  

BMDM (1-3 million cells) were washed twice with ice-cold PBS followed by addition of ice-cold 

methanol and norvaline (internal standard). Cells were placed on dry ice for 1 min, scraped off the plate 

and collected using a pipette. Methanol was added to the plate again and any remaining cells were 

scraped off. The cells were added to a tube containing ice-cold water and chloroform, vortexed for 30 

minutes at 4oC and centrifuged at 1,000 x g for 20 min at 0oC. Aqueous and organic phases were 

collected separately, dried at room temperature, and stored at -80oC until analyzed. Polar metabolites 

were converted to their tert-butyldimethylsilyl derivatives using MBTSTFA plus 1% TBDMCS 

(Thermo Fisher Scientific)(187) and injected into a gas chromatograph–mass spectrometer (GC-MS) 

(7890A/5977C; Agilent) equipped with a 30-m HP-5 MS capillary column for analysis of metabolite 

abundance.  

3.2.11 MitoTracker staining.  

BMDM were plated at 2.4  105 cells/well in a 24-well plate one day prior to the assay, and incubated 

with MitoTracker Green dye (50 mM, Invitrogen, Carlsbad, CA) for 30 minutes at 37C to stain total 

mitochondria. BMDM were washed and assessed by flow cytometry using the FL1 channel (green 

laser) of the Accuri C6 flow cytometer. 

3.2.12 Macrophage Size and Granularity.   

BMDM mean forward scatter (size) and side scatter (granularity) were assessed by the Accuri C6 flow 

cytometer.  

3.2.13 Phagocytosis assay.  

BMDM were plated in a black-walled tissue culture-treated 96 well plate at a density of 5 x 104 

cells/well the day prior to the assay. S. aureus particles (Invitrogen) labelled with pH-sensitive 

rhodopsin (pHrodo) red dye were suspended in phenol red-free RPMI 1640 at 1 mg/mL and sonicated 

for 10 minutes. 100μl of the pHrodo particle suspension was added per well. The plate was placed in a 

Synergy H1 plate reader at 37C (BioTek, Winooski, VT). pHrodo fluorescence (560 nm excitation/ 

585 nm emission) was measured every 15 minutes for 5 hours. 

3.2.14 Respiratory burst measurements.  

BMDM respiratory burst was assessed using the Respiratory Burst Assay Kit (Cayman Chemical, Ann 

Arbor, MI) per manufacturer’s protocol. Briefly, BMDM were incubated with dihydrorhodamine-123 
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for 1 hour at 37C. Rhodamine-123 fluorescence was determined by using the FL1 channel (green laser) 

of the Accuri C6 flow cytometer. 

3.2.15 Bacterial killing assay.  

BMDM were plated in a tissue culture-treated 96 well plate at a density of 1 x 105 cells/well the day 

prior to the assay. BMDM were washed 5 times using an adjusted media (RPMI 1640 with glutamine 

and 25mm HEPES with 0.1% FBS and M-CSF without 1% Antibiotic-Antimycotic solution). P. 

aeruginosa (American Type Culture and Collection, Manassas, VA; ATCC 19660) was grown in tryptic 

soy broth from a frozen start culture for 22 hours at 37C, washed, and diluted in sterile saline. The P. 

aeruginosa inoculum was prepared by diluting the bacterial stock to 1x105 CFU/100 µl adjusted media 

to yield a multiplicity of infection (MOI) of 1. P. aeruginosa inoculum was added, plates were 

centrifuged (515 x g at 4°C for 4 minutes) and incubated for 1 hour at 37°C. Culture supernatant was 

harvested and bacterial CFU were quantified by serial dilution and plating to determine numbers of 

remaining extracellular bacteria. Cells were washed with PBS and incubated (37oC) for 1 hour in 

adjusted media with 300 µg/mL gentamicin to kill residual extracellular bacteria. BMDM were washed 

with PBS and lysed with 0.02% Triton-X 100 in PBS. Lysate was serially diluted and plated for 

enumeration of surviving intracellular bacteria. 

3.2.16 Lipopolysaccharide (LPS) challenge.  

Fresh media containing 100 ng/mL LPS (ultrapure, Invitrogen) derived from Escherichia coli 0111:B4 

was added to the cell culture. After a four-hour incubation with LPS, cellular lysates were harvested and 

total RNA was extracted and used for RNAseq analysis. Separately, conditioned cell culture media was 

collected six hours after incubation for cytokine measurement using ELISA.  

3.2.17 RNA sequencing.  

Total RNA was isolated under an RNase-free environment using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany) which included a DNAse treatment step. Total RNA quality and concentration were verified 

with a Thermo Scientific NanoDrop 2000 spectrophotometer.  Sequencing and analysis were performed 

by Novogene using 2-6 biological replicates per condition. Briefly, sequencing libraries were prepared 

using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s 

protocol.  The clustering of the index-coded samples was performed on a cBot Cluster Generation 

System using PE Cluster Kit cBot-HS (Illumina) according to the manufacturer’s instructions. After 

cluster generation, the library preparations were sequenced on an Illumina platform and paired-end 

reads were generated. STAR-software was used to align reads to the reference genome. Expression 

levels were quantified using RPKM (Reads per Kilobase of exon model per Million mapped reads). The 

data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus(188) and 

are accessible through GEO Series accession number GSE240614. 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE240614).(189) 

3.2.18 Statistics.  

Data were analyzed using GraphPad Prism (La Jolla, CA) software unless otherwise noted. Data are 

expressed as mean  SEM or median where noted. Data from experiments containing multiple groups 

were compared using one-way ANOVA followed by Tukey’s post hoc multiple comparison test. 

Experiments containing multiple time points of a single agonist compared to vehicle were compared 

using one-way ANOVA followed by Sidak’s multiple comparison test. Bacterial killing data was 

analyzed by Wilcoxon matched pairs signed rank test.  

Differentially expressed genes (DEG) between groups were identified by Novogene using the DESeq2 

R package. The resulting P values were adjusted using the Benjamini and Hochberg’s approach for 

controlling the False Discovery Rate (FDR). Genes with an adjusted P value < 0.05 found by DESeq2 

were assigned as differentially expressed. The R package cluster Profiler was used to test the statistical 

enrichment of functional pathways. Terms with adjusted P value < 0.05 were considered significant 
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enrichment. Principal component analysis was performed using FPKM (fragments per kilobase of 

transcript per million fragments mapped) of genes cataloged in KEGG. 

3.3 Results 

Treatment with β-glucan or MPLA facilitates innate leukocyte expansion and mobilization and 

augments the host response to infection. We assessed the effect of -glucan and MPLA treatment on 

innate leukocyte numbers in the bone marrow and blood (Figure 4). Vehicle, -glucan or MPLA were 

administered daily for two consecutive days via the intraperitoneal (IP) route. Bone marrow and blood 

were harvested 24 hours after the second IP injection (Figure 4A). Treatment with -glucan or MPLA 

did not change the numbers of neutrophils (F4-80-Ly6G+) or macrophages (F4-80+Ly6G-Ly6C-) in bone 

marrow (Figure 4B). MPLA treatment modestly increased the numbers of monocytes in bone marrow 

(F4-80+Ly6C+) but -glucan treatment did not (Figure 4B). In the blood, treatment with either agent 

increased the numbers of neutrophils (Figure 4C). MPLA decreased the numbers of monocytes in 

peripheral blood whereas no change in blood monocyte numbers was observed in mice treated with -

glucan (Figure 4C). 
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Figure 4. Treatment with β-glucan or MPLA alters leukocyte presence in the bone marrow and 

blood. A) Experimental protocol schematic. B-C) Numbers of neutrophils, monocytes, and 

macrophages in the bone marrow and blood following treatment with vehicle, β-glucan or MPLA.. 

*p<0.05, **p<0.01, ***p<0.005, ****p<0.0001, n=8-10/group as shown in scatter plots. 
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To examine the effect of vehicle, -glucan or MPLA on leukocytes in the peritoneal cavity, peritoneal 

lavage was performed on mice 24 hours after daily treatment with either agent for two consecutive days 

(Figure 5A). Naïve mice were also examined to provide a baseline. Examination of innate leukocytes 

obtained by peritoneal lavage in naïve mice revealed the presence of populations of small (SM) and 

large (LM) macrophages with low numbers of monocytes and neutrophils. (Figure 5B-C). Treatment 

with -glucan increased the numbers of neutrophils, monocytes and macrophages in the peritoneal 

cavity compared to vehicle-treated mice (Figures 5B-C). MPLA significantly increased the numbers of 

neutrophils and macrophages. The increased numbers of macrophages included increases in small and 

large macrophage populations (Figure 5B-C). 
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Figure 5. Treatment with β-glucan or MPLA alter leukocyte presence in the peritoneal cavity. A) 

Experimental protocol schematic. B) Gating strategy for neutrophils (neutros), monocytes (monos), and 

small and large macrophages (SM and LM), in peritoneal lavage fluid. C) Numbers of neutrophils, 

monocytes, and macrophages (total, small, and large) in the peritoneal cavity in naïve mice and mice 

treated with vehicle, β-glucan or MPLA. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001, n=8-10/group 

as shown in scatter plots. 
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Further studies were undertaken to assess the innate immune response to P.s aeruginosa infection in 

mice treated with -glucan or MPLA. Following two days of treatment with vehicle, -glucan or 

MPLA, mice were challenged with P. aeruginosa via the IP route (Figure 6A). Rectal temperature, 

intraperitoneal P. aeruginosa colony forming units (CFU) and plasma IL-6 concentrations were 

measured 6 hours after infection (Figure 6A). Vehicle-treated mice became hypothermic during 

infection while -glucan- and MPLA-treated mice maintained normothermia indicating preservation of 

global metabolic integrity (Figure 6B). The P. aeruginosa CFU in peritoneal lavage were more than 2 

orders of magnitude lower in β-glucan- or MPLA-treated mice as compared to vehicle-treated mice 

(Figure 6C). Plasma IL-6 concentrations were significantly lower in mice treated with -glucan or 

MPLA compared to vehicle-treated controls (Figure 6D). There were no significant differences in core 

body temperature, P. aeruginosa burden, or plasma IL-6 concentrations between mice treated with -

glucan or MPLA (Figure 6B-6D). The numbers of intraperitoneal neutrophils were significantly higher 

in β-glucan- and MPLA-treated mice compared to vehicle-treated controls (Figure 6E-F). Comparing 

intraperitoneal neutrophil numbers after infection to pre-infection showed significant increases in 

neutrophils in vehicle-, -glucan- and MPLA-treated mice (Figure 6G). The numbers of monocytes in 

the peritoneal cavity of -glucan- and MPLA-treated mice were higher than in vehicle controls after 

infection, but the numbers of monocytes were not significantly different in any of the groups when 

comparing pre- and post-infection conditions (Figure 6F-G). Macrophage numbers were higher in mice 

treated with -glucan or MPLA compared to vehicle controls (Figure 6F). Intraperitoneal macrophages 

significantly decreased in all groups after infection (Figure 6G). Examination of macrophage sub-

populations by light forward (FSC) and side (SSC) scatter after infection indicated relative preservation 

of the small macrophage (SM) population with general disappearance of the large macrophage 

population (Figure 5B, 6E).  
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Figure 6. β-glucan and MPLA treatment enhance the host antimicrobial response to subsequent 

P. aeruginosa infection. A) Experimental protocol schematic. B-D) Rectal temperature, peritoneal 

lavage bacterial counts, and plasma IL-6 concentrations of infected mice. E) Gating strategy for 

neutrophils (neutros), monocytes (monos), and small and large macrophages (SM and LM), in 

peritoneal lavage fluid. F) Abundance of innate leukocytes in peritoneal lavage of infected mice. G) 

Comparison of leukocyte numbers in the peritoneal cavity with and without infection. V=vehicle, G=β-

glucan, M=MPLA. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001, n = 8-20/group as shown in scatter 

plots. 
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-glucan and MPLA reprogram macrophage metabolism. Macrophages play a pivotal role in 

orchestrating the innate immune response to infection and our previous studies show that macrophages 

are key mediators of the innate immune memory response after β-glucan or MPLA treatment (20, 39). 

Additionally, our post-infection results indicate relative preservation of the small, bone marrow-derived 

macrophage population in the peritoneal cavity with relative loss of large, yolk sac-derived 

macrophages. Therefore, we undertook studies to characterize the metabolic, functional, and 

transcriptomic impact of -glucan or MPLA treatment on bone marrow-derived macrophages. To assess 

global metabolism in macrophages after treatment with -glucan or MPLA, we measured glycolysis, 

oxygen consumption and tricarboxylic acid (TCA) cycle metabolite accumulation at 24 hours and 3 

days after treatment with β-glucan or MPLA (Figure 7A). Treatment with β-glucan or MPLA induced 

an increase in glycolytic capacity, as measured by extracellular acidification rate (ECAR), at 24 hours 

and 3 days post-treatment (Figure 7B).  Both -glucan and MPLA induced increases in macrophage 

oxygen consumption rate (OCR) at 24 hours and 3 days post-treatment (Figure 7C). β-glucan induced 

accumulation of itaconate at 24 hours after treatment but did not facilitate accumulation of lactate, 

citrate, succinate, or malate in macrophages (Figure 7D). MPLA induced accumulation of lactate, 

itaconate, succinate and malate at 24 hours post-treatment (Figure 7F). Itaconate accumulation was 

sustained at 3 days post-treatment in MPLA-treated macrophages while levels of citrate, succinate and 

malate returned to control levels (Figure 7F). β-glucan treatment induced increased mitochondrial 

content at 3 days post-treatment, while MPLA treatment increased mitochondrial content at 24 hours 

that remained elevated 3 days post-treatment (Figure 7E, 7G). 
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Figure 7. β-glucan and MPLA impact macrophage metabolism. A) Experimental protocol 

schematic. B) Extracellular Acidification Rates (ECAR) and calculated glycolytic capacities of BMDM 

treated with β-glucan or MPLA. C) Oxygen Consumption Rates (OCR) and calculated maximum 

respiration of BMDM treated with β-glucan or MPLA. D,F) TCA cycle metabolite accumulation after 

β-glucan or MPLA treatment. E,G) Mitochondrial content after β-glucan or MPLA treatment. *p<0.05, 

**p<0.01, ***p<0.005, ****p<0.001. n = 3-8/group as defined in scatter plots. 
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Treatment of macrophages with -glucan or MPLA augments macrophage antimicrobial functions. 

Macrophage antimicrobial functions were assessed 3 days post-treatment with -glucan, MPLA or 

vehicle (Figure 8A). Treatment of macrophages with -glucan or MPLA increased macrophage size and 

granularity (Figure 8B), phagocytic capacity (Figure 8C) and respiratory burst (Figure 8D) compared to 

vehicle-treated macrophages. Phagocytosis and ROS production were increased more by MPLA 

treatment as compared to -glucan treatment (Figure 8C-D). Escalating doses of β-glucan beyond 5 

μg/ml did not change the phagocytic capacity of macrophages (Figure 8C). Assessment of bacterial 

killing via direct challenge of macrophages with P. aeruginosa showed increased numbers of surviving 

intracellular P. aeruginosa in macrophages treated with β-glucan as compared to control but no change 

in surviving extracellular bacteria (Figure 8E). In contrast, the numbers of intracellular and extracellular 

P. aeruginosa in MPLA-treated macrophages were lower than in control macrophages indicating both 

increased phagocytosis and killing of bacteria in macrophages treated with MPLA (Figure 8E). 

Escalating doses of β-glucan beyond 5 μg/ml did not change killing of intracellular bacteria or clearance 

of extracellular bacteria (Figure 8E). The dose escalation studies show that differences in antimicrobial 

function observed between β-glucan- and MPLA-treated macrophages are not dose dependent. 
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Figure 8. β-glucan and MPLA enhance macrophage antimicrobial functions. A) Experimental 

protocol schematic. B-D), BMDM size and granularity, phagocytosis of phRodo beads, and respiratory 

burst 3 days post-treatment.  E) Viable intracellular and extracellular bacteria recovered from BMDM 

challenged with P. aeruginosa. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001, n = 5-15/group as 

defined in scatter plots.  



33 

 

 

 

β-glucan and MPLA potently alter macrophage gene transcription. RNA was harvested 4 hours, 24 

hours, or 3 days post-treatment with β-glucan or MPLA (Figure 9A). Principal component analysis at 3 

days post-treatment showed that macrophages treated with MPLA and β-glucan were transcriptionally 

distinct from vehicle-treated macrophages and were also distinct from each other (Figure 9B). MPLA 

and β-glucan potently induced up- and down-regulation of gene expression at 4 and 24 hours that 

waned, but remained elevated, at 3dp (Figure 9C). The numbers of differentially expressed genes 

induced by MPLA was greater than β-glucan at 4 hours, 24 hours and 3dp (Figure 9C). MPLA 

treatment more potently induced and sustained cytokine gene expression compared to β-glucan (Figure 

9D). Examination of the classic pro-inflammatory cytokines IL-6 and TNFα showed that MPLA more 

potently induced mRNA expression and protein secretion for both cytokines compared to -glucan 

(Figure 9D). Dose escalation showed that IL-6 and TNF-α production remained low, as compared to 

macrophages treated with MPLA, at -glucan concentrations greater than 5 μg/mL indicating that the 

decreased ability of -glucan to induce cytokine production, as compared to MPLA, is not dose 

dependent (Figure 9D). MPLA more potently induced expression of chemokine mRNAs and transcripts 

of genes encoding products known to mediate endotoxin tolerance (Figure 9D). Gene Ontology (GO), 

KEGG and Reactome analysis revealed distinct and shared pathways differentially regulated in 

macrophages treated with β-glucan or MPLA at each time point (Figure 10). Examination of commonly 

upregulated Gene Ontology (Biological Process) Pathways at 24 hours after treatment with either agent 

reflects activation of transcriptional pathways regulating antimicrobial functions, inflammation and 

protein synthesis (Figure 10). Pathways associated with intracellular signaling such as MAP kinase, 

ERK1/ERK2, and protein kinase B, were also induced by both agents. At 3 days after treatment with 

either agent, macrophages sustained expression of pathways associated with antimicrobial activity 

including chemotaxis, phagocytosis, endocytosis, morphogenesis and cell adhesion (Figure 10).  
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Figure 9. β-Glucan and MPLA alter macrophage gene expression. A) Experimental protocol 

schematic. B) Principal component analysis of KEGG-annotated gene expression of BMDM.  C) 

Numbers of differentially expressed genes at 4hr, 24hr and 3dp after β-glucan or MPLA treatment 

compared to vehicle-treated BMDM. D) Heatmap of Log2fold change of BMDM cytokine, chemokine, 

and LPS tolerance gene mRNA levels relative to vehicle treated cells. IL-6 and TNFα mRNA and 

protein levels (by RNAseq analysis and ELISA). 
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Figure 10. GO (biological process, cellular component, molecular function), KEGG and Reactome 

pathways differentially regulated by β-glucan and MPLA. 
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Functional enrichment analysis of Gene Ontology (GO) pathways confirmed upregulation of 

antimicrobial and pro-inflammatory pathways by both agents at 4 and 24 hours (Figure 11A). At 4 

hours after treatment of macrophages, β-glucan and MPLA upregulated GO pathways specific for 

response to infection and inflammation (Figures 11B-C).  The down-regulated pathways at 4 hours after 

treatment with either agent were primarily related to DNA replication (Figures 11D-E). At 24 hours 

after agonist treatment, a gene expression pattern similar to 4 hours post-treatment was observed with 

upregulation of pathways mediating the host response to infection and inflammation and down 

regulation of pathways associated with cell division (Figures 11B-E). Evaluation of macrophages 

treated with β-glucan at 3dp showed that GO pathways associated with host response to infection and 

inflammation were down-regulated (Figure 11D).  In contrast, pathways associated with host response 

to infection and inflammation remained upregulated in macrophages at 3dp after MPLA treatment 

(Figure 11C). A common feature of macrophages treated with β-glucan and MPLA at 3dp was 

upregulation of GO pathways associated with lysosome and lytic vacuole activity (Figure 11B-C).  
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Figure 11. β-glucan and MPLA treatment acutely alter GO pathway expression. A) Experimental 

schematic. B-E) Significantly altered GO pathways at 4 hrs- 3 days post-treatment with β-glucan or 

MPLA. Dot size represents the number of DEGs per pathway.  
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Examination of gene expression pathways that remain activated in macrophages trained with β-glucan 

for 3 days as compared to macrophages trained with MPLA shows up regulation of pathways regulating 

cell adhesion, lysosome and lytic vacuole function and the endoplasmic reticulum (Figure 12). 

Examination of pathways that remain upregulated in MPLA-trained macrophages as compared to β-

glucan-trained macrophages at 3dp shows sustained activation of pro-inflammatory and anti-microbial 

pathways (Figure 12). 
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Figure 12. Upregulated GO pathways at 3 days post-treatment in β-glucan-treated BMDM 

relative to those treated with MPLA and in MPLA-treated BMDM relative to those treated with 

β-glucan. 
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Impact of β-glucan or MPLA treatment on LPS-induced gene transcription. RNA was harvested 3 days 

post-treatment with vehicle, β-glucan or MPLA. A subset of cells was stimulated with LPS for 4 hours 

prior to RNA harvest (Figure 13A). Principal component analysis showed that LPS treatment markedly 

altered macrophage gene transcription (Figure 13B). Macrophages treated with β-glucan prior to LPS 

stimulation transcriptionally resembled macrophages treated with LPS alone. The transcriptome of 

macrophages treated with MPLA prior to LPS stimulation clustered separately from macrophages 

treated with LPS alone and from macrophages treated with β-glucan prior to LPS (Figure 13B). LPS 

stimulation of vehicle-treated (5215 up, 5015 down), β-glucan-treated (5016 up, 4806 down) and 

MPLA-treated (4040 up, 3979 down) macrophages induced alterations in differential gene transcription 

in all groups (Figure 13C).  Examination of differentially expressed genes (DEG) showed that 

approximately 60% genes were commonly up or down regulated among groups (Figure 13C). DEG 

groups were defined between macrophages treated with vehicle, β-glucan, or MPLA followed by LPS 

and BMDM treated with the respective agent without subsequent LPS (Figure 13C histogram). These 

DEG groups were compared between vehicle, β-glucan, and MPLA-treated macrophages (Figure 13C 

Venn diagram). There were many common DEGs between the vehicle and β-glucan group (1438 up, 

1258 down), which was approximately 4-fold higher than for MPLA-treated macrophages (226 up, 266 

down) (Figure 13C). Examination of LPS-induced cytokine and chemokine gene expression showed 

similar levels of expression when comparing β-glucan-treated BMDM with control BMDM except for 

IL-6, IL-12b, CCL7 and CCL8, which were up-regulated (Figure 13D). Cytokine and chemokine gene 

expression was markedly suppressed in MPLA-treated BMDM compared to control with the exception 

of CSF2 and CSF3, which were unchanged or enhanced, respectively. Closer examination of LPS-

induced IL-6 showed increased mRNA and protein expression in β-glucan-treated BMDM compared to 

control with suppression in MPLA-treated BMDM (Figure 13D). LPS-induced TNFα expression was 

not different when comparing β-glucan-treated BMDM to control and was suppressed in MPLA-treated 

BMDM (Figure 13D). Examination of gene expression pathways after LPS challenge showed 

substantial overlap among groups (Figure 14).  
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Figure 13. β-glucan and MPLA alter macrophage gene expression and the transcriptional 

response to LPS. A) Experimental schematic. B) Principal component analysis of KEGG-annotated 

gene expression at 4 hrs post-LPS in 3dp β-Glucan or MPLA-trained BMDMs.  C) Numbers of 

differentially expressed genes of specified comparisons and numbers of common and unique DEGS to 

each condition. Venn Diagram groups are shown in the same color as the bar in the DEG histogram.  D) 

Heatmap of Log2fold change of trained vs untrained LPS-treated BMDM cytokine and chemokine 

mRNA levels. E) IL-6 and TNFα mRNA and protein levels at 3dp training agent followed by LPS (by 

RNAseq analysis and ELISA supernatant). 
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Figure 14. GO (biological process, cellular component, molecular function), KEGG, and 

Reactome pathways differentially regulated after LPS challenge in BMDM treated with vehicle, 

β-glucan, or MPLA. 
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As with differential expression, β-glucan-treated and control BMDM shared substantially larger 

numbers of up-regulated gene expression pathways as compared to MPLA-treated and control BMDM 

(Figure 15). Closer examination of Gene Ontology pathways showed that pathways reflecting 

inflammation, host response to infection and protein synthesis were upregulated in all groups and 

pathways controlling DNA replication and cell division were down-regulated (Figure 15B-C).  
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Figure 15. β-glucan and MPLA treatment alter GO pathway expression response to LPS. A) 

Experimental schematic. B-C) Significantly altered GO pathways at 4 hrs post-LPS challenge in 

BMDM treated with vehicle, β-glucan or MPLA. Dot size represents the number of DEGs per pathway 

as defined in the figure. 
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3.4 Discussion 

MPLA and -glucan are both known to induce innate immune memory and augment the host response 

to infection in vivo, an effect that persists for up to 2 weeks after treatment (18, 44). The present study 

confirms and extends those findings by providing further insight into cellular and molecular alterations 

induced by both agents. Treatment with either agent induced expansion of innate myeloid cells. Most 

notably, both agents facilitated monocyte and neutrophil recruitment to the site of injection while 

preserving resident macrophage populations. In confirmation of previous studies, we observed that the 

resident macrophage population in naïve mice is composed of small and large subpopulations (48, 190, 

191). Prior studies indicate that the large macrophage population is composed of yolk sac-derived 

resident macrophages that populate the peritoneal cavity during embryogenesis, whereas the small 

macrophage population is derived from bone marrow-derived monocytes that migrate to the peritoneal 

cavity, differentiate, and establish residence. Both of these populations are sustained after treatment 

with MPLA or -glucan and accompanied by recruitment of monocytes. Our previous studies indicate 

that macrophages play an important role in facilitating the augmented antimicrobial response induced 

by MPLA or -glucan treatment. Depletion of macrophages ablates infection resistance caused by 

MPLA treatment, while adoptive transfer of macrophages treated with either MPLA or -glucan confers 

enhanced resistance to local and systemic infection (18, 40, 44). At this point, the relative contributions 

of large and small macrophage populations is unknown. Thus, important questions remain regarding the 

impact of MPLA and -glucan treatment on macrophage fate and function in vivo that must be 

addressed to fully understand the contributions of macrophages to innate immune memory.  

Treatment with either agent augmented clearance of P. aeruginosa and prevented the onset of infection-

induced physiologic dysfunction. The decrease in P. aeruginosa CFU at the site of infection was 

paralleled primarily by increased neutrophil recruitment with preservation of pre-infection monocyte 

numbers. The resident large peritoneal macrophage population disappeared after infection in naïve mice 

but, although decreased, was relatively preserved in mice treated with MPLA or -glucan. The small 

macrophage population was preserved in all groups. Concentrations of IL-6 in plasma were greatly 

diminished in mice treated with MPLA or -glucan compared to vehicle-treated controls. These 

findings show that both agents similarly promote the cellular innate antimicrobial response in vivo 

despite originating from divergent microbes. The attenuated post-infection IL-6 concentrations observed 

in MPLA- and -glucan-treated mice paralleled augmented P. aeruginosa clearance and likely reflects 

the ability of the trained host to more effectively clear the local infection and thereby limit local and 

systemic inflammation. In contrast, bone marrow-derived macrophages (BMDM) treated ex vivo with β-

glucan and subsequently challenged with LPS, as a proxy for infection-induced macrophage activation, 

produced increased IL-6 mRNA and protein compared to vehicle-treated BMDM. Conversely, IL-6 

production by BMDM treated with MPLA prior to LPS challenge was attenuated compared to controls 

and typical of endotoxin tolerance (192, 193). Endotoxin tolerance results from reprogramming of 

TLR4 signal transduction after prior exposure to a TLR4 agonist such as LPS or MPLA. The response 

is mediated by inhibitors of downstream TLR4 signaling such as suppressor of cytokine signaling 

(SOCS) proteins, interleukin-1 receptor associated kinases (IRAK), toll interacting protein (TOLLIP) 

and specific microRNAs as well as alternations in NF-κB isoform dimerization(172, 194-197). Our 

results show potent and sustained expression of SOCS1, SOCS3, IRAK2, IRAK3, TOLLIP and mir146 

in BMDM treated with MPLA, but not β-glucan, which is consistent with induction of endotoxin 

tolerance in MPLA-treated macrophages. Investigators have noted a correlation between decreased 

LPS-induced cytokine production by peripheral blood mononuclear cells (PBMC) from septic patients 

and sepsis-induced immune suppression.(193, 198) Some have postulated that decreased cytokine 

production in the setting of sepsis is due to endotoxin tolerance. However, our findings indicate that 

decreased cytokine production in the setting of innate immune memory reflects augmented microbial 

clearance and resistance to infection in vivo. In the case of MPLA priming ex vivo, BMDM showed 

attenuated LPS-induced cytokine production but also demonstrated augmented phagocytosis, 

respiratory burst function and microbial killing. Thus, measurement of cytokine production alone does 

not provide an accurate assessment of antimicrobial immunity. The mechanisms underlying suppressed 
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cytokine production and immune suppression in septic patients are not entirely clear. A probable 

mechanism is development of leukocyte metabolic dysfunction. Significant evidence shows depressed 

aerobic and anaerobic metabolism in PBMC from septic patients (199). However, further research is 

needed to establish metabolic dysfunction as a mechanism facilitating sepsis-associated immune 

dysfunction. 

β-glucan and MPLA both significantly increased macrophage glycolytic capacity and oxidative 

metabolism. These findings are consistent with our previously published results(18, 44). However, side-

by-side comparison shows that MPLA more potently activates macrophage glycolysis, oxidative 

metabolism and mitochondrial biogenesis as compared to β-glucan. Both agents induced significant 

accumulation of the tricarboxylic acid (TCA) cycle metabolite itaconate in macrophages, with MPLA 

having a more potent effect. Metabolic reprogramming is an important feature of innate immune 

memory that supports augmentation of key antimicrobial functions such as phagocytosis, respiratory 

burst and killing of microbes (44, 200). Itaconate possesses antimicrobial functions and its accumulation 

in trained macrophages is likely to contribute to their augmented antimicrobial functions. Our finding 

that both β-glucan and MPLA augment macrophage metabolism and antimicrobial functions provides 

further evidence of the importance of metabolic reprogramming and as a mechanism supporting innate 

immune memory. 

The post-LPS gene expression profile of β-glucan-treated BMDM was very similar to that of vehicle-

treated BMDM as demonstrated by principal component analysis, differential gene expression and gene 

expression pathway analysis. β-glucan treatment more potently promoted LPS-induced pro-

inflammatory and antimicrobial gene expression in BMDM as compared to MPLA training. However, 

both agents similarly induced gene expression pathways regulating ubiquitin-proteosome pathways and 

down regulated pathways associated with cell division in response to LPS stimulation. We observed that 

both agents boosted the antimicrobial and metabolic functions of macrophages ex vivo, although MPLA 

was more effective at stimulating glycolysis, oxidative metabolism and mitochondrial biogenesis. The 

enhanced metabolic function in MPLA-treated BMDM was paralleled by more effective phagocytosis, 

reactive oxygen species, itaconate accumulation and killing of P. aeruginosa. Phagocytosis and 

respiratory burst functions were measured at 3 days post-treatment in the present study but our 

previously published studies show no increase in phagocytosis or respiratory burst by MPLA at 24 

hours, and an increase in respiratory burst but not phagocytosis by β-glucan at 24 hours (20, 39, 40). 

MPLA more potently induced global gene transcription and production of pro-inflammatory cytokines 

compared to β-glucan in naïve BMDM. The differences observed in β-glucan- and MPLA-treated 

BMDM were not dose dependent since cytokine production and microbial killing remained lower in β-

glucan-treated BMDM at doses 5-10x higher than the 5-10 µg/mL concentration that has been used in 

numerous published studies (184). Yet, despite differences in potency, the gene expression pathways 

induced by both agents were very similar. At 4 and 24 hours after treatment, both agents induced 

activation of pathways that promote inflammation, the host response to infection and protein synthesis 

and suppressed pathways regulating cell division. Activation of gene expression pathways promoting 

inflammation and antimicrobial functions persisted in MPLA-primed BMDM at 3 days after treatment, 

whereas those pathways were down-regulated in β-glucan-primed BMDM at that time point. 

Upregulated pathways in β-glucan-treated BMDM at 3 days post-treatment were mainly associated with 

cell adhesion and endocytosis. A common feature of gene expression at 3 days post treatment with 

either agent was activation of pathways regulating lysosome and lytic vacuole function, which 

paralleled augmented antimicrobial functions. Overall, both agents induced activation and suppression 

of similar gene expression pathways, with MPLA providing a more potent and sustained stimulus.  

Head to head comparisons between distinct inducers of innate immune memory have been performed 

before by others, including a comparison of Bacillus Calmette-Guerin (BCG) and diphtheria, tetanus, 

whole-cell pertussis (DTPw) vaccines in mice and a comparison of β-glucan, muramyl dipeptide 

(MDP), and BCG vaccine using human monocytes ex vivo (201, 202). The latter study also studied the 

host-derived damage-associated molecular patterns (DAMPs) uric acid and oxLDL (7).  Similar to this 

study, BCG and DTPw had unique effects on transcription and reduced mortality in an acute infection 
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model.  Microbial-sourced trained immunity reagents induced transcriptional responses that are similar 

to each other as compared to host-derived reagents, in that they more overtly activate inflammatory 

pathways (7).The addition of MPLA to this comparison is important because MPLA is already used 

commercially as a vaccine adjuvant and has significant potential for drug development to induce innate 

immune memory to augment host immunity against infectious diseases.  

This study demonstrates that structurally dissimilar ligands of diverse origin that induce distinct changes 

in transcription and metabolism in macrophages are capable of converging towards common pathways 

to promote an enhanced antimicrobial response in vivo. Nearly all prior studies of the molecular 

mechanisms that induce and sustain trained immunity have been performed using ex vivo models. While 

those studies are highly important and insightful, more work is needed using in vivo systems to better 

understand the effect of immune training on macrophage populations and bone marrow progenitors. 

Despite differences in magnitude observed, MPLA and -glucan induced very similar functional and 

metabolic changes in macrophages and generally activated pathways regulating the inflammatory 

response, the host response to infection and protein synthesis while down regulating cell division. Our 

study further questions whether endotoxin tolerance is the defining feature of sepsis-induced immune 

suppression, and suggests it is likely other features of antimicrobial function that define the condition. 

These data provide information to drive additional hypothesis-based research on the essential, common 

mechanisms of trained immunity. 
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CHAPTER 4 

 

Immunoresponsive Gene 1 Facilitates TLR4-agonist-Induced Augmentation of Innate 

Antimicrobial Immunity 

 

4.1 Introduction 
Serious infections are common, particularly in hospital settings, and result in high morbidity and 

mortality (203). Immunosuppressed patients, such as those with cancer, critical illness, diabetes, renal 

insufficiency, premature birth (neonates), multiple co-morbidities and advanced age, are particularly 

vulnerable (204). Traditional antibiotic treatments contributes to the development of antibiotic 

resistance, complicating infection management and treatment further (203, 205). For this reason, there is 

critical need for new approaches to improve infection prevention and treatment. Therapies aimed at 

enhancing the innate antimicrobial response provide an attractive approach. Boosting innate immunity 

is especially beneficial for patients at broad risk of infection, as it provides resistance against a wide 

range of pathogens (206, 207).  

Our published work shows that treatment with the toll-like receptor 4 (TLR4) agonist monophosphoryl 

lipid A (MPLA) induces reprogramming of the innate immune response and confers increased 

resistance to infection, a phenomenon termed innate immune memory (20, 39, 208). Importantly, this 

effect is independent of the adaptive immune system and reliant on innate myeloid cells such as 

monocytes, macrophages and neutrophils (39, 175).  The MPLA-induced memory state is characterized, 

in part, by increased recruitment of innate leukocytes to the site of infection, as well as augmented 

phagocytosis, respiratory burst and killing functions. These effects are associated with decreased 

microbial burden in MPLA-treated mice.  

We previously showed that MPLA reprograms macrophage metabolism resulting in increased 

glycolytic capacity, mitochondrial biogenesis and oxygen consumption (37, 38).   We found that 

blocking glycolysis, pyruvate transport, ATP synthesis or mTOR signaling diminishes key features of 

the memory phenotype such as chemokine secretion and phagocytosis (39, 40). We have also reported 

specific changes in compartmentalization and abundance of tricarboxylic acid (TCA) cycle metabolites 

in macrophages treated with MPLA (39). TCA cycle metabolites are increasingly recognized as 

signaling and effector molecules that are important regulators of the innate memory response. For 

example, acetyl-CoA is the substrate for histone and non-histone protein acetylation (53). Fumarate 

inhibits HIF-1α hydroxylation, stabilizing the transcription factor and increasing IL-1β, while alpha 

ketoglutarate (αKG) opposes this effect (54, 55).   

Itaconate is the most highly induced TCA cycle metabolite in LPS-treated macrophages, generation of 

which is catalyzed by upregulated expression of mitochondrial immunoresponsive gene 1 (IRG1) 

enzyme.(57, 71, 78, 209). Itaconate itself is not part of the energy generating TCA cycle but has been 

previously described in early literature described its direct antimicrobial and anti-inflammatory 

properties (210). In this study, we investigated whether MPLA induces Irg1 expression and itaconate 

production and whether this multifaceted metabolite contributes to MPLA-induced innate immune 

memory.   

4.2 Methods 

 

4.2.1 Mice. 
Wild type C57BL/6 mice, age 10-12 weeks, were purchased from The Jackson Laboratory (Bar Harbor, 

ME) and acclimated to our animal facility for at least 1 week. Irg1-/- (C57BL/6N-Acod1em1(IMPC)/J) 

mice, Nrf2-/- (B6.129X1-Nfe2l2tm1Ywk/J) and Hsp4-/- (B6.C3-Pde6brd1 Hps4le/J, encoding BLOC3) 

were purchased from The Jackson Laboratory and bred in our animal facility. Mice had access to food 

and water ad libitum and a structured light/dark cycle.  Cohorts of male and female mice were used for 

all experiments. All experiments and procedures complied with the National Institutes of Health Guide 
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for the Care and Use of Laboratory Animals and were approved by the Vanderbilt University 

Institutional Animal Care and Use Committee.  

4.2.2 Monophosphoryl lipid A (MPLA). 
MPLA derived from Salmonella enterica serotype Minnesota Re 595, was purchased from Invivogen. 

MPLA was solubilized at 1mg/mL in DMSO by sonication for 1 hour at 40°C. For in vivo treatment, 

the 1μg/mL MPLA in DMSO solution was diluted 10-fold in Lactated Ringer’s solution (LR), and 

200μL of this solution (containing 20μg MPLA) was administered to mice by intraperitoneal injection. 

Vehicle-treated mice received 200μL of 10% DMSO in LR. For in vitro experiments, bone marrow 

derived macrophages (BMDM) were treated with 1µg/mL MPLA in DMSO, or DMSO solution 

(vehicle). 

4.2.3 Intraperitoneal P. aeruginosa Infection Model. 
As described in our previous publications(208, 211, 212), we utilized the intraperitoneal P. aeruginosa 

infection model, which induces an acute infection and allows for reproducible assessment of bacterial 

clearance, leukocyte recruitment and cytokine production at the local site of infection. P. aeruginosa 

(ATCC 19660) was purchased from American Type Culture and Collection. P. aeruginosa (ATCC 

19660) from starter culture was incubated in tryptic soy (TS) broth for 22 hours at 37 ⁰C under aerobic 

conditions. Bacteria was pelleted in 2.5 mL sterile saline and concentration was determined using 

absorbance at 600nm using BioTek ELx800 plate reader based off a standard curve. The inoculum was 

diluted in phosphate buffered saline (PBS). Mice were infected with 1x108 colony forming units (CFU) 

P. aeruginosa inoculum in 500 μl saline by intraperitoneal injection. Two days and 1 day prior to 

infection, mice were treated with MPLA or DMSO as described above. Rectal temperatures were 

recorded prior to infection and 6 hours after infection. At 6 hours after infection, blood was harvested 

into heparinized tubes and peritoneal contents were collected by lavage with 5 mL PBS. All samples 

were kept on ice until analysis. Plasma was isolated by centrifuging blood at 15000 rpm for 10 minutes 

at 4⁰C. Peritoneal lavage fluid was serially diluted and plated on TS agar for measurement of bacterial 

CFU. Leukocyte populations in peritoneal lavage were analyzed by flow cytometry. Peritoneal lavage 

fluid was also analyzed for itaconate content via mass spectrometry. 

4.2.4 Mass Spectrometry.  
Itaconate abundance in peritoneal lavage fluid and BMDM was measured by Ultra-Performance Liquid 

Chromatography using an ethylene bridged hybrid column (Waters Acquity) followed by Thermo TSQ 

Quantum Ultra triple quadrupole mass spectrometer. Metabolites were first derivatized using O-

Benzylhydroxylamine hydrochloride (Sigma,  Catalog #  B22984) and N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (Sigma, Catalog # 03449) in 1M pyridine buffer at pH 5 (Sigma, 

Catalog # P57506) as described in previously published protocol (213). 13C-labeled pyruvate was used 

as an internal standard. (Toronto Research Chemicals, Catalog # P998904).  

4.2.5 Cytokine Measurements  
Plasma concentration of IL-6, IL-10, IFNγ, IL-1β, TNFα, KC, MIP-1α, MIP-1β and MCP-1 were 

analyzed using a Bio-Plex Multiplex Assay according to manufacturer’s protocol and read with the Bio-

Plex Magpix Multiplex Reader (Bio-Rad, Hercules, CA). Results were analyzed using Bio-Plex 

Manager Software 6.1. 

4.2.6 Flow Cytometry  
Cells collected by peritoneal lavage were resuspended in PBS at a concentration of 1 x 107 cells/mL and 

incubated with 1 µg/mL anti-mouse CD16/32 (eBioscience, San Diego, CA) prior to addition of 

fluorochrome-conjugated antibodies (0.5 µg/106 cells) and incubation for 15 minutes at room 

temperature. Antibodies used to differentiate peritoneal leukocytes included anti-F4/80-FITC (clone 

BM8; eBioscience), anti-Ly6G-PE (clone 1A8; BD Biosciences, San Jose, CA), anti-Ly6C-PE Cy5.5 

(clone HK1.4; eBioscience) alongside respective isotype controls. Monocytes were identified as 

F4/80+Ly6C+, macrophages as F4/80+Ly6C-, and neutrophils as Ly6G+F4/80-. Data were collected 

using an Accuri C6 flow cytometer and analyzed using Accuri C6 software (BD Biosciences). 
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4.2.7 Measurement of Phagocytosis  
BMDM were added to tissue culture treated, black walled 96 well plates with 5x104 BMDM/ well 1 day 

prior to the experiment. 2 mL of RPMI media without phenol red (Gibco, 11835-030) was added per 

vial of stock pHrodo-tagged S. aureus bioparticles (Invitrogen, Catalog # A10010). Vials were vortexed 

and sonicated for 5 minutes. Cells were washed with RPMI media without phenol red and 100μl of 

pHrodo particle suspension was added per well, including 3 cell-free controls. Absorbance at 590 nm 

was measured using BioTek ELx800 plate reader every 15 minutes for 5 hours (39). Absorbance of the 

cell-free control wells was subtracted from all experimental groups prior to analysis. Data is represented 

as an increase in maximum from WT vehicle value. For in vivo studies, WT and Irg1 KO mice were 

injected with 500 µg of pHrodo-tagged S. aureus bioparticles via the intraperitoneal route, followed by 

harvesting the peritoneal leukocytes using 5 mL cold PBS at 6 hours. Leukocytes were then incubated 

with fluorophore conjugated surface marker antibodies for neutrophils (anti-Ly6G-PE), monocytes 

(Ly6C-PerCP Cy5.5) and macrophages (F4/80-FITC) and assessed using flow cytometry (39). 

4.2.8 Respiratory burst measurements.  

BMDM respiratory burst was assessed using the Respiratory Burst Assay Kit (Cayman Chemical, Ann 

Arbor, MI) per manufacturer’s protocol. Briefly, BMDM were incubated with dihydrorhodamine-123 

for 1 hour at 37 ◦C. Rhodamine-123 fluorescence was determined by using the FL1 channel (green 

laser) of the Accuri C6 flow cytometer. BMDM were not stimulated with PMA. 

4.2.9 Generation of murine bone marrow derived macrophages (BMDM). 
 

 BMDM were generated as described in our previous publications (39). Briefly, femurs were harvested 

and stored in RPMI media containing glutamine and 25 mM HEPES (Gibco, Catalog # 22400089) 

supplemented with 10% fetal bovine serum (Gibco, Catalog # A3160401), 1% antibiotic–antimycotic 

(Gibco, Catalog # 15240112), and 10 ng/ml mouse recombinant M-CSF (R&D Systems, Catalog # 416-

ML). This is referred to as fully supplemented media. Femur distal and proximal ends were excised 

with scissors and marrow cavities were flushed with 5 mL fully supplemented media and passed 

through a 70μm pore filter to remove debris. Marrow was centrifuged at 300 x g for 6 minutes at 4 ⁰C 

and resuspended in fully supplemented RPMI media. Cell counts were determined using an automated 

counter (Bio-Rad, TC10) and 1.2 x 106 cells were added to 20 mL fully supplemented media in 150 mm 

polystyrene, non-tissue culture treated petri dishes (Falcon Corning, Catalog #351058). 

Cells were incubated in a sterile humidified incubator at 37⁰C supplemented with 5% CO2 and left 

undisturbed for 7 days. Then, the culture media was replaced with fresh 20 mL fully supplemented 

RPMI media and treated with 1 μg/ml MPLA in DMSO or DMSO vehicle as described above. After 24 

hours of treatment, cells were washed with PBS and rested in fully supplemented media without MPLA 

for three additional days to generate memory macrophages (3dp group). For 4 hr and 24 hr treatment 

groups, MPLA was added for the indicated time directly prior to assessment. In some assays, BMDM 

were transferred to a different cell culture plate the day prior to experimentation.  To lift the BMDM 

from the 150 mM petri dishes, media was aspirated, cells were washed in 10 mL sterile PBS, then 

incubated with10 mL StemPro Accutase (Gibco, A1110501) for 15 minutes. Cells were collected and 

pelleted by centrifugation at 300 x g for 6 minutes at 4 ⁰C, then resuspended in 5 mL fully supplemented 

media, counted, and added to the new cell culture dish at the indicated density.  

4.2.10 Western blotting: 

Cells were washed and lysed with radioimmunoprecipitation assay buffer (RIPA, Sigma Catalog # 

RO278) containing PhoStop Phosphatase Inhibitor Cocktail (Sigma, Catalog # 04906845001) and 

complete Mini Protease Inhibitor Cocktail (Sigma, Catalog # 04693132001). Protein concentrations 

were determined using Pierce BCA assay kit (Thermoscientific, Catalog # 233225) per manufacturer’s 

instructions using the BioTek ELx800 plate reader.  Protein concentrations were standardized, and 

samples were suspended in 6x Laemmli buffer containing mercaptoethanol. Lysates were heated for 8 

minutes at 95⁰C. Samples were separated by electrophoresis using 4-20% Tris-glycine gels (Bio-
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Rad,456-1094), and transferred onto nitrocellulose membranes. Membranes were blocked for 1 hour 

using 5 % fraction V BSA in Tris-buffered saline containing tween-20 (TBST), followed by overnight 

incubation with primary antibodies (abcam, IRG1 Antibody #222411).Membranes were washed and 

incubated with HRP-conjugated secondary antibodies (anti-rabbit, Cell Signaling Technology, #7074) 

as appropriate. Protein bands were visualized using Clarity Max ECL reagent (Bio-Rad, Catalog # 

1705061) and exposure to HyBlot-ES Autoradiography films (Thomas Scientific Catalog # 1156P37). 

Band intensities were quantified using ImageJ (NIH).  

4.2.11 Seahorse extracellular flux analysis.  

BMDMs were plated on day 10 as described above at 4 x 104 cells/well in Seahorse Assay Base Media 

(Agilent, Catalog # 103193-100). The Seahorse XFe96 Extracellular Flux Analyzer (Agilent 

Technologies) was used to assess extra cellular acidification rate (ECAR, a measure of glycolysis) and 

mitochondrial oxygen consumption rates (OCR). For determination of ECAR, glycolytic stress test was 

performed by sequential treatment of cells with 10 mM glucose, 1μM oligomycin, and 50 mM 2-

deoxyglucose (Agilent Technologies, Catalog # 103020-100). For determination of OCR, mitochondrial 

stress test was performed in media containing 10mM glucose and sequentially treating cells with 1 μM 

oligocycin, 1 μM FCCP, and 0.5 μM each of antimycin A and rotenone (Agilent Technologies, Catalog 

# 103015-100).  

4.2.12 TCA cycle metabolite measurements.  

Fully supplemented BMDM media (defined above) was removed, BMDM were washed with PBS, and 

glucose free-RPMI media supplemented with 10% FBS and 11 mM D-Glucose-13C6 (Sigma-Aldrich 

389374) was added. After 24 hours of incubation, BMDM (1-3 x 106) were washed twice with ice-cold 

PBS followed by addition of ice-cold methanol and norvaline (internal standard). Cells were placed on 

dry ice for 1 min, scraped off the plate and collected using a pipette. Methanol was added to the plate 

again and any remaining cells were scraped off. The cells were added to a tube containing ice-cold 

water and chloroform, vortexed for 30 minutes at 4oC and centrifuged at 1,000 x g for 20 min at 0oC. 

Aqueous and organic phases were collected separately, dried at room temperature, and stored at -80oC 

until analyzed. Polar metabolites were converted to their tert-butyldimethylsilyl derivatives using 

MBTSTFA plus 1% TBDMCS (Thermo Fisher Scientific)(187) and injected into a gas chromatograph–

mass spectrometer (GC-MS) (7890A/5977C; Agilent) equipped with a 30-m HP-5 MS capillary column 

for analysis of metabolite abundance.  

4.2.13 Bacterial killing assay:  

One day prior to the assay, BMDM were plated at 1 x 105 cells/well in a tissue culture treated 96-well 

plate in fully supplemented media. Cells were washed with warm PBS five times and placed in RPMI 

1640 containing 0.1% FBS (Gibco), referred to as killing assay media. P. aeruginosa was prepared as 

above and diluted to 1 x 107 CFU/mL in killing assay media after passage of stock through a 26 g 

needle 10 times to break up bacterial clumps. S. typhimurium IR715 (NTCC 12023) WT and 

invA::tetRAspiB::KSAC-KanR was grown to O.D. of 0.7, corresponding to 8 x 108 CFU/mL, and 

diluted to 5 x 106 CFU/mL in killing assay media (214). The 96 well plates were centrifuged at 515  g 

for 4 minutes at 4 oC to promote bacterial adherence to BMDM after addition of 100 µL of inoculum. 

Plates were incubated at 37 oC for 11 minutes. Next, 100 μL killing assay media containing 600 μg/mL 

gentamicin sulfate was added to the inoculum in each well for a final concentration of 300 μg/mL to kill 

bacteria that had not been phagocytosed. After 15 min incubation at 37 oC, cells were washed three 

times with PBS. In one group of wells, 0.02% Triton-X in PBS was added to the wells, and vigorous 

pipetting was used to lyse the BMDM. The lysate was serially diluted and plated on TS agar for 

enumeration. In other cohorts, cells were incubated in killing assay media for 3 hours at which point 

media was remove, and cells were lysed as above. Lysates were serially diluted and plated for 

enumeration of CFU.  

4.2.14 RNA sequencing. 
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Total RNA was isolated under an RNase-free environment using the RNeasy Mini Kit (Qiagen, Hilden, 

Germany) which included a DNAse treatment step. Total RNA quality and concentration were verified 

with a Thermo Scientific NanoDrop 2000 spectrophotometer.  Sequencing and analysis were performed 

by Novogene using 2-6 biological replicates per condition. Briefly, sequencing libraries were prepared 

using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s 

protocol.  The clustering of the index-coded samples was performed on a cBot Cluster Generation 

System using PE Cluster Kit cBot-HS (Illumina) according to the manufacturer’s instructions. After 

cluster generation, the library preparations were sequenced on an Illumina platform and paired-end 

reads were generated. STAR-software was used to align reads to the reference genome. Expression 

levels were quantified using RPKM (Reads per Kilobase of exon model per Million mapped reads). 

Principal component analysis (PCA) was performed using FPKM (fragments per kilobase of transcript 

per million fragments mapped) of genes cataloged in KEGG as inputs. Rstudio prcomp function without 

scaling was used.  

4.2.15 Lysosome Quantification and Acidification.  

BMDM were plated in 35 mm MatTek uncoated dishes, No. 1.5 coverslip the day prior to experiment at 

a density of 2 x 105 cells/ dish in 3 mL LysoSensor media (RPMI 1640 without phenol red, 

supplemented with 1% FBS and 1% antibiotic antimycotic solution). One hour prior to experiment, a 

group of WT 3dp MPLA cells were treated with 50 μM chloroquine to raise lysosome pH. Prior to 

imaging, cells were treated with a solution of polystyrene beads (1:2000 dilution of stock Polybead® 

Sulfate Microspheres 1.00 μm 19404-15, Polysciences) and LPS (1 μg/mL). Dishes were centrifuged at 

4 ⁰C at 515 x g for 4 min, then returned to 37o C for 2 hours. Groups were staggered to ensure equal 

incubation time prior to imaging. Cells were washed twice in PBS, then 2 mL of fresh LysoSensor 

media wasadded.. 5 μL of LysoSensor™ Yellow/Blue DND-160 (Invitrogen) was added directly the 

dish and swirled for 20 seconds. Cells were rested for 70 seconds. Micrographs were captured using the 

100x objective on an EVOS inverted fluorescence microscope through the transmitted, GFP, and DAPI 

filters.  Since LysoSensor can change the pH of the lysosomes, all images were captured within 5 min 

following addition of LysoSensor. Image J was used to quantify images. Lysosomes were defined as 

areas of intensity through the GFP filter, and the mean intensity of these areas measured lysosome 

acidity. Biological replicates represent means values of 13-38 cells per group.  

4.2.16 Bacterial Growth Assay.  

P. aeruginosa was prepared as above from a frozen starter. A 0.2 M itaconate stock solution was 

prepared by dissolving itaconic acid in TS broth. The solution was titrated with NaOH in TS broth to 

pH 5 or to pH 7 and the new molarity of each solution was calculated. TS broth was acidified to pH 7 or 

pH 5 using 10 N HCl in water. To each well in a 96 well plate, a 1:10000 dilution of P. aeruginosa 

starter culture (final concentration of approximately 35 x103 CFU/mL) was made in media at pH 5 or 

pH 7 containing varying concentrations of itaconate. In some experiments, H2O2 was also included at 

the indicated concentrations (Millipore Sigma, HX0640-5). The 96-well plate was incubated at 37 oC 

for the indicated time periods with double orbital shaking and a lid, and the OD600 was measured every 

30 min.  

4.2.17 Statistical analysis:  

Data analyses was performed using GraphPad Prism 10.2 (GraphPad Software Inc., San Diego, CA). In 

vivo experiment data were analyzed by Kruskal- Wallis test followed by uncorrected Dunn’s test. In 

vitro experiment data were analyzed by ordinary one way ANOVA followed by Uncorrected Fisher’s 

least squares difference with a single pooled variance.  

Differentially expressed genes (DEG) between groups were identified by Novogene using the DESeq2 

R package. The resulting P values were adjusted using the Benjamini and Hochberg’s approach for 

controlling the False Discovery Rate (FDR). Genes with an adjusted P value < 0.05 found by DESeq2 

were assigned as differentially expressed. The R package cluster Profiler was used to test the statistical 
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enrichment of functional pathways. Terms with adjusted P value < 0.05 were considered significant 

enrichment.  

 

4.3 Results. 

 
MPLA-induced itaconate production facilitates microbial clearance in vivo. Studies were undertaken to 

assess whether itaconate contributes to the augmented antimicrobial response induced by treatment with 

MPLA in vivo. WT and Irg1 KO mice received intraperitoneal (IP) treatment with MPLA or vehicle for 

48 and 24 hours prior to IP challenge with P. aeruginosa (Figure 16A). Itaconate concentration, P. 

aeruginosa CFU and innate leukocyte counts were measured in peritoneal lavage at 6 hours after 

infection along with plasma IL-6 concentration.  In WT mice treated with vehicle, itaconate was 

detected in the peritoneal cavity at 6 hours after infection. Treatment with MPLA facilitated a greater 

than 7-fold increase in post-infection itaconate accumulation (Figure 16B). Itaconate was not present in 

the peritoneal lavage of MPLA-treated Irg1 KO mice after infection. 

P. aeruginosa CFU were three orders of magnitude lower in peritoneal lavage from WT mice treated 

with MPLA compared to vehicle-treated controls (Figure 16C).  P. aeruginosa CFU in peritoneal 

lavage from Irg1 KO mice treated with MPLA were not significantly different from those treated with 

vehicle and two orders of magnitude higher than in MPLA-treated WT mice. These findings provide 

evidence that itaconate contributes to the augmented antimicrobial phenotype induced by treatment with 

MPLA by contributing to microbial clearance. Published studies report that itaconate enables killing of 

Salmonella via RAB32/BLOC3-facilitated transport of itaconate into the phagolysosome. To assess 

whether that mechanism was active after MPLA treatment, we assessed P. aeruginosa clearance in WT 

and Hps4 KO mice treated with vehicle or MPLA. We observed a nearly 3-order of magnitude decrease 

in P. aeruginosa CFU in both WT and Hps4 KO mice treated with MPLA compared to vehicle-treated 

controls with no significant differences between MPLA-treated WT and Hps4 KO mice (Figure 17). 

Other published studies have implicated NRF2 activation as a mechanism mediating the immunological 

effects of itaconate. We undertook studies to assess whether Nrf2 ablation impacts MPLA-induced 

augmentation of microbial clearance. We observed a 3- to 4-order of magnitude decrease in P. 

aeruginosa CFU in WT and Nrf2 KO mice treated with MPLA as compared to control and no 

significant difference when comparing WT and Nrf2 KO mice (Figure 17). Collectively, these results 

indicate that neither the RAB32/BLOC3-mediated transport mechanism nor NRF2 activation contribute 

to itaconate-facilitated clearance of P. aeruginosa observed in MPLA-treated mice. When we assessed 

the effect of β-glucan pretreatment (which induces less itaconate in macrophages) on the clearance of P. 

aeruginosa in WT and Irg1 KO mice, there was no difference between the genotypes (Figure 17). 

Our published studies show that augmentation of innate leukocyte recruitment to sites of infection is 

associated with MPLA-induced enhancement of antimicrobial immunity (20, 208). To assess whether 

itaconate impacts innate leukocyte recruitment, we measured innate myeloid cell numbers at the site of 

infection. The total numbers of neutrophils, monocytes and macrophages in the peritoneal lavage were 

significantly increased in mice treated with MPLA compared to vehicle-treated controls but were not 

significantly different when comparing WT and Irg1 KO mice (Figure 16D).  

The effect of Irg1 ablation on cytokine production was also assessed in our model. A high concentration 

of IL-6 was measured in the plasma of vehicle-treated WT and Irg1 KO mice after infection (Figure 

16E). Plasma IL-6 concentration was markedly lower after infection in mice treated with MPLA but 

was not different when comparing WT and Irg1 KO mice.  Numerous other cytokines and chemokines 

followed the same pattern as IL-6 (Figure 18). 
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Figure 16. MPLA-induced itaconate in the peritoneal fluid is associated with enhanced P. 

aeruginosa clearance, with no effect on peritoneal leukocytes or plasma cytokines. A) Experimental 

protocol. B) Itaconate level in peritoneal fluid. C)  Bacterial burden in peritoneal fluid. D) Abundances 

of innate leukocytes at the site of infection. E) Plasma IL-6. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Bars represent medians, and each dot represents biological replicates.  
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Figure 17. Hps4 KO mice or Nrf2 KO mice do not recapitulate Irg1 KO after MPLA, and Irg1 

KO mice respond to β-glucan training as well as WT mice. A-B) P. aeruginosa burden in vehicle or 

MPLA treated Hps4 KO and Nrf2 KO mice 6 hours after P. aeruginosa infection. C) P. aeruginosa 

burden in vehicle or β-glucan treated Irg1 KO *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars 

represent medians and each dot represents a biological replicate. 
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Figure 18. Cytokines and chemokines in plasma from vehicle and MPLA-treated WT and Irg1 

KO mice infected with intraperitoneal P. aeruginosa. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Each dot represents a mouse. 
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MPLA treatment induces increased phagocytosis of bacteria and respiratory burst activity (20, 208). To 

determine whether itaconate impacts phagocytosis in vivo, mice were treated with vehicle or MPLA and 

challenged 24 hours later with pHrodo-labeled bacteria (Figure 19A). Treatment with MPLA did not 

increase the phagocytic capacity of neutrophils but significantly increased the phagocytic capacity of 

monocytes and macrophages. Phagocytic capacity was significantly higher in neutrophils from vehicle-

treated Irg1 KO mice compared to WT but was not significantly different when comparing neutrophils 

from WT and Irg1 KO mice treated with MPLA (Figure 19A). No significant differences in 

phagocytosis were present when comparing monocytes and macrophages from WT and Irg1KO mice. 

Phagocytosis by cultured BMDM was also assessed 3 days after vehicle or MPLA treatment, and the 

same pattern was observed (Figure 19B). Assessment of respiratory burst activity in innate leukocytes 

in vivo showed augmentation of the respiratory burst in neutrophils, monocytes and macrophages from 

MPLA-treated mice compared to vehicle-treated controls (Figure 19C). Respiratory burst activity was 

not different when comparing WT and Irg1KO mice. Respiratory burst of bone marrow-derived 

macrophages in vitro was assessed 3 days after vehicle or MPLA treatment, again corroborating the in 

vivo data (Figure 19D). 

Collectively, these results show that MPLA treatment augments itaconate accumulation at the site of 

infection and enhances P. aeruginosa clearance. Ablation of itaconate production reverses augmented 

microbial clearance in MPLA-treated mice but does not impact innate leukocyte recruitment, cytokine 

production, phagocytosis or respiratory burst activity.  
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Figure 19. Irg1 ablation does not affect phagocytosis and respiratory burst in innate leukocytes. 

A) Phagocytic capacity of indicated cells types in vivo. B) Phagocytic capacity of BMDM. C) 

Respiratory burst activity of indicated cell types in vivo. D) Respiratory burst activity of BMDM. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars represent medians, and each dot represents a 

biological replicate for in vivo experiments. For in vitro experiments, bars represent means, and each 

dot is a biological replicate. 
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MPLA induces Irg1 expression and itaconate accumulation in macrophages. Given that MPLA 

treatment augmented macrophage antimicrobial functions in our in vivo model of infection, we assessed 

the effects of MPLA treatment on Irg1 expression and itaconate production in cultured BMDM.  On day 

7 after isolation, BMDM were treated with MPLA or vehicle for 24 hours, followed by a washout and 

3-day rest period prior to analysis (referred to as 3 days post or 3dp). The acute effects of MPLA were 

assessed by exposing BMDM to MPLA for 4 and 24 hours prior to analysis. In some experiments, 

vehicle-treated and 3dp MPLA macrophages were re-stimulated with LPS for various time points prior 

to assessment as indicated in each figure (Figure 20A). Irg1 mRNA levels were highest at 4 hours after 

stimulation with MPLA (Figure 20B).  IRG1 protein peaked at 24 hours after MPLA treatment and 

remained elevated at 3 days post treatment (Figure 20C). Itaconate was increased by MPLA treatment at 

4 hours and persisted at 24 hours and 3dp (Figure 20D). LPS also potently induced itaconate 

accumulation in BMDM (Figure 20E). The itaconate levels induced by LPS were additive to that 

induced in macrophages primed with MPLA. Itaconate was detected in the supernatant of BMDM 

challenged with LPS (Figure 20F). The levels in the supernatant only reflect the extracellular itaconate 

produced in the 24 hours prior to measurement due to changing cell culture media. BMDM treated with 

MPLA released as much itaconate into conditioned media as vehicle-treated BMDM (Figure 20F). 
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Figure 20. MPLA induces Irg1/IRG1 expression and itaconate production in murine bone 

marrow-derived macrophages. A) BMDM treatment strategies. B) Irg1 expression after MPLA 

treatment. C) IRG1 protein expression by western blot. D) Intracellular itaconate in MPLA- stimulated 

BMDM. E) Intracellular itaconate in LPS- stimulated BMDM previously stimulated with vehicle or 

MPLA. F) Extracellular itaconate in media of BMDM in panel F. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Bars represent means, and each dot represents a biological replicate. ND- Not Detected. 
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Our published studies show that treatment with MPLA enhances glycolytic capacity and oxygen 

consumption rate in macrophages (39, 208). Studies have reported that exogenous itaconate can impact 

glycolysis, tricarboxylic acid (TCA) cycle activity and oxidative metabolism (215). We undertook 

studies to assess the impact of Irg1 ablation on glycolysis and oxidative metabolism in vehicle- and 

MPLA-treated BMDM (Figure 21A). MPLA potently increased glycolytic capacity and maximal 

respiration in BMDM, to a greater degree in WT BMDM than in Irg1 KO (Figure 21A).  We further 

measured the abundances of lactate and TCA cycle metabolites in WT and Irg1 KO BMDM after 

MPLA treatment (Figure 21B). Lactate accumulation was equally increased in WT and Irg1 BMDM at 

24 hours after MPLA treatment. Citrate accumulated at higher levels in post-MPLA Irg1 KO BMDM 

compared to WT BMDM. Itaconate was increased by MPLA treatment in WT BMDM at 24 hours and 

remained elevated at 3dp. Itaconate was not measurable in Irg1 KO BMDM. Succinate, fumarate and 

malate accumulation were induced by MPLA in WT BMDM (Figure 21B). Succinate and fumarate 

accumulated less in Irg1KO BMDM as compared to WT. Malate accumulation was higher in Irg1 KO 

BMDM as compared to WT (Figure 21B). Collectively, these findings indicate that Irg1 deletion had a 

small, but significant, negative effect on global metabolic functions in BMDM and also impacted 

accumulation of some TCA cycle metabolites.  

In further studies, we measured incorporation of universally 13C-labeled glucose into TCA metabolites 

after MPLA treatment (Figure 21C). Labeled glucose carbons were incorporated into approximately 

50% of itaconate molecules whereas less than 25% of succinate molecules were labeled.  These results 

provide evidence that itaconate is synthesized from glucose as well as non-glucose carbon sources 

whereas succinate and malate are synthesized primarily from non-glucose carbon sources.  Based on 

existing literature, the non-glucose carbon source is most likely glutamine but further studies are needed 

to fully define the substrate contributing carbons for succinate and malate biosynthesis (Figure 21D) 

(216). 
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Figure 21. Effect of Irg1 on metabolism of MPLA treated BMDM. A) Glycolytic capacity and 

Maximal respiration of BMDM by Seahorse extracellular flux analysis. B) Relative metabolite 

abundances in BMDM normalized to norvaline internal standard peak area. C) 13C isotopologues of 

metabolites in BMDM incubated with [U-13C6]glucose for 24 hours prior to metabolite harvest. D) 

Itaconate formation pathway. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars represent means, 

and each dot represents a biological replicate. ND-Not Detected. 
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Transcriptional pathways associated with phagosome and lysosome function are suppressed in Irg1 KO 

macrophages. Transcriptional responses to MPLA were compared between MPLA-treated WT and Irg1 

KO BMDM. Principal component analysis showed that the genotypes cluster together at each time point 

and that the transcriptional response to MPLA evolves as time progresses with 3dp MPLA-treated 

BMDM being similar to vehicle-treated controls (Figure 22A). More genes were up- and down-

regulated at 4 and 24 hours after MPLA treatment in WT BMDM as compared to Irg1 KO BMDM 

(Figure 22B). At each time point, there was a significant overlap between up- and down-regulated GO 

pathways between the two genotypes. However, in most pathways, there were fewer differentially 

expressed genes in Irg1 KO BMDM as compared to WT (Figure 22C, Figure 23). In both genotypes, 

pathways associated with the host response to infection and inflammation were up-regulated and 

pathways associated with cell division were down-regulated. Comparison of MPLA-induced GO 

pathways among the genotypes (Irg1 KO vs WT) showed relative suppression of pathways associated 

with lysosome and phagosome function in Irg1 KO compared to WT BMDM (Figure 22D, Figure 24).  
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Figure 22. Transcriptional Response of WT and  Irg1 KO BMDM to MPLA. A) Principal 

Component Analysis of KEGG- catalogued gene expression in BMDM treated with MPLA. B) 

Differentially expressed genes in MPLA-treated BMDM. C) Up and Down regulated GO pathways in 

MPLA-treated BMDM. The top 10 most significant pathways of every treatment group are listed in the 

table. Gray boxes denote pathways that are not differentially regulated in that treatment group.  

Numbers of differentially regulated genes are listed in the table. Color intensity corresponds with gene 

number. D) Most significantly downregulated KEGG Pathways in Irg1 KO BMDM compared to WT 

24 hours post MPLA.  
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Figure 23. Differentially regulated GO pathways in WT and Irg1 KO BMDM after MPLA 

treatment. The top 10 most significant pathways of every treatment group are listed in the table. Gray 

boxes denote pathways that are not differentially regulated in that treatment group.  Numbers of DEGs 

are listed in the table. Color intensity corresponds with gene number. 
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Figure 24. Genes significantly downregulated in Irg1 KO 24hr MPLA BMDM compared to WT 

24hr MPLA in Phagolysosome related pathways. The significantly downregulated pathways (either 

GO or Kegg) are listed in columns A-I. The significantly downregulated genes within the pathways are 

listed in rows. Black boxes denote that a gene is part of the pathway. 
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WT and Irg1 KO BMDM also responded similarly to LPS treatment on a transcriptional level (Figure 

25). Principle component analysis (PCA) showed similar, but not completely overlapping, 

transcriptional responses to LPS challenge among groups (Figure 25A).  PCA also showed the 

transcriptional response to LPS was markedly altered by MPLA treatment in both groups. Assessment 

of differently expressed genes (DEGs) showed LPS induced a similar transcriptional response to LPS in 

each genotype (Figure 25B). Pretreatment of WT BMDM with MPLA decreased the number of DEGs 

induced by LPS as compared to control BMDM, an effect that was attenuated in Irg1 KO  BMDM 

(Figure 25B). Gene ontology pathway analysis showed activation and down regulation of similar 

pathways in WT and Irg1 KO BMDM treated with LPS (Figure 25C, Figure 26).  

  



68 

 

 

 

 

-6000

-4000

-2000

0

2000

4000

6000

Irg1KO

L vs
Veh

DEGs
 Up

DEGs
 Down

3dp M
+L vs
3dp M

3dp M
+L vs

L

3dp M
+L vs
Veh

-6000

-4000

-2000

0

2000

4000

6000

WT

DEGs
 Up

DEGs
 Down L vs

Veh

3dp M
+L vs
3dp M

3dp M
+L vs

L

3dp M
+L vs
Veh

Upregulated
GO BP pathways vs Vehicle

Downregulated
GO BP pathways vs Vehicle

-15000 -10000 -5000 0 5000 10000 15000

-4000

-2000

0

2000

4000

6000

8000

PC1

P
C

2

3dp MPLA
+LPS

3dp MPLA
LPS

 WT
p Irg1KO

A B

C

Principle Component Analysis Differently Expressed Genes

196

118

76

98

108

120

100

61

61

153

96

64

74

14

24

18

139

127

84

208

127

78

102

113

137

114

64

64

165

111

75

86

14

27

19

146

134

91

167

95

69

78

83

47

47

17

24

17

102

94

69

211

121

84

106

118

119

101

67

67

158

97

64

76

17

30

20

151

137

93

DNA repair
DNA replication

DNA-dependent DNA replication
double-strand break repair

DNA recombination
chromosome segregation

nuclear chromosome segregation
double-strand break repair via homologous recombination

recombinational repair
negative regulation of cell cycle

mitotic nuclear division
mitotic sister chromatid segregation

sister chromatid segregation
mismatch repair

cell cycle DNA replication
DNA replication initiation

cell cycle phase transition
mitotic cell cycle phase transition

negative regulation of cell cycle process

204

142

124

195

168

226

139

83

119

165

68

130

144

145

158

152

120

208

141

122

199

171

238

140

89

120

169

74

137

152

154

161

153

125

191

128

114

188

157

221

130

76

111

148

61

131

135

139

143

138

110

211

140

123

208

170

246

141

83

121

170

67

149

232

221

176

170

181

defense response to other organism
response to virus

defense response to virus
positive regulation of cytokine production

positive regulation of defense response
response to bacterium

regulation of innate immune response
response to interferon-gamma

positive regulation of innate immune response
regulation of multi-organism process

cellular response to interferon-gamma
response to molecule of bacterial origin

ribonucleoprotein complex biogenesis
mRNA processing

interspecies interaction between organisms
symbiont process

RNA splicing

W
T
 L

P
S

Ir
g
1K

O
 L

P
S

W
T
 3

d
p
 M

P
L
A

 +
 L

P
S

Ir
g
1K

O
 3

d
p
 M

P
L
A

 +
 L

P
S

W
T
 L

P
S

Ir
g
1K

O
 L

P
S

W
T
 3

d
p
 M

P
L
A

 +
 L

P
S

Ir
g
1K

O
 3

d
p
 M

P
L
A

 +
 L

P
S

 

Figure 25. Transcriptional Response of MPLA-treated BMDM to LPS. A) Principal Component 

Analysis of KEGG- catalogued gene expression in BMDM treated with MPLA, 4hr LPS. B) DEGs 

in BMDM. C) Up and Down regulated GO Biological Process pathways in BMDM. The top 10 most 

significant pathways of every treatment group are listed in the table. Gray boxes denote pathways that 

are not differentially regulated in that treatment group.  Numbers of DEGs are listed in the table. Color 

intensity corresponds with gene number.  
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Figure 26. Differentially regulated GO pathways in WT and Irg1 KO BMDM after LPS treatment 

alone or following MPLA treatment. The top 10 most significant pathways of every treatment group 

are listed in the table. Gray boxes denote pathways that are not differentially regulated in that treatment 

group. Numbers DEGs are listed in the table. Color intensity corresponds with gene number. 
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Itaconate contributes to MPLA-induced augmentation of P. aeruginosa killing in macrophages. The 

effect of Irg1 deletion on microbial killing by macrophages was assessed by examining the ability of 

WT and Irg1 KO BMDM to phagocytose and kill P. aeruginosa and S. typhimurium WT and 

ΔinvAspiB.  BMDM from Hps4 KO mice were included in these assessments since published reports 

indicate that itaconate can be transported into the phagolysosome via a RAB32/BLOC3-dependent 

mechanism, and that S. typhimurium is susceptible to control by RAB32/BLOC3 in the absence of 

resistance factors dependent on the type III secretion system. Bacteria were incubated with BMDM for 

15 minutes followed incubation with gentamicin-supplemented medium for 15 minutes. After washing, 

BMDM were harvested at that time point, lysed and contents were cultured on tryptic soy agar plates to 

measure viable, intracellular CFU (Figure 27A). An additional cohort of washed macrophages was 

cultured for a further 3 hours followed by harvest, lysis and culture on agar plates to measure CFU. The 

15-minute time point represents numbers of bacteria phagocytosed and the 3-hour time point provides 

data on numbers of bacteria killed during that time period. Assessment of initial bacterial load showed 

that MPLA induced phagocytosis in all three genotypes of P. aeruginosa and S. typhimurium ΔinvAspiB 

with no significant difference in phagocytic capacity observed between groups (Figure 27B,G). 

Assessment of the final 3-hour bacterial burden showed a decrease in the numbers of viable bacteria 

compared to the initial 15-minute time point in all genotypes but the numbers of remaining viable 

bacteria were significantly higher in Irg1 KO BMDM compared to WT and Hps4  KO BMDM (Figure 

27C). Additionally, Irg1 KO BMDM killed a significantly smaller proportion of the bacteria they 

phagocytosed (Figure 27D). Hps4 KO BMDM, but not Irg1 KO had increased surviving CFU at 3 

hours of S. typhimurium ΔinvAspiB after MPLA treatment relative to WT (Figure 27H). This was not 

seen in WT S. typhimurium (Figure 27F). Of note, n=2 for experiments including S. typhimurium. 
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Figure 27. Irg1, but not Hps4, contributes to acute control of P. aeruginosa infection in BMDM. A) 

In vitro killing experimental protocol. B) Initial bacterial load of BMDM measuring phagocytosis after 

vehicle or 24hr MPLA treatment. C) Bacterial load 3 hours after initial lysis timepoint, measuring the 

bacteria not killed by the BMDM during the incubation period. D) Fraction of phagocytosed bacteria 

that are killed in 3 hours. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars represent means, and 

each dot represents a biological replicate (panels A, B, and D), and all technical replicates of 5 

independent experiments (B-C). Statistical analyses were performed using biological replicate average 

values as inputs even when technical replicates are displayed. 
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To determine if differences in killing capacity were due to lysosome acidification, BMDM were 

challenged with 1μm polystyrene beads and LPS as a noninfectious challenge that would induce 

phagolysosome formation. Chloroquine treatment eliminated acidified compartments as detected by 

LysoSensor, and there were no differences in lysosomal acidification between Irg1 KO and WT BMDM 

with and without MPLA treatment (Figure 28).   
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Figure 28. Lysosome acidity is not impacted by MPLA treatment or by itaconate production. A) 

GFP signal from BMDM challenged with LPS and plastic beads. B) GFP signal and transmitted light 

micrograph from WT 3dp MPLA BMDM treated with chloroquine to quench lysosome acidity. C) 

Average lysosome area/cell. D) Average lysosome acidity. Bars represent means, and each dot 

represents a biological replicate. 
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The antimicrobial effects of itaconate are pH-dependent and augmented by reactive oxygen species. P. 

aeruginosa was cultured in rich media broth with escalating concentrations of itaconate at neutral (pH 

7) and acidic (pH 5) pH as well as with escalating concentrations of H2O2 (Figure 29). Itaconate 

inhibited growth of P. aeruginosa growth in broth at pH 5 but not pH 7 in a concentration-dependent 

manner (Figure 29A). Inhibition of P. aeruginosa growth by itaconate was augmented by H2O2 in a 

dose-dependent manner (Figure 29B).  
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Figure 29. Itaconate inhibits P. aeruginosa growth at pH 5 and in cooperation with H2O2. A) 

Representative P. aeruginosa growth curve with multiple concentrations of itaconate at either pH 5 or 

pH 7, left. Time to reach OD of 1.0 of all wells from 2 independent experiments, right. B) 

Representative P. aeruginosa growth curves at pH 5 with multiple concentration of itaconate alone or 

combined with hydrogen peroxide, left. Time to reach OD of 1.0 of all wells from 2 independent 

experiments, right. 
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4.4 Discussion 

 
Treatment with TLR agonists and other pathogen-associated molecular patterns (PAMPs) induces a 

state of augmented innate antimicrobial immunity that has been termed innate immune memory (20, 39, 

40, 208). However, the precise mechanisms behind this phenomenon remain unclear. In our study, we 

observed an increase in itaconate levels at the site of infection in mice treated with the TLR4 agonist 

MPLA that corresponded with enhanced clearance of P. aeruginosa. Ablation of itaconate production 

by knockout of Irg1 reversed the augmented antimicrobial phenotype. These results suggest that 

itaconate production plays a role in the MPLA-induced clearance of P. aeruginosa in vivo. Moreover, 

we discovered that MPLA-treated macrophages produce significant amounts of itaconate, which 

facilitates microbial killing in a pH-dependent manner, boosted by reactive oxygen species (ROS). 

These findings support the conclusion that itaconate contributes to innate immune memory by 

mediating bacterial killing through both intracellular and potentially extracellular mechanisms.  

Confirming our previously published findings, we observed that MPLA increased the phagocytic 

capacity and respiratory burst activity in macrophages. Interestingly, neither phagocytosis nor 

respiratory burst was affected by knockout of Irg1. However, as noted above, the ability of MPLA-

treated macrophages to kill P. aeruginosa was compromised by Irg1 deletion. Our results suggest that 

itaconate and ROS may be working synergistically to enhance microbial killing in memory 

macrophages, given the increased respiratory burst activity in MPLA-treated macrophages and the role 

of ROS in augmenting the antimicrobial effects of itaconate. Furthermore, we found evidence 

suggesting that these antimicrobial effects are being mediated within the phagolysosome. This is 

supported by our observation that itaconate effectively inhibits P. aeruginosa growth at pH 5, a 

characteristic of the intra-phagolysosome environment, but not at pH 7. We further observed that 

phagocytosed P. aeruginosa are nearly completely killed by chloroquine, which concentrates in the 

acidic environment of the phagolysosome. The utilization of itaconate in lysosomes aligns logically 

with the fact that weak acids exhibit their antimicrobial effects most effectively in acidic environments. 

In acidic environments, organic acids exist predominantly in a protonated form, allowing them to 

diffuse into bacterial cells. Upon dissociation inside the cell, the resulting anion can induce acid stress 

and exhibit anion-specific inhibitory effects. This phenomenon has practical applications, such as in 

food preservation(119)  and topical control of P. aeruginosa infections (217). 

Lysosome function has yet to be explored in the innate immune memory field, despite their critical role 

in the antimicrobial response (218, 219).Effective lysosome function is critical not only for killing 

intracellular bacteria but also for clearing bacteria from the extracellular space, due to bidirectional 

signaling between lysosomes and phagocytosis (220, 221). We hypothesized that itaconate exerts its 

antimicrobial effects against P. aeruginosa within the phagolysosome via RAB32/BLOC3-facilitated 

transfer from the mitochondria. Itaconate has been shown to be present at concentrations that inhibit S. 

typhimurium growth in Salmonella-containing vacuoles dependent on RAB32/BLOC3-mediated 

transport (67). However, we observed that Hps4 KO mice showed no impairment in P. aeruginosa 

clearance in vivo, and deletion of Hps4 did not affect the ability of MPLA-treated macrophages to kill 

P. aeruginosa. Although we did not find BLOC3 to be important for killing this strain of P. aeruginosa 

under these conditions, RAB32/BLOC3 has been shown to be important for control of S. aureus and B. 

pseudomallei infection. Therefore, further investigation is necessary to determine whether the 

RAB32/BLOC3 transport mechanism plays a role in killing other organisms against which MPLA 

provides protection (123, 128). Surprisingly, control of S. typhimurium ΔinvAspiB depended on Hsp4, 

but not Irg1, at 3 hours. However, this data is preliminary due to low sample size (n=2) and more 

studies should be done to make a confident conclusion.  

We observed the accumulation of extracellular itaconate at the site of infection in mice treated with 

MPLA, as well as in conditioned media from MPLA-treated macrophages. These findings suggest that 

itaconate may have the ability to mediate microbial killing in the extracellular environment. While 
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further research is needed to fully investigate this mechanism, our study shows that itaconate is most 

effective at impacting bacterial growth at a pH of 5 or below. Notably, the pH of abscesses typically 

falls within the range of 6.5 - 7, a pH range that does not promote itaconate-mediated killing of P. 

aeruginosa(222). However, other studies have indicated that extracellular itaconate can be taken up by 

neutrophils and epithelial cells, potentially enabling these cells to utilize itaconate to facilitate microbial 

killing (223). 

Our P. aeruginosa infection models were conducted using a single bacterial strain and were acute, 

lasting 6 hours in vivo and 3.5 hours in vitro. Under these conditions, itaconate production exhibited 

antimicrobial properties. However, it is important to recognize that there are other conditions in which 

itaconate can actually promote P. aeruginosa growth. P. aeruginosa, as well as other microbes, can 

metabolize itaconate into succinate and pyruvate, using it as a carbon source (101, 103) Riqeulme et al 

demonstrated that clinical isolates of P. aeruginosa from patients with chronic infection have adapted to 

utilize itaconate as a growth substrate, whereas isolates from acute infections do not (104). Another 

study suggests a temporal relationship between increased host Irg1 expression and increased itaconate-

degradation gene activity in the P. aeruginosa colonizing burn wounds, indicating the ability of bacteria 

to adapt to use itaconate soon after its production in a clinical setting (224). Studies using clinical 

isolates of S. aureus from patients with cystic fibrosis demonstrate that itaconate shifts metabolism 

towards extracellular polymeric substances and biofilm formation (107). Given our observation that 

MPLA induces itaconate accumulation in macrophages, which can be further induced by subsequent 

LPS challenge, it is plausible that itaconate is effective against P. aeruginosa if already present in 

macrophages or if its formation is rapidly catalyzed from preexisting IRG1 or readily accessible Irg1 

mRNA. The therapeutic potential of itaconate against P. aeruginosa or other pathogens would most 

likely be as a prophylactic agent.  It is also important to note that the modest increase in macrophage 

killing of P. aeruginosa (about 2-fold) after Irg1 ablation does not fully account for the 100-fold 

difference observed in vivo. Further investigation into the bacterial killing capacity of Irg1-deficient 

neutrophils or other cell types may help elucidate these differences. 

Itaconate has been reported to have anti-inflammatory effects (78). We did not find that Irg1 deletion 

impacted systemic cytokine production during P. aeruginosa infection in vivo. High concentrations of 

plasma cytokines were observed in vehicle-treated WT mice after P. aeruginosa challenge, whereas 

plasma cytokines levels were markedly lower in mice treated with MPLA. Interestingly, there were no 

differences in plasma cytokine production between vehicle- or MPLA-treated mice when comparing 

WT and Irg1 KO mice. As noted in our previous publications, the reduced cytokine production 

observed in MPLA-treated mice likely reflects more efficient clearance of bacteria at the site of 

infection, resulting in lessened systemic cytokine production. Other studies assert that itaconate 

contributes to innate immune tolerance, as demonstrated by decreased pro-inflammatory cytokine 

secretion in response to LPS (5, 225). Those studies were performed using isolated human monocytes 

treated with exogenous dimethyl itaconate or 4-octyl itaconate and are consistent with findings 

demonstrating an anti-inflammatory effect for itaconate. Our RNAseq studies using BMDM support 

these observations. Treatment of WT BMDM with MPLA caused a marked decrease in LPS-induced 

gene expression, consistent with induction of endotoxin or innate immune tolerance. However, this 

suppression of gene transcription caused by MPLA treatment in WT BMDM was not observed in Irg1 

KO BMDM. That observation is consistent with a study reporting the induction of endotoxin tolerance 

by exogenous itaconate via induction of A20 (226). Taken together, these findings support the 

conclusion that both endogenous and exogenous itaconate exert anti-inflammatory effects on cultured 

monocytes and macrophages.  Our published studies have shown that treatment with MPLA induces a 

metabolic phenotype in BMDM characterized by sustained increases in glycolytic and oxidative 

capacity (39, 40). In a hallmark itaconate study, Cordes and colleagues demonstrated that both 

endogenous and exogenous itaconate cause succinate accumulation in macrophages via inhibition of 

succinate dehydrogenase (SDH), and exogenous itaconate decreases maximum uncoupled OCR (65). 

Additionally, itaconate is known to inhibit aldolase, a glycolytic enzyme (82). Since itaconate 

accumulates in BMDM after MPLA treatment, we expected further increases in glycolysis and 

oxidative metabolism in Irg1 KO BMDM. However, we saw decreased ECAR or OCR when 
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comparing WT and Irg1 KO BMDM three days post-MPLA treatment, a time when itaconate is still 

present but past its peak response. Assessment of individual metabolites showed induction of lactate 

accumulation in MPLA-treated BMDM in both groups. Minimal accumulation of citrate and αKG was 

observed in WT BMDM after MPLA treatment, but accumulation of citrate was increased in Irg1 KO 

BMDM, likely due to ablation of downstream itaconate production. Furthermore, MPLA induced 

accumulation of succinate in WT BMDM, which was decreased in Irg1 KO BMDM, consistent with the 

ability of itaconate to inhibit SDH. The functional significance of SDH inhibition in our model remains 

unclear, but studies have shown that inhibition of SDH in the electron transport chain (complex II) can 

facilitate reverse electron transport and the generation of mitochondrial ROS. This is an important topic 

for future investigation. 

 

Assessment of substrate utilization via 13C-labeled glucose showed that approximately 50% of itaconate 

was produced from the glucose tracer. This suggests that approximately half of the itaconate was 

synthesized from other carbon sources, most likely originating from glutamine and other amino acids. 

Previous tracer studies have demonstrated that glutamine can serve as a carbon source for itaconate 

biosynthesis via isocitrate dehydrogenase conversion of αKG to isocitrate in LPS-activated 

macrophages.(65) Of the glucose-derived itaconate, the most abundant labeled itaconate isotopologue 

was M1. Other previous tracer studies have shown that pyruvate dehydrogenase conversion of M3 

pyruvate to M2 acetyl-CoA is the origin of M1 itaconate (227).  M3 and M4 isotopologues could 

originate from either pyruvate or acetyl-CoA entering the TCA cycle through pyruvate carboxylase or 

citrate synthase, respectively (227).  

Approximately 60% of αKG and 80-90% of succinate and malate were derived from unlabeled carbon, 

indicating that these metabolites are primarily synthesized from non-glucose substrates. Based on our 

prior metabolic flux studies, it is likely that glutamine serves as the primary carbon source for these 

metabolites. Overall, the data indicate that glucose carbon is preferentially routed into itaconate 

production and diverted away from downstream TCA cycle metabolites. 

There is compelling evidence suggesting that 4 octyl itaconate, but not native itaconate, activates NRF2 

(78). However, we did not find that NRF2 contributes to the memory phenotype in our model in vivo. 

Exogenous itaconate was not included here because administering it exogenously may not mimic the 

trafficking of endogenously produced itaconate from the mitochondria through the cell. Deletion of 

NRF2 did not attenuate MPLA-induced augmentation of microbial clearance. In fact, there was a trend 

towards further augmentation of the antimicrobial phenotype.  

In summary, MPLA induces Irg1 expression and itaconate production in murine BMDM and increases 

the itaconate produced at the site of subsequent infection. Itaconate increases P. aeruginosa clearance in 

vivo and in macrophages in vitro. Itaconate directly inhibits P. aeruginosa growth in a phagolysosome-

like environment, an effect that is augmented by reactive oxygen species. In addition to these clearance 

and killing effects, MPLA-induced itaconate appears to impact global metabolism, TCA cycle function 

and gene transcription. This study adds to our knowledge on the complex interactions between host 

derived-itaconate and pathogens and mechanisms driving MPLA-induced protection against infection.  
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Chapter 5 
 

Conclusions and Future Directions 
 

5.1. Innate Immune Memory 
 

5.1.1. Differentiation, Priming, Tolerance, and Training 
 

Innate immune memory is a broad term that encompasses many mechanisms and types of responses. 

Any innate immune response to secondary stimulus that is different in quality or magnitude to the 

response given to the primary stimulus is a memory response. More specific terms, as clearly described 

by Divangahi and colleagues, are defined based on whether or not the cell returns to baseline between 

stimuli, and if the secondary primary response is larger: differentiation, priming, tolerance, and training 

(4). The other critical descriptive component of the types of memory is the endpoint by which the 

response is defined. Cytokine responses are often used as the primary readout to define a trained 

response. While cytokine responses are an important part of coordinating the innate immune response 

and are informative, a trained cytokine response does not necessarily mean that pathogen clearance will 

be improved (5). I commonly receive questions about if MPLA (or β-glucan) is a training or tolerizing 

molecule during presentations. The answer is complicated because it falls into different buckets 

depending on the endpoint, and naturally, depending on the time between primary and secondary 

stimuli. For example, MPLA tolerizes proinflammatory cytokine production, but β-glucan trains 

proinflammatory cytokine production 3 days post treatment in macrophages in vitro. MPLA and β-

glucan both train P. aeruginosa clearance in vivo after 2 consecutive days of treatment. MPLA and β-

glucan induce memory responses on a global transcriptional level somewhere between priming and 

tolerance in macrophages in vitro 3 days post treatment where the secondary stimulus is LPS (208). 

Chapter 3 highlighted how fine mechanistic differences in the memory responses to these molecules 

converge to a very similar in vivo response. Another group has shown that β-glucan treatment when 

given simultaneously to LPS treatment reduces Irg1 transcription in response to LPS in human 

monocytes and macrophages, and that based on exogenous itaconate-derivative supplementation, 

itaconate suppresses training and encourages tolerance (as measured by cytokine production) (228). 

Given the different endpoints, memory-inducing stimuli, and the contribution of data using itaconate 

substitutes, it is completely possible that itaconate promotes innate immune training as measured by 

bacterial clearance and innate immune tolerance as measured by cytokine production. I recommend 

specific language is used regarding induction of tolerance, priming, or training when discussing innate 

immune memory. All patterns of innate immune memory may be useful clinically. 

5.1.2. Central and Peripheral Contributions to Innate Immune Memory 
 

We have shown that adoptive transfer of treated macrophages recapitulates the antibacterial phenotype.  

Adoptive transfer of macrophages 3 days post 24 hour treatment with β-glucan improves clearance of P. 

aeruginosa relative to adoptive transfer of unstimulated macrophages (20). Our group has shown that 

adoptive transfer of macrophages treated for 24hr without additional rest period improves survival of 

mice infected 1 day later with S. aureus (40). The P. aeruginosa clearance-enhancing effects of in vivo 

β-glucan injections last between 7 and 14 days, and MPLA lasts between 10 and 15 days (5). MPLA 

causes neutrophils to traffic from the bone marrow to blood (229). MPLA, but not β-glucan, increases 

bone marrow monocyte abundance after 2 days of injections (208). We are yet to demonstrate that bone 

marrow from a MPLA or β-glucan treated mouse generates macrophages with increased antimicrobial 

functions in vitro, or that adoptive transfer of bone marrow from an MPLA or β-glucan treated mouse 

into a naïve mouse increases protection against infection. Bone marrow hematopoietic stem cell 

progenitors have been identified to be a source of memory responses (230). These experiments would 



80 

 

 

 

help to contextualize the innate antimicrobial memory responses we see with β-glucan and MPLA 

within the broader field.   

5.1.3. Establishing the Time Course and Compartments of Itaconate Importance in 

Memory Responses 
 

In Chapter 4, I demonstrated that when given in the 2 days prior to infection, MPLA depended partially 

on itaconate for controlling an acute intraperitoneal P. aeruginosa infection. In order to fully understand 

itaconate in MPLA-induced memory responses, additional experiments are needed. It is important to 

understand how long after MPLA-treatment the presence of Irg1 is important for infection control. In 

addition to extending the time between treatment and infection, I am interested in extending the 

infection time, allowing time for P. aeruginosa to potentially adapt to the itaconate stress. I hypothesize 

that itaconate is not required for MPLA protection against subacute P. aeruginosa infection because the 

P. aeruginosa growth may recover after a few hours. Infections with different strains that encode the 

itaconate degradation pathway would also provide valuable information. As described above, the 

importance of itaconate, especially in the bone marrow, could be assessed via adoptive transfer models, 

and are important for contextualizing this work. If the dependence on itaconate production persists for 

longer than itaconate is acutely present, bone marrow progenitor reprogramming likely plays a role. 

5.2. Assessing Mechanisms of Bacterial Clearance 
 

The central questions that caught my attention in both the projects presented in Chapters 3 and 4 were 

“How are MPLA and β-glucan treatments resulting in the same magnitude of P. aeruginosa clearance 

despite different effects on macrophage antimicrobial functions in vitro?” and “Why do mice without 

itaconate clear fewer P. aeruginosa than WT mice?” To answer these questions, the most essential 

questions are “How many and what type of immune cells are at the site of infection?” and “How 

proficient are these immune cells at removing bacteria?” Β-glucan and MPLA induced similar cell 

populations in the peritoneal cavity and so did MPLA treatment in WT and Irg1 KO mice. For this 

reason, it was critical to understand if the Irg1 KO immune cells were less capable of removing 

bacteria. 

We utilized gentamicin protection assays for this purpose.  In Chapter 3, the ability of macrophages to 

phagocytose bacteria was calculated by measuring the bacteria in the supernatant and subtracting this 

value from the total inoculum. Intracellular bacteria burden was measured by lysing macrophages 1 

hour later. This data was challenging to interpret, since low intracellular bacteria could result from low 

phagocytosis or from high killing capacity. In Chapter 4, I used a refined protocol in which a minimal 

gentamicin incubation time allowed for an initial lysis point and a much later time point, which 

provided more concrete data on phagocytosis and killing over time.  We found that MPLA treatment did 

increase the total bacteria that BMDM killed. The mechanism, however, was not that MPLA treatment 

were efficient at killing bacteria, but rather that they just phagocytosed more. The proportion of 

phagocytosed bacteria that were killed did not increase with MPLA treatment. Understanding the effect 

of β-glucan on this process is underway by others in our laboratory. This readout is an uncommon, but 

extremely informative endpoint to report in the innate immune memory field. What found using this 

assay in Chapter 4 was a mild decrease in killing efficiency in MPLA-treated Irg1 KO BMDM. Though 

significant, it does not account for the difference in clearance in vivo.  

5.3. Mechanism of P. aeruginosa Inhibition 
 

In chapter 4, I found that like Salmonella, P. aeruginosa growth is inhibited by itaconate in acidic 

environments. A limitation of this study was that only a single P. aeruginosa strain was used. 

According to the genome for this strain published by ATCC, it does encode isocitrate lyase, but none of 

the genes from the itaconate degradation pathway (231). (4) Growth curves in response to itaconate 

were conducted in TS broth, a chemically undefined media. To understand how itaconate inhibits the 

growth of this particular strain of P. aeruginosa, studied in chemically defined media would be 
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important. Additionally, follow up studies on the surviving bacteria could be done to determine how the 

strain is adapting to itaconate exposure. I suspect that growth curves are recovering due to upregulation 

of acid response, such as those orchestrated by RclR, present in the genome of the strain used in this 

study, which could protect bacteria from the influx of weak organic acid (231, 232).(4, 5)Since this 

strain does not encode the itaconate utilization pathway, I do not suspect it is adapting to metabolize the 

itaconate in the media. It would be helpful to measure itaconate in the media to confirm this.  
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5.4. Closing Summary 
 

Treatment with microbial products, including MPLA and β-glucan, conditions innate immunocytes to 

respond robustly to subsequent infection, a phenotype termed innate immune memory. Our published 

studies show that metabolic reprogramming of macrophages is a prominent feature of the memory 

phenotype. Studies were undertaken to examine the effect of each of molecule on macrophage function 

and metabolism and to relate these findings to how they enhance the overall antimicrobial response in 

mice. Broadly speaking, the impact of MPLA on macrophages in vitro was greater in magnitude than 

that of β-glucan, though the impact of MPLA and β-glucan pretreatment on mouse resistance to P. 

aeruginosa infection was equivalent (Figure 30). A notable difference between the two molecules was 

that MPLA more strongly induced expression of IRG1 and accumulation of its byproduct, the TCA 

cycle itaconate, in macrophages. The contribution of Irg1 to MPLA-induced memory was further 

assessed. Treatment with MPLA enhanced microbial clearance in wild type (WT), but not Irg1-

deficient, mice, demonstrating that itaconate contributes to the antimicrobial phenotype in vivo. 

Treatment with MPLA equally augmented innate leukocyte recruitment, phagocytosis, respiratory burst 

and cytokine responses in WT and Irg1-deficient innate leukocytes after infection. However, the ability 

of Irg1-deficient macrophages to kill P. aeruginosa was mildly impaired. Itaconate was directly 

antimicrobial against P. aeruginosa at pH 5, which is characteristic of the phagolysosome, and was 

facilitated by reactive oxygen species. RNA sequencing revealed suppressed transcription of genes 

associated with phagolysosome function in Irg1 deficient macrophages (Figure 30). In both studies, 

what I saw in vitro in macrophages did not fully explain the response to infection in vivo, and studies on 

additional cell types are needed.  

This dissertation increased our knowledge of mechanisms behind microbial product-induced protection 

against infection and investigated the role of itaconate in MPLA-induced protection against. P. 

aeruginosa infection. The relationship between itaconate and pathogens is complex. Though I 

demonstrated that itaconate was antimicrobial in an acute P. aeruginosa infection, in different 

conditions, it promotes bacterial growth. This story exemplifies how pathogens and eukaryotic immune 

cells interact and adapt to each other. Microbial products increase antimicrobial responses of immune 

cells, and antimicrobial molecules that innate immune cells produce can promote growth of some 

pathogens. It is critical to keep studying these interactions to guide evolution of our antimicrobial 

strategies, since pathogens are doing the same much faster.  
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Figure 30. Closing Summary. Chapter 3 (top) and Chapter 4 (bottom).  
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