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Abstract 

Tuberculosis (TB) has been the biggest infectious killer in the world in the last decade 

and young children are among the most vulnerable groups. Mycobacterium 

tuberculosis (Mtb), the bacteria that causes TB, is phagocytosed by macrophages. 

Macrophages can mount an effective immune response and kill the intracellular 

bacteria, or, in certain circumstances, the macrophage response is suboptimal and 

allows intracellular bacterial growth, causing active TB disease. The Warburg effect, 

defined as increased glycolysis and decreased oxidative phosphorylation (OXPHOS), 

occurs in murine macrophages following lipopolysaccharide (LPS) stimulation and is 

required for activation. It was hypothesised that immunometabolic responses in human 

macrophages are different to murine responses and that umbilical cord derived 

macrophages have an altered immunometabolic response compared with adult 

macrophages, which may make infants and children particularly vulnerable to TB.  

The Warburg effect was demonstrated in adult monocyte derived macrophages (MDM) 

immediately in response to stimulation with LPS or Mtb. Cord blood MDM however did 

not decrease OXPHOS. At 24 hours post stimulation, glycolysis remains elevated in both 

adult and cord blood MDM, however LPS stimulated adult MDM have increased 

OXPHOS. Cord blood MDM secreted less TNF following Mtb stimulation and more IL-6 

following LPS stimulation compared with adult MDM.  

The effects of IFN-γ or IL-4 on human macrophage immunometabolic phenotype and 

function were investigated. IFN-γ increased glycolysis and OXPHOS and IL-4 resulted in 

a marked decline in glycolysis. IFN-γ equalised cord and adult TNF production in 

response to Mtb. IL-4 caused a decrease in IL-1β production in both adult and cord 

MDM stimulated with Mtb. A consequence of increased glycolysis is an increase in 

extracellular lactate. The addition of exogenous lactate was found to have an immediate 

effect on metabolism, causing a decrease in glycolysis and an increase in OXPHOS. 

Lactate significantly reduced the concentrations of TNF and IL-1β produced by human 

macrophages in response to Mtb. In addition, lactate significantly improved bacillary 

clearance in human macrophages infected with Mtb.  

These data indicate that key differences exist in the kinetics of the immunometabolic 

response to stimulation in human macrophages compared with that which is 

established in the literature in mice. Furthermore, adult and cord blood macrophages 

exhibit distinct immunometabolic function upon stimulation which may underlie their 

differential ability to respond to infection. These data may help to inform therapeutic 

strategies for host-directed therapies for TB. 
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Lay Abstract 

Tuberculosis (TB) is one of the biggest infectious killers in the world. There is a far higher 

chance of a baby getting TB disease following exposure to the bug than an adult. Babies 

tend to get more severe disease, often spreading outside the lungs. This research aims 

to figure out the reasons behind these differences. Blood samples from adults and from 

the placental umbilical cord immediately following birth were collected and  the 

immune cells that fight TB infection, called macrophages, were examined.   

New research has shown the importance of metabolism, or the way that cells use 

energy, in generating an appropriate immune response in order to fight infection. 

Previous research was mostly done in mouse cells and the human responses are poorly 

understood. The research presented here sheds new light on how metabolism in human 

macrophages alters during an immune response. Human cells change their metabolism 

very rapidly after TB exposure. Some of these changes are reversed 24 hours later; the 

time point at which much of the previous mouse studies were performed. Baby immune 

cells respond differently to adult cells in how they use oxygen for metabolism. They also 

make less pro-inflammatory messenger molecules after exposure to TB.  

Another aspect of this research was to examine how metabolism of human 

macrophages is altered by signals from priming messenger molecules that are increased 

in infection. Macrophages increase their use of oxygen and glucose in response to an 

activating signal and decrease their glucose use in response to an anti-inflammatory 

signal. By understanding how these processes occur, therapies that manipulate these 

changes can be developed. Finally, the effect of lactate, a product generated in the body 

when macrophages are activated, was found to have an immunosuppressive effect on 

macrophages and to increase their ability to kill tuberculosis. This indicates that lactate 

may have potential as a medical therapy. 
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Hypothesis  

 
It was hypothesised herein that the difference in clinical phenotype seen between 

adults and newborns following exposure to Mtb is a result of underlying differences in 

macrophage metabolic and functional responses. Polarisation with IFN-γ or IL-4 has 

been shown to produce a distinct metabolic pattern in murine bone marrow derived 

macrophages (BMDM) and it was hypothesised that the immunometabolic pattern in 

human MDM in response to polarisation with IFN-γ or IL-4 would be distinct from the 

murine model. The glycolytic shift that is induced by macrophage activation results in 

increased lactate secretion and it was hypothesised that this molecule would have a 

direct immunometabolic effect on surrounding MDM. 

 

Aims 

• Directly compare the immunometabolic profile of adult and cord blood 

macrophages in response to stimulation with Mtb or LPS. 

 

• Examine the phenotypic differences of macrophages differentiated from adult 

and cord blood after IFN-γ or IL-4 polarisation. 

 

• Examine the effect of exogenous lactate on the immunometabolic profile of 

adult and cord blood macrophages and the effect on the ability of adult 

macrophages to kill Mtb. 
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Value of Research 

This research presents a number of novel findings that help explain the differences in 

murine and human macrophage models of immunometabolism and is the first to show 

kinetic differences in immunometabolic responses in humans in response to 

Mycobacterium tuberculosis (Mtb) or lipopolysaccharide (LPS). In order to develop host 

directed therapies targeting metabolism a clear understanding of the basic science in 

human systems is required. Macrophages from umbilical cord blood have a different 

metabolic response to Mtb or LPS stimulation compared to adults and this may explain 

the fundamental vulnerability of infants to TB or other infections. The data presented 

in Chapter 3 has been published in an Open Access journal, ensuring that these 

discoveries can influence the scientific community at large and are accessible to the lay 

community who have supported this research through the National Children’s Research 

Centre.  

Macrophage polarisation occurs in multiple disease states, from atherosclerosis to 

cancer and the research in Chapter 4 reveals the profound changes that occur in human 

macrophage metabolism following exposure to IFN-γ or IL-4. The methods described in 

this work result in distinct immunophenotypes between Mtb, LPS, IFN-γ or IL-4 treated 

human macrophages and could be the framework to standardise methodology in this 

complex and overlapping field and to identify new targets for metabolic manipulation 

in these disease states. 

The research on the effect of lactate on macrophage metabolism adds value to the 

immense potential of host directed therapy for TB. In active TB disease the 

mycobacteria are replicating and the inflammatory response damages the lungs, both 

of which were improved in this experimental model.  
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Chapter 1 Introduction 
  

1.1.1 Tuberculosis 

Tuberculosis (TB) has plagued humankind for millennia1. Prior to the Sars-CoV-2 

pandemic, TB was the single biggest infectious killer in the world, killing 1.4 million 

people in 20192. The coronavirus pandemic has restricted access to healthcare, 

interrupted treatment regimens and placed untold burdens on struggling healthcare 

systems. The impact of this on the incidence of TB has yet to be fully borne out, but 

emerging evidence indicates that less cases are being diagnosed and appropriately 

treated, which the World Health Organisation (WHO) estimate will result in an extra 

400,000 TB deaths annually2–6. Although progress has been made over the last number 

of decades, the decrease in the incidence of TB was just 9% between 2015 and 2020 

which fell far short of the WHO’s End TB Strategy that aimed to achieve a 20% reduction 

in the same timeframe7.  

 

Tuberculosis in adults is primarily a pulmonary disease, with the classical symptoms of 

cough, haemoptysis, weight loss, fever and night sweats8 occurring as the immune 

response damages pulmonary tissue in its efforts to control the bacterial growth9–11. TB 

can disseminate from the lung and cause disease in any organ system, known as extra-

pulmonary TB, and this occurs in ~15% of cases2,12. TB is caused by Mycobacterium 

tuberculosis (Mtb), a small, slow growing, acid fast bacilli, first described by Koch in 

188213. It is primarily spread through respiratory contact, with infected people coughing 

bacilli in to their surrounding environment where they are then inhaled by the next 

potential host14. The mycobacteria then must traverse the physical barriers of the host 
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to infection, such as the mucosal airway barrier and secretory IgA, until it reaches the 

alveolus15. There the bacilli encounters the innate immune system and it is ingested by 

the alveolar macrophage. The disease process at this stage can take one of three 

potential avenues (Figure 1.1). The macrophage can clear the mycobacteria and the 

threat is immediately removed. Alternatively, the macrophage can ingest the bacilli but 

fail to kill the Mtb as the micro-organism subverts the immune response. This can either 

lead to uncontrolled infection which will lead to active disease within months of 

exposure or result in a further immune response which will halt the growth of Mtb16. 

This immune response and the cellular network that surrounds the macrophages 

infected with mycobacteria is called a granuloma, which keeps the mycobacteria in 

stasis17,18. This is the most common outcome after exposure to tuberculosis and it is 

known as latent TB infection. A disastrous example of these three potential outcomes 

occurred in 1926 in Lübeck, Germany, when 251 newborns were administered live Mtb 

erroneously instead of the avirulent Bacillus Clamette-Guérin (BCG) vaccine strain. 77 

died, 127 had radiographic evidence of disease and 47 showed no evidence of 

tuberculosis19. 

 

Approximately 1.7 billion people, about a quarter of the world’s population, are 

estimated to have latent TB20,21. The risk of the mycobacteria reactivating and causing 

TB disease is about 5-10% over a lifetime but that risk is increased by a number of 

factors such as HIV infection22,23, smoking24–26, diabetes27,28, immunosuppression from 

biologic agents such as TNF blockers29,30 and older age31. 
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Breakthroughs in TB disease management in the 1950s, with widespread access to 

radiological screening32, the development of new drugs and the realisation that 

resistance quickly emerged on single drug regimens33,34, allowed successful campaigns 

to reduce TB incidence. Little has changed in the first line treatment for TB since then, 

with a 4 drug regimen transitioning to a 2 drug regimen for many months being the 

standard of care35. The widespread use of the BCG vaccine, which is 100 years old in 

2021, also played a role in the reduction of disease, particularly in preventing TB 

meningitis and disseminated disease in children36–38. The emergence of resistance to 

multiple drugs and the increase in TB seen in people living with HIV has raised the profile 

of a disease that had fallen from the public consciousness.  

 

Multi-drug resistance (MDR) TB is defined as Mtb that is resistant to at least Rifampicin 

and Isoniazid, the two most potent anti-TB drugs, and it is considered a global health 

emergency39. It is estimated that there were over 200,000 cases of MDR TB diagnosed 

worldwide in 2019, a 10% increase from the previous year2. Infections with these 

resistant strains result in increased morbidity and mortality and may require years of 

treatment with numerous, toxic and costly medications40–42. 

 

1.1.2 TB in children 

TB in children is underdiagnosed and undertreated43. In 2019, an estimated 12% of total 

TB cases occurred in children under 15 years of age but this group accounted for 16% 

of mortality, suggesting problems with accessing appropriate medical care2. TB is in the 

top 10 causes of death for children under 5 years of age44. Part of this reason is that 

children are less likely to have the classical symptoms that would prompt appropriate 
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investigations and they are more difficult to diagnose as they rarely produce sputum, 

the sample on which diagnosis is often made45. Children also have a fundamental 

susceptibility to TB infection, particularly those under the age of 2 years. In the pre-

treatment era, children under the age of 5 had a mortality of ~45% while those aged 5-

14 had a mortality rate of 15%, similar to adults44,46. Following exposure, a child is more 

likely to get active disease than an adult (~50% versus ~10%) and is more likely to have 

disseminated disease, particularly TB meningitis47–49. The time of highest vulnerability 

is in the neonatal period, as evidenced by outbreaks in nursery settings and data from 

the pre-treatment era50,51.  

 

In order for the admirable goals of the WHO’s End TB campaign to be met, 

understanding of the fundamental disease processes which result in the death of over 

1 million people every year need to be improved. The majority of adults and about half 

of children do not develop active disease when exposed to this ancient pathogen. If the 

differences in immune response are better appreciated, this could pave the way to 

improved treatment and adjunctive host directed therapies in the effort against TB52–

54. 
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Figure 1.1 Possible fates in the natural history of tuberculosis infection. 
This schematic represents the 3 potential outcomes following exposure to 
Mycobacterium tuberculosis. From left; Mycobacterial clearance where the innate 
immune system is able to clear the infection with no evidence of illness, persistent 
infection or adaptive immune responses; active disease which occurs 4-6 weeks after 
exposure resulting in clinical disease and possible disseminated disease as shown in the 
chest x-ray; latent infection where a granuloma is formed and the patient may test 
positive on interferon gamma release assay (IGRA) or purified protein derivative (PPD) 
or show signs of granuloma on chest x-ray (CXR). 
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1.1.3 The immune response to tuberculosis 

The immune response to Mtb is multi-faceted, involving many aspects of the innate and 

adaptive arms of the immune system. A variety of pathogen recognition receptors (PRR) 

such as Toll-like receptors (TLRs), C-type lectin receptors (CLRs) such as the mannose 

receptor, and Nucleotide-binding oligomerization domain (NOD) -like receptors (NLRs) 

play a role in the recognition of Mtb by the host55 and are present on airway epithelial 

cells56 and alveolar macrophages. Lipoarabinomannan, which is an integral part of the 

cell wall of Mtb and is involved in intracellular survival, is recognised by TLR2. TLR2 also 

recognises a Mtb lipoprotein as a heterodimer with TLR655. These TLR signals are 

transduced through MyD88 and nuclear transcription factor-kB (NF-kB) transcription, 

promoting tumour necrosis factor (TNF) amongst other inflammatory cytokines57–59. 

Heat shock protein, which is secreted by a number of Mtb species, activates TLR4 

inducing IL-1β production60. Stimulation of the endosomally located TLR8 and TLR9, 

which are able to detect intraphagosomal Mtb, causes NF-kB activation and production 

of type 1 interferons61. Polymorphisms in TLR signaling have been shown to increase 

susceptibility to TB, highlighting their importance in immune responses to Mtb62–65. 

 

C-type lectin receptors are a family of PRRs that recognise various ligands of Mtb. Of 

note for this work is the macrophage mannose receptor (MMR), which binds mannose-

capped lipoarabinomannan on the Mtb cell wall and induces phagocytosis. Activation 

of MMR may be beneficial to Mtb as it has been shown to decrease phagosome 

maturation and increases production of anti-inflammatory cytokines such as IL-10 and 

IL-1R antagonist55,66. In keeping with this, MMR expression is associated with an 

alternatively activated “M2”-like phenotype.  



 7 

NOD2 is an intracellular PRR that recognises bacterial peptidoglycan and 

muramyldipeptide in the mycobacteria cell wall67. It has been found to mediate 

induction of IL-1β, TNF and IL-6 and to induce the accumulation of autophagy proteins67. 

NOD2 activation also synergizes with specific TLR pathways, increasing TNF 

production68. The stimulation of cytokine production by Mtb is significantly impaired in 

individuals with NOD2 mutations69. A consequence of PRR engagement by the host 

macrophages is the myriad of cytokines produced. TNF, IL-1β, IL-6 and IL-10 are 

amongst the most studied cytokine in TB infection in humans70–74 and are examined in 

this project.  

 

TNF was found to be produced from endotoxin stimulated murine macrophages which, 

unsurprisingly, caused necrosis of tumour cell lines75. TNF-α and TNF-β were found to 

be homologous cytokines in the 1980s76, and are now part of a TNF superfamily 

containing at least 18 different memebers77. TNF is made in abundance by monocytes 

and macrophages and amplifies activation in an autocrine manner77. TNF is part of the 

systemic acute phase response seen in sepsis78. TNF is considered a double-edged 

sword in TB, as it is vital for control of the infection but also implicated in the damage 

caused by an excessive immune response79–81. TNF induces apoptosis and necroptosis 

in Mtb infected macrophages82–84 vital for control of Mtb infection. TNF is also necessary 

for granuloma formation and maintenance17,85 and the use of anti-TNF blockers in auto-

inflammatory disease significantly increases the risk of developing active TB disease in 

those with latent TB infection29. 

 



 8 

The importance of IL-1β production in host defence in TB was confirmed by studies of 

knockout mice targeting MyD88, IL-1 receptor and IL-1β pathways86–89. IL-1β is a potent 

pyrogenic cytokine and its production is tightly regulated by complex control of release 

and through antagonism of its receptor site. Briefly, the release of IL-1β requires 2 

signals. The first, priming signal upregulates the immature precursor cytokine pro-IL-1β. 

The second signal cleaves this inactive form, producing mature IL-1β.  This is carried out 

through the inflammasome, a group of cytosolic protein complexes whose assembly 

triggers proteolytic cleavage of dormant procaspase-1 into active caspase-1, which in 

turn cleaves the pro-IL-1β into the biologically active IL-1β69,90–92.  This second signal is 

required in human macrophages but not monocytes, explaining why lipopolysaccharide 

(LPS), a component of gram negative bacterial cell and the archetype ligand for TLR4, 

does not induce IL-1β  in human macrophages93. Caspase independent signaling 

pathways have also been proposed86. Upon its release, IL-1β acts as a pyrogen, causing 

local and systemic inflammation and promotes the release of IFN-γ by T-cells which 

increases mycobacterial killing by macrophages15,94,95.   

 

When the human IL-6 molecule was successfully identified in 198696 it had already been 

ascribed different names based on its identification in a variety of physiological 

processes97. It induces hepatocytes to produce acute phase reactants such as C reactive 

protein98. It acts on B and T cells, promoting differentiation and was found to be 

indispensable in Th17 differentiation from naive CD4+ T cells99. IL-6 has also been 

implicated in chronic immune activation states, prompting reabsorption of bone 

through osteoclast activity100 and angiogenesis in diseases such as rheumatoid 

arthritis101. Its role in TB has yet to be fully elucidated. IL-6 deficient mice succumbed to 
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TB infection when infected with high mycobacterial loads102, however in a lower dose 

aerosolised model IL-6 was found to stimulate early IFN-γ but was not essential for 

protection from Mtb103. IL-6 has also been found to inhibit IFN-γ induced autophagy in 

ex vivo human macrophages and may be a target for manipulation by Mtb104. 

 

IL-10 has been found at elevated levels in patients with pulmonary TB105–107. It was first 

described in mouse T cells as a factor that inhibits the production of proinflammatory 

cytokines108. It is now known to be a vital part of the process of immune deactivation in 

order to prevent pathology from an over-activated immune system. However, multiple 

pathogens, including Mtb, have evolved mechanisms of exploiting IL-10, leading to 

chronic disease states109,110. In human macrophages, IL-10 was found to block 

phagosomal maturation in Mtb infection, through a signal transducer and activator of 

transcription 3 (STAT3) dependent manner, enhancing Mtb survival and growth111.  

 

The cytokine that is invariably associated with active disease and dominates 

transcriptomic profiling of active TB disease is IFN-γ 112,113. IFN-γ was once thought to 

only be produced by adaptive immune cells such as recruited CD4+ T cells, however it is 

now recognised that Mucosal Associated Invariant T (MAIT) cells, Natural Killer (NK) 

cells and γδ T cells also produce IFN-γ 114,115. The importance of IFN-γ in control of Mtb 

infection is seen in murine knock out models116,117 and in individuals who have defects 

in their IFN-γ circuit and who are vulnerable to mycobacterial infection118,119. The role 

of IFN-γ in activation of human adult or cord blood derived macrophages will be 

addressed herein.  
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The balance of these cytokines in different stages of tuberculosis disease is vital in 

determining outcome. For example, while blocking TNF increases the risk of progression 

to active disease following exposure to the pathogen, its production in later disease 

states perpetuates an excessive, damaging immune response resulting in lung necrosis9. 

 

1.1.4 The adaptive immune response to TB 

If the early innate response fails to rapidly clear Mtb infection, the adaptive immune 

response is activated. Dendritic cells are the main antigen presenting cells in the 

initiation of T cell responses following migration from the lung to the regional lymph 

nodes113. The magnitude of this response can be subverted by different strains of Mtb 

resulting in a deficient immune response120. The importance of T cells in TB is 

demonstrated by the susceptibility of patients with HIV induced CD4+ lymphopenia to 

Mtb22, a finding replicated in CD4+ T cell–deficient mice121.   

 

This protection is garnered from IFN-γ production by CD4+ Th1 cells which are 

dependent on IL-12 production from activated DC122. A number of other immune cells, 

including natural killer (NK) cells and γδ T cells also produce IFN-γ but they are unable 

to compensate for the absence of CD4+ T cells in knock out murine models123. 

 

Macrophages play a key linking role in innate and adaptive immune responses, 

potentially resulting in early clearance of Mtb and if it fails to do so, subsequent 

activation of the adaptive system by functioning as an APC in the tissue. Mtb has 

evolved numerous strategies to subvert this important aspect of the host response, 
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which include inhibition of MHC maturation and attenuating antigen presentation of 

macrophages to CD4+ T cells124. 

 
1.1.5 Infant immune susceptibility to TB 

There are numerous reviews postulating the reasons that neonates are vulnerable to 

Mtb infection, however much of the rationale is inferred from work in other disease 

states49,51,125. There is minimal published data on umbilical cord blood monocyte 

derived macrophage (MDM) function, with multiple studies utilising whole blood assays 

or monocyte responses. Neonatal monocytes have been shown to produce less TNF and 

more IL-6 when stimulated with TLR agonists compared to adult controls in a number 

of studies126–129. In a study examining the changing innate response to mycobacteria 

over the first 9 months of life, newborn monocytes produced less TNF and IL-6 

compared to 9 month old infants after BCG infection130. Macrophages from newborns 

have been shown to produce less IFN-γ131 and were found to have a deficiency in IFN-γ 

signaling when infected with candida132,133.  

 

A recent study examining lung resident alveolar macrophages (AM) from infants 

(median age 11 months) showed that they are less able to restrict Mtb growth 

compared with adult AM134. The phagocytic capacity and function, including TNF and IL-

1β production, were similar between the adult and infant AM but RNA-Seq analysis 

revealed lower expression of IFN-γ-induced pathways.  

 

Studies in cord blood are complicated by the presence of a number of inhibitory plasma 

factors135,136. For example, adenosine is present at higher concentrations in umbilical 
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cord than adult plasma and was found to cause a reduction in TLR signaling137,138. 

Immature CD71+ erythrocytes are found in abundance in umbilical cord blood compared 

to adult blood and have immunosuppressive properties139,140. The methods of 

macrophage differentiation in this study, explained in Chapter 2, ensure that these 

factors do not influence the experiments presented in this thesis. 

 

1.1.6 Macrophages 

Ilya Mentchikoff shared the Nobel Prize for Physiology or Medicine with Paul Ehrlich in 

1908 for his work in the discovery of macrophages141. He recognised the diversity in 

macrophage function, noting the role of phagocytosis not only in defence against 

invading organism but also in wound healing and sterile inflammation142. The true 

nature of this diversity is still being elucidated over a century later.  

 

Research from the 1960s enshrined the dogma that tissue resident macrophages 

originated from blood derived monocytes143. However, it is now recognised that  a 

subpopulation of tissue resident macrophages appear to have embryological origin and 

may replicate in their specific organ for years144,145. In early TB infection, the AM, which 

is the dominant phagocyte in healthy lung, recruits neutrophils and monocytes which 

differentiate into macrophages146. In an in vivo mouse model, AM are found to be 

permissive of Mtb growth and the interstitial macrophages, which are recruited from 

circulating monocytes, were found to be vital for the control of mycobacterial 

replication147. The focus of the work presented herein is on the early innate immune 

response to Mtb infection by MDM, formed by monocytes that are recruited to the 
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tissue from the blood and differentiate in situ into MDM, and are therefore akin to 

interstitial macrophages. 

 

Monocytes are released into the circulation from the bone marrow and they are 

attracted into the tissue by a variety of chemokine and cytokines, with different 

combinations of cytokines resulting in the differentiation of various macrophage 

phenotypes148. The term macrophage activation was coined in the 1960s when 

Mackaness described the increased microbicidal activity of macrophages upon 

secondary exposure to pathogens149. IFN-γ was later linked to this activation state150. 

An alternative activation state was described by Stein et al in the early 1990s when it 

was recognised that IL-4 caused an increase in MMR and reduced proinflammatory 

cytokine secretion151. Further recognition of the links between these 2 activation states 

and the Th1 and Th2 cytokine profiles in knock out mice models led to the the 

terminology of M1 and M2 macrophages for the pro-inflammatory and anti-

inflammtory phenotypes respectively152. 

 

1.1.7 Macrophage Polarisation 

The term macrophage polarisation was used to describe these two opposite 

macrophage phenotypes. While this dichotomous description is useful in highlighting 

the differential potential of macrophages, there has been increasing realisation that 

there are numerous possible activation states of macrophages, representing a spectrum 

of functions. At least 6 distinct activation states have been recognised, with multiple 

influencing factors in both maturation from monocytes and in activation status153,154. 



 14 

These pathways do not result in terminal differentiation as macrophages exhibit 

plasticity, being able to change their phenotype and function155.  

 

The importance of macrophage polarisation in tuberculosis infection is evidenced by 

the finding that proinflammatory M1 macrophages promote the formation of 

granulomas and have higher bactericidal activity compared with that of M2 

macrophages, however, M2 macrophages predominate once the granuloma has been 

formed156.  

 

Differentiation into the M1 phenotype for in vivo experiments was initially achieved by 

the use of IFN-γ, however TLR agonists such as LPS were also used in combination with 

IFN-γ to achieve the pro-inflammatory M1 state157. This was in part due to the variation 

in methodology in examining macrophage activation states, whether in murine, human 

cell line or primary human cell work. Human MDM have different gene signatures 

whether stimulated with LPS, IFN-γ or both158. It is important to recognise that much of 

the seminal work in macrophage activation states or polarisation, was performed in 

murine bone marrow derived macrophages and peritoneal macrophages and that there 

are many differences between the mouse and human macrophage phenotype159,160. 

Efforts have been made in recent years to address these differences but there are still 

a large number of methodologies and interchangeable nomenclature in use157. 

 

MDM from blood in humans are commonly generated from adherence purification of 

peripheral blood mononuclear cells (PBMC) in the presence of growth and survival 

factors161. This method utilises the innate ability of MDM to adhere to plastic material. 
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In order to further stimulate macrophage differentiation, growth factors such as 

granulocyte-macrophage colony-stimulating factor (GMCSF) and macrophage colony-

stimulating factor (MCSF) have previously been utilised. However, maturation with M-

CSF polarises macrophages toward an M2, anti-inflammatory phenotype and  GM-CSF 

maturation toward a M1 pro-inflammatory phenotype162,163. Use of normal human 

serum in macrophage differentiation has been shown to produce a more neutral 

macrophage phenotype and that is the method undertaken for the work in this 

thesis162. 
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1.1.8 Markers of Macrophage differentiation 

The original markers of macrophage polarisation in murine macrophages have not been 

reliably reproducible in human systems153,160. Markers of activation states in human 

macrophages remain poorly defined but recent research has sought to establish specific 

phenotype markers for different activation states164,165. Based on these studies the 

following markers were used in this body of work to characterise macrophage 

phenotype and activation; CD68, CD14, CD40, CD80, CD86, Human Leucocyte Antigen 

(HLA)-DR (an MHC-II receptor), CD83 and CD206. There is little published data on cord 

blood MDM, with a limited number of studies examining monocytes from umbilical cord 

blood. 

 

In the late 1980s, CD68 was recognised as a marker of human macrophages166 and it is 

used in this study in combination with CD14 to identify macrophage populations. CD14 

is a pattern PRR and acts as a TLR co-receptor. It has long been used as a marker of cells 

in the monocyte-macrophage lineage167. A study comparing monocytes from adults and 

umbilical cord blood showed no difference in basal CD14 expression but did show 

relatively lower CD14 expression after LPS stimulation127. 

 

The ligation of human macrophage CD40 by T cells via CD154 induces a pro-

inflammatory phenotype and it is a critical co-stimulatory molecule for immune 

activation168. The expression of CD40 has previously been shown to be increased in M1 

activation162 and in patients with TB169. Upregulation of CD40 in cord blood monocytes 

was found to be reduced compared to adult monocytes following LPS stimulation170. 
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CD80 and CD86 are both co-stimulatory markers that are required for T-cell activation 

in conjunction with T cell receptor conjugation to the macrophage antigen/ Major Histo 

Compatability (MHC) complex 171,172. They are both constitutively expressed by human 

macrophages. In a previous study, CD80 expression on human macrophages was shown 

to be increased by IFN-γ stimulation but CD86 expression was increased by both IL-4 

and IFN-γ164. In a contradictory study examining macrophage differentiated in HS, CD86 

was only found to be increased with IFN-γ+LPS and not IL-4156. CD80 and CD86 

upregulation after stimulation with IFN-γ have been shown to be lower in cord blood 

monocytes compared to adult monocytes173. 

 

HLA-DR is an antigen presenting MHC class II molecule which has been shown to be 

increased in both M1 and M2 activation states156,164. Certain HLA-DR subtypes are 

associated with greater risk of developing TB174.  In one study comparing adult and cord 

blood monocytes, HLA-DR expression was found to be lower in cord blood and, 

furthermore, there was less of an increase in HLA-DR expression after LPS stimulation 

in cord blood compared with adult monocytes170. 

 

CD83 is a member of the immunoglobulin superfamily and has traditionally been 

studied in human dendritic cells (DC) but has now been recognised as an activation 

marker in numerous immune cell types, including macrophages. CD83 is important for 

differentiation of T and B lymphocytes and in immune response resolution175,176.  CD83 

expression on newborn DC was found to be significantly upregulated after BCG 

infection, a finding not seen in adult DC177.  
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CD206 is also known as MMR and recent work in human macrophages has confirmed 

the original murine observation of increases in CD206 upon M2 like activation151,162,164. 

It is a C-type lectin important in endocytosis and phagocytosis, scavenging glycoproteins 

as part of immune homeostasis178. Expression of CD206 in one study was similar 

between adult and cord blood monocytes, however it also showed that GMCSF induced 

M1 phenotype had increased MMR compared with MCSF induced M2 macrophages179. 

  



 19 

1.1.9 Macrophage Metabolism  

In order for the macrophage to perform its various functions, from scavenging of  

cellular debris and maintaining homeostasis, to pathogen ingestion, antigen 

presentation and immune activation, it requires energy and substrates180. Multiple 

metabolic pathways are utilised by human macrophages to perform these tasks and to 

alter the cell phenotype, including fatty acid oxidation and synthesis, amino acid 

metabolism, the pentose phosphate pathway (PPP), glycolysis and oxidative 

phosphorylation (OXPHOS)181. The work presented in this thesis focuses on the 

reprogramming of glycolysis and OXPHOS in macrophage immune responses. 

 

Glycolysis is the pathway by which extracellular glucose is transported to the cytoplasm 

and converted into pyruvate. This process results in the production of 2 adenosine tri-

phosphate (ATP) molecules along with a variety of other products which can fuel other 

metabolic pathways such as glucose-6-phosphate into the PPP for the synthesis of 

ribose, and amino acid production via the serine biosynthetic pathway. Increased flux 

through glycolysis, therefore, provides immune cells with the necessary building blocks 

they require for activation, proliferation and effector function. The tricarboxylic acid 

(TCA) cycle, also known as the Kreb’s cycle, occurs in mitochondria and is a far more 

efficient process to generate ATP. It produces the reducing equivalents nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which support 

OXPHOS via the electron transport chain. These processes are linked when pyruvate is 

converted into acetyl-CoA, which enters the TCA cycle. This process, in the presence of 

sufficient oxygen, is the source of basal energy requirements in most cell types. A 

schematic of the glycolytic pathway and TCA cycle is shown in Figure 1.2. 
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Figure 1.2 Glycolytic pathway and TCA cycle. 
Activation of macrophages increases glucose uptake and aerobic glycolysis leads to the 
rapid production of ATP and other building blocks to facilitate immune activation, with 
an increase in lactate secretion (A). The Kreb’s cycle is disrupted with an accumulation 
of citrate and succinate and increased itaconate production (B). Adapted from O’Neill 
and Artyomov 2019182   
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Fig. 1 | Metabolic remodelling of activating macrophages. Activation of macrophages 
increases glycolytic flux and the transition towards an anaplerotic tricarboxylic acid 
(TCA) cycle with high production of itaconate. In turn, this high production of itaconate 
limits succinate dehydrogenase (SDH), blocking succinate- mediated inflammatory 
processes and inducing the anti- inflammatory proteins nuclear factor erythroid 
2-related factor 2 (NRF2) and ATF3. The arrows represent the general direction of the 
metabolic flow in the system. HIF1α, hypoxia- inducible factor 1α; IDH, isocitrate 
dehydrogenase; LPS, lipopolysaccharide.

evident from his original laboratory notebooks11, itac-
onate was one of the substances along with succinate, 
oxaloacetate, malate and others that Krebs tested as 
potential central metabolism intermediates in pigeon 
mitochondrial extracts and found that itaconate was 
unable to support respiration in the manner similar to 
succinate or malate. As such, although the involvement 
of itaconate in mammalian metabolism was rejected at 
the beginning of 20th century, in the 21st century our 
views of itaconate's role have considerably changed.

Immune cell expression for itaconate. In 2011, three 
groups reported the production of itaconic acid in the 
context of mammalian immune responses: in lungs 
from mice infected with Mycobacterium tuberculosis3, 
in intracellular lysates of LPS- activated RAW264.7 
macrophages and the VM- M3 macrophage- like cell 
line4 and finally in supernatants of the LPS- activated 
RAW264.7 cells5. Strelko et al.4 further characterized 
the biosynthetic pathway of itaconic acid production 
using uniformly labelled 13C- glucose feeding, reveal-
ing that itaconate is obtained via decarboxylation of  
cis- aconitate, a TCA cycle intermediate derived from cit-
rate. Two years later, in 2013, Michelucci et al.6 discovered 
that an LPS- inducible gene called IRG1 is responsible 
for itaconate production in activated macrophages. 
Intriguingly, the function of the gene that was fervently 
called ‘immune- responsive gene 1’ remained unknown 
for 18 years since 1995, when it was first isolated from 
a cDNA library of LPS- stimulated macrophages12. The 
potential importance of the gene was recognized nearly 
immediately as this gene is not expressed at the base-
line state of macrophages and is upregulated by almost 
200-fold in activated macrophages, making it one of 
the most highly induced genes. It was established that 

IRG1 is activated by LPS in an MYD88-independent 
manner13 and that it is one of the interferon- stimulated 
genes, mostly dependent on p65 activation14. Overall, 
expression of IRG1 was almost exclusively confined to 
activated immune cells, although there are reports that 
it can be upregulated in non- immune cell types, such 
as murine lung endothelial cells stimulated with IFNγ 
(transcriptional data E- MTAB-5921). This observa-
tion raises the possibility that non- immune sources of  
itaconate might exist.

Antibacterial properties for itaconate. The discovery 
of the IRG1–itaconate axis in 2013 and the fact that IRG1 
expression is so restricted to immune cells strongly sug-
gested a specialized immune- related function for itaco-
nate, and an immediate course of inquiry was directed 
at understanding potential antibacterial properties of 
itaconate pioneered by McFadden and colleagues15–18. 
Indeed, it had been known since 1977 that itaconate can 
inhibit the growth of bacteria in glucose- deprived con-
ditions18. Biochemical evidence ascribed this effect to the 
ability of itaconate to act as an inhibitor of the bacterial 
enzyme isocitrate lyase (ICL)15–17. However, it was later 
found that itaconate can also inhibit acetate assimilation 
in ICL- negative bacteria via inhibition of propionyl- CoA 
carboxylase19. As such, itaconate appears to interfere 
with the ability of bacteria to grow and survive in media 
where acetate serves as a major source of nutrition. 
Consistently, a series of studies published in 2013–2018 
that demonstrated antibacterial properties of itaconate 
by inhibiting the growth of bacteria (such as Salmonella 
enterica, Legionella pneumophilia and Staphylococcus 
aureus) were all carried out in the context of glucose- 
deprived media conditions at 10–50 mM concentrations 
of itaconate6,20. Conversely, when growing bacteria such 
as Escherichia coli in glucose- rich conditions, itaconate 
is not able to inhibit bacterial growth21.

These observations suggest that macrophage- derived 
itaconate is not necessarily targeting bacterial growth 
directly, as in the physiological environment tissues are 
never completely deprived of glucose. Rather, this sug-
gests that itaconate might play a role by modifying nutri-
tional strategies of bacteria in order to make them more 
susceptible to immune attack rather than directly acting 
as an antibacterial metabolite. Alternatively, it might also 
be conceivable that the main effect of itaconate is con-
fined to specialized compartments within macrophages 
such as phagolysosomes, where bacteria are forced to 
shift to different food sources20.

Overall, the ability of itaconate to biochemically reg-
ulate metabolic wiring of bacteria can also be viewed 
as an evolutionary pressure shaping the metabolic 
machinery of the bacteria. Indeed, a number of bacteria, 
most notably Salmonella spp. and M. tuberculosis, have 
developed dedicated enzymatic pathways to digest 
large concentrations of itaconate, suggesting evolu-
tionary adaptation to such environments22. However, 
this is not necessarily a reflection of a host–pathogen 
tug of war but can also be a consequence of the archaic 
evolutionary competition between bacteria and 
fungi. Indeed, natural production of itaconate by liv-
ing microorganisms was first reported for the fungus  

Tricarboxylic acid cycle
(TCA cycle; also known as the 
Krebs cycle or citric acid cycle). 
This pathway catalyses the 
oxidation of acetyl- CoA (from 
glucose or fatty acids, or 
indirectly from amino acids) to 
generate NADH and FADH, 
which fuel the electron 
transport chain and thereby 
oxidative phosphorylation and 
ATP production. The TCA cycle 
also serves as a source of 
precursors for amino acid and 
lipid synthesis.

www.nature.com/nri
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1.1.10 Immunometabolism 

In the absence of oxygen, pyruvate is converted into lactate – an observation made over 

a century ago in studies of muscle metabolism183. The reverse of this however, that 

hypoxia is required for lactate production, is not true. Increased flux through glycolysis 

can result in lactate production and accumulation even in oxygen replete conditions. It 

was these such observations made by Otto Warburg in the 1920s from which the 

burgeoning field of immunometabolism stems184. He noted that cancer cells, despite 

having adequate oxygenation, preferentially used aerobic glycolysis. The Warburg 

effect in immunometabolism describes the phenomenon of increased glycolysis and 

decreased oxidative phosphorylation after immune cell activation. 

 

Changes in the metabolism of activated macrophages, with increased utilisation of 

glycolysis has been recognised for decades185,186. Improvements in the understanding 

of immunological processes of macrophage activation and in the technologies allowing 

measurement in the changes of metabolites have led to an exponential increase in 

immunometabolic research in the last 15 years180,187.  2-deoxyglucose (2-DG), a glucose 

molecule with an alteration to a hydroxyl group which prevents it from undergoing 

glycolysis has been shown to inhibit macrophage and other immune cell activation. 

Previous research in the Keane laboratory has shown that 2-DG reduces glycolysis in 

human macrophages and limits their ability to control Mtb growth188. Inhibition of 

glycolysis has also been found to reduce IL-1β production in both murine and human 

macrophages188,189.  
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In murine BMDM, TLR stimulation with LPS leads not only to increased glycolysis but 

also to a decrease in OXPHOS 24 hours post stimulation190. This break in the TCA cycle 

leads to the accumulation of citrate and succinate. Citrate is used for itaconate 

production and fatty acid synthesis, and succinate has a number of pro-inflammatory 

effects including the stabilisation of hypoxia induction factor (HIF) 1 α with subsequent 

increases in IL-1β182,187,191.   

Similar to the glycolytic switch seen after LPS stimulation, IFN-γ was shown to increase 

glycolysis and decrease in OXPHOS in murine BMDM 24 hours after treatment. This 

study also showed that 2-DG inhibited the M1 polarisation induced by IFN-γ in both 

murine and human macrophages192. Alternative activation with IL-4 in murine 

macrophages has been shown to increase OXPHOS two fold but to have only a small 

increase or no effect in the level of glycolysis193,194. Fatty acid oxidisation has been 

shown to be necessary for M2 activation in murine BMDM but to be dispensable in 

human MDM195. The changes seen in macrophage metabolism after activation are 

summarised in Figure 1.3, although these data are mostly derived from studies in mice. 

 

Data on macrophage immunometabolism in human MDM is lacking, with a number of 

differences between human and murine models evident196. A study directly comparing 

murine BMDM and human MDM replicated the established increase in murine 

glycolysis, and decrease OXPHOS in response to LPS197. In contrast, human MDM had 

reduced glycolysis and no change in OXPHOS 16 hours after LPS stimulation. Differential 

arginine metabolism between M1 and M2 BMDM is not seen in polarised human 

MDM198. Analysis of the proteome of human macrophage polarised to M1 showed 
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upregulation of glycolytic enzymes199 and genome wide ribosome profiling of human 

macrophages revealed that IFN-γ modulates the translatome to promote inflammation 

and to reprogram metabolic pathways200. In a study of human monocytes, LPS was 

found to have no impact on glycolysis or basal OXPHOS at 24 hours201. 

 

The knowledge gap in human macrophage polarisation is even more pronounced with 

regard to umbilical cord MDM. Two recent papers have shown contradictory results. 

Similar phenotypic profiles in adult and cord blood monocytes were seen after 

polarisation, however, a distinct immune response was seen in neonatal monocytes 

producing less TNF than adult monocytes179. A different study in MDM showed marked 

differences between adult and cord blood phenotype, including a complete abrogation 

of oxidative phosphorylation after polarisation with IFN-γ and an inability to upregulate 

glycolysis202. This is a common theme when examining the published literature in 

human MDM, in part due to the variety in methodologies used to differentiate 

macrophages, including the impact of growth factor on activation status162. 

 

These immunometabolic switches have been shown to be important in TB granulomas 

in a number of tuberculosis models203. In a murine model, infection with Mtb induced 

the Warburg effect in mouse lungs as seen by transcription profiling and 

immunofluorescence microscopy204. Lactate also increases in mice infected with Mtb, 

with a decrease in glucose, suggestive of the glycolytic shift seen in immune cell 

activation205. In an in vivo rabbit model of Mtb infection, an upregulation of gene 

networks involved in immune response and of genes encoding the Warburg effect were 

seen206. Disease states that have been associated with altered metabolism such as 
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diabetes, smoking, and HIV are all associated with increased risk of developing 

TB27,28,203. In order to realise the untapped potential of host directed therapy targeting 

metabolic pathways in TB and other disease states, understanding of the fundamental 

immunometabolic shifts in human macrophages is required. 
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Figure 1.3 Summary of immunometabolic changes in macrophages in published 
literature. 
This schematic summarises the various changes in macrophages documented in the 
literature after exposure to LPS, Mtb, IL-4 or IFN-γ. These data are primarily from studies 
of murine BMDM and pertain to events that occur 24 hours post the activation stimulus. 
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1.1.11 Host directed therapy 

Traditional treatment of infectious diseases has focused on anti-microbials that target 

the invading pathogen, however, with the emergence of antimicrobial resistance, there 

is increasing recognition of the potential of host directed therapies. As highlighted in 

the overview above, TB infection activates numerous immune pathways, many of which 

are subverted or evaded by Mtb evolutionary strategies. Greater understanding of the 

mechanisms by which Mtb disrupts the immune response or how susceptible 

individuals differ from those who are immune is necessary to identify pathways that can 

be therapeutically manipulated to improve clinical outcomes.  

 

Many host-directed therapies have already been added to the arsenal of anti-TB 

therapies that are currently in use. For example, corticosteroids have been utilised in 

TB infection to modulate the immune response, particularly in TB meningitis54. 

Monoclonal antibodies designed to treat auto-immune conditions such as TNF blockers 

have been found to increase the risk of TB re-activation but they can also play a role in 

dampening the over active, destructive, immune response seen in late disease53. 

Metformin, used in the treatment of type 2 diabetes, has been shown to reduce the risk 

of TB by increasing anti-mycobacterial activity of CD8 T cells207,208. Although these 

therapies are effective under certain circumstances, an immuno-supportive host-

directed therapy that can be used adjunctive to anti-microbials to promote early 

clearance remains elusive.  

 

The recent focus on the interplay between metabolism and immune cell activation has 

raised the possibility of metabolic therapies to manipulate the immune response. 
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Targeting of glucose, lipid and arginine metabolism have all been postulated as possible 

host-directed therapies209,210. Defining the ideal immune response at various time 

points during Mtb infection and TB disease is vital to ensure that immunometabolic 

function is appropriately targeted. For example, increased glycolysis and greater 

immune activation in early disease to achieve early clearance of Mtb.  
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1.1.12 Hypothesis 

It was hypothesised that the difference in clinical phenotype seen between adults and 

newborns following exposure to Mtb is a result of underlying differences in macrophage 

metabolic and functional responses. Polarisation with IFN-γ or IL-4 has been shown to 

produce a distinct metabolic pattern in murine bone marrow derived macrophages 

(BMDM) and it was hypothesised herein that the immunometabolic pattern in human 

MDM in response to polarisation with IFN-γ or IL-4 would be distinct from the 

established murine model. The glycolytic shift that is induced by macrophage activation 

results in increased lactate secretion; therefore, it was hypothesised that this molecule 

would have a direct immunometabolic effect on surrounding MDM. 

 

1.1.13 Aims 

• Directly compare the immunometabolic profile of adult and cord blood 

macrophages in response to stimulation with Mtb or LPS. 

 

• Examine the phenotypic differences of macrophages differentiated from adult 

and cord blood after IFN-γ or IL-4 polarisation. 

 

• Examine the effect of exogenous lactate on the immunometabolic profile of 

adult and cord blood macrophages and the effect on the ability of adult 

macrophages to kill Mtb. 
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Chapter 2 Methods 

2.1 Monocyte derived macrophages from adult and umbilical cord donors 

2.1.1 Isolation of adult PBMC 

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats from 

anonymous healthy adult donors, obtained with consent from the Irish Blood 

Transfusion Service. The buffy coats were mixed 1:1 with phosphate buffered saline 

(PBS; Sigma Aldrich) and centrifuged at 800 g for 10 minutes with no brake, resulting in 

separation of the blood into red blood cells, a white cell layer and a plasma/platelet 

layer (Figure 2.1 A). The white cell layer was removed and mixed with PBS to a final 

volume of 150 ml. 25 ml of this mixture was then layered onto 20 ml of Lymphoprep  

(Figure 2.1 B, Stemcell) a total of 6 times and then centrifuged at 800 g for 20 minutes 

with no brake. The PBMC layer was removed (Figure 2.1 C), washed in PBS and cells 

were pelleted by centrifugation at 600 g for 10 minutes with the brake on. This step was 

repeated prior to counting. To remove excess platelets if contaminating, cells were 

washed in PBS and pelleted by centrifugation at 250 g for 7 minutes.   

  

2.1.2 Isolation of umbilical cord mononuclear cells 

Umbilical cord blood samples were drawn from the placental umbilical cord 

immediately following delivery of the placenta. All babies were healthy term infants of 

normal birthweight who were delivered by elective Caesarean section. All mothers were 

well throughout pregnancy and had no co-morbidities. Informed consent was obtained 

from the mother prior to delivery (Appendix). Ethical approval was granted by the 

Rotunda Ethics Committee (Appendix). Standard practice for Caesarean section involves 
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the placement of two clamps on the umbilical cord after delivery of the neonate. The 

cord is then cut and the baby removed from the operating field prior to the delivery of 

the placenta. In order to facilitate sample collection, the obstetrician placed another 

clamp on to the umbilical cord close to the placenta prior to delivery of the placenta. 

This ensured that blood remained in the umbilical cord after placental delivery. 

Immediately following delivery, the placenta was taken out of the operating field and 

sampled. A blunt Sterican (B. Braun) 18 gauge needle was inserted into the umbilical 

vessels between the “double clamp” (Figure 2.2 A) and the sample was transferred to 

lithium heparin bottles (Vacutest Kima). In order to increase the sample volume the 

umbilical vessels proximal to the proximal clamp were also sampled if the blood volume 

within the placenta was intact (Figure 2.2 B).  The UCB samples were processed within 

4 hours of collection. The blood samples were mixed 1:1 with PBS before layering up to 

30 ml of diluted blood onto 20 ml of Lymphoprep and then centrifuged at 800 g for 20 

minutes with no brake. The umbilical blood mononuclear (UBMC) layer was removed 

and washed twice in PBS. 

 

2.1.3 Cell Counting  

PBMC and UBMC were resuspended in Roswell Park Memorial Institute-1640 medium 

(RPMI; Gibco ) completed with 10% type AB male human serum (Sigma-Aldrich; cRPMI) 

and diluted in trypan blue (Sigma Aldrich). Viable mononuclear cells were counted on a 

light microscope (Leica) using a haemocytometer (Improved Neubauer, Hawksley 

England). The formula below was used to calculate the total number of cells:  
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Average cell number (in one quadrant) x 10
4 x trypan blue dilution factor x volume (ml) 

= total cell number  

2.1.4 Monocyte derived macrophage differentiation 

Monocyte derived macrophages (MDM) were adherence purified from PBMC from 

adult or umbilical cord blood for 6-8 days. PBMC were plated at a density of 2.5x106 /ml 

on non-treated plastic tissue culture plates (Costar Corning). For experiments involving 

infection of MDM with Mtb, cells were concurrently plated on an 8 well Lab-Tek 

chamber slide (Nunc) at the same seeding density. Cells were maintained in humidified 

incubators at 37°C and 5% CO2. Non-adherent cells were removed by washing every 2 

to 3 days (three times) over 6-8 days with replacement of cRPMI to allow macrophage 

differentiation.  

2.1.5 The phenotype of adult and cord blood monocyte derived macrophages 

 
In order to ensure that this method resulted in similar macrophage differentiation from 

adult or cord blood, the morphology was assessed using light microscopy. PBMC were 

isolated from adult buffy coats or from umbilical cord blood which was collected 

immediately following delivery. MDM were adherence purified for 7 days in RPMI with 

10% human serum and non-adherent cells were washed off on day (D) 2 and D5. Similar 

morphology was seen under light microscopy for both adult (Figure 2.3 A) and cord 

blood (Figure 2.3 B) MDM after 7 days of differentiation.  
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Figure 2.1 Isolation of PBMC from blood. 
Blood from Buffy coats donated by the Irish Blood Transfusion Service was diluted 1:1 
with sterile PBS and centrifuged at 800g for 10 minutes with the brake off. The blood 
separates into its constituent parts (A). The buffy coat layer containing leukocytes was 
removed, diluted in sterile PBS and layered over LymphoprepTM (B). This was then 
centrifuged at 800 g for 20 minutes with the brake off and the desired mononucleocyte-
enriched layer removed. The PBMC layer (C) was removed washed in PBS and cells were 
pelleted by centrifugation at 600 g for 10 minutes with the brake on. 

A B C



 33 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Umbilical cord blood sampling from the placental umbilical cord. 
The placental umbilical cord was “double clamped” at delivery and the cord vessels 
accessed with a blunt 18-gauge needle (A). In order to increase yield, the umbilical 
vessels proximal to the proximal clamp were also accessed if there was adequate blood 
volume (B). 

A B
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Figure 2.3. Adult and cord blood MDM morphology  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken immediately 
following delivery. Adult or cord blood MDM were adherence purified for 7 days in 10% human 
serum. Light microscopy images of adult (A) and cord (B) MDM were taken.   

Adult Cord
A B
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2.2 Mycobacterial Infection and Stimulation of MDM 

2.2.1 Culture and preparation of attenuated live Mtb, H37Ra  

A Biosaftey Level 2 (BSL2) facility was used to carry out all work using Mtb H37Ra. Mtb 

strain H37Ra was obtained from the American Type Culture Collection (ATCC 25177) 

(Manassas, VA) and aliquots stored at -80°C. Middlebrook 7H9 broth (Difco) 

supplemented with albumin-dextrose-catalase (ADC) (Becton Dickinson) and 0.05% 

Tween 80 (Difco) was made up in endotoxin-free water (Sigma-Aldrich). Aliquots were 

thawed prior to experimentation and propagated in Middlebrook 7H9 broth 

(supplemented as above) to log phase.  

On the day of infection, log phase Mtb was centrifuged at 2900g for 10 minutes. A 25 

gauge needle was used to resuspend and homogenise the mycobacteria by aspirating 

6-8 times in RPMI. Any remaining clumps  were pelleted by centrifugation at 120g for 3 

minutes. The supernatant was transferred to a fresh tube and the pellet discarded. The 

H37Ra suspended in the supernatant was used for determination of the multiplicity of 

infection (MOI) and infection of MDM. 

2.2.2 Preparation of irradiated Mtb H37Rv 

Aliquots of γ-irradiated Mtb strain H37Rv (iH37Rv) whole cells (NR-49098; BEI 

Resources, NIAID, NIH) were stored at -80°C. Upon thawing, iH37Rv was diluted in 

endotoxin free water (20 ml; Sigma Aldrich) and sonicated in a water bath sonicator for 

20 minutes. The solution was aspirated 10 times with a 21 gauge needle. Bacterial 

clumps were pelleted by centrifugation at 120g for 5 minutes. The supernatant was 

removed and then aspirated several times through a 25 gauge needle. The tubes were 
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sonicated again for 20 minutes and the aspiration with a 25 gauge needle was repeated. 

These working stocks were then kept at -80°C until the morning of the experiment at 

which time they were thawed, sonicated for 20 minutes and aspirated through a 25 

gauge needle prior to use in determining MOI and infection of MDM.   

2.2.3 Determination of multiplicity of Infection 

In order to correct for donor variability in phagocytic capacity of human macrophages 

and variation in the concentration of Mtb used in different experiments, the multiplicity 

of infection (MOI) was determined for each donor prior to infection with either iH37Rv 

or H37Ra strain. Different volumes of the prepared Mtb (iH37Rv or H37Ra) were added 

to the 8 well Lab-Tek chamber slide (Nunc) containing MDM. Three hours after infection 

the supernatant and any extracellular mycobacteria were washed off with PBS and the 

cells fixed with 2% paraformaldehyde (PFA) for 5 minutes. After washing with water,  

the cells and mycobacteria were stained with Auramine O staining kit (Becton 

Dickinson) and Hoechst 33358 (10 μg/mL; Sigma-Aldrich). The 8 well Lab-Tek chamber 

slides were removed and cover slips were applied to the slides using Dako fluorescent 

embedding medium (Dakocytommation). Oil immersion fluorescent microscopy 

(Olympus IX51) was used to determine the percentage of infected cells and the number 

of bacilli per cell. The MOI calculated is based upon the number of bacilli per cell and 

the number of cells infected. A low MOI is considered 1-5 bacilli per cell, approximately 

30% of cells infected with at least 1 bacillus and with a mode of 2-3. A medium MOI is 

calculated on 1-10 bacilli per cell with approximately  50% of cells infected with at least 

1 bacillus and with a mode of 4-6.  A high MOI reflects cells containing up to 20 bacilli 

per cell,  with approximately 70% of cells containing at least 1 bacillus and a mode of 
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approximately 10 (Figure 2.4). This method of determining MOI is well established in 

the Keane laboratory but had not been previously used in this laboratory in umbilical 

cord blood MDM. In order to examine the impact of increasing MOI on umbilical cord 

blood MDM responses, the production of TNF following stimulation with different MOI 

of Mtb (iH37Rv) was examined. 

 

PBMC were isolated from umbilical cord blood samples taken immediately following 

delivery. Cord blood MDM were adherence purified for 7 days in 10% human serum. 

MDM were infected with Mtb (iH37Rv) at different MOI. Low, medium and high MOI 

were based upon the number of bacilli per cell and the number of cells infected; 1-5 

~30%, 1-10 ~50% and 1-10 ~70% respectively.  Cytokine production was measured by 

ELISA 24 hours post infection (n=4, ± SEM). There was a significant increase in TNF 

production between the low and high MOI infected umbilical cord blood MDM (Figure 

2.5). 

 

2.2.4 Phagocytosis of Mtb in adult MDM compared with cord blood  MDM 

The phagocytosis of Mtb by adult and cord blood MDM was assessed by adding Mtb 

(iH37Rv) to cells (plated on 8-well labteks). After 3 hours the MDM were washed, fixed 

with PFA (2%) and stained with Hoechst (to stain cell nuclei) and auramine O dye (to 

stain the bacilli). Using fluorescent microscopy, the percentage of cells infected and the 

numbers of bacilli per cell were recorded. This method was used to determine the 

multiplicity of infection (MOI) for each donor, therefore accounting for inter-donor 

variation in phagocytosis. The volume of Mtb required to achieve a target MOI of 70% 

cells infected with 1-10 bacilli per cell was calculated for an adult donor and umbilical 
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cord blood donor using the same vial of Mtb on 3 separate occasions. Similar volumes 

of Mtb were required to achieve the same multiplicity of infection for adult and cord 

MDM, thus indicating that adult and cord blood MDM exhibit similar the phagocytic 

capacity (Figure 2.6).  

 

2.2.5 Mtb infection of MDM 

Following the determination of the MOI, MDM were infected with the appropriate 

volume for the target MOI of iH37Rv or H37Ra. The supernatant was removed 3 hours 

later and extracellular mycobacteria were washed by gently pipetting PBS on and off 

cells. Bacteria present in the supernatants were pelleted by centrifugation at 800 g for 

10 minutes and the top 50% of the supernatant was replaced back onto cells to ensure 

removal of any extracellular mycobacteria but allowing any early cytokines produced to 

remain in the system in addition to any reagents added prior to infection, depending on 

the experiment. Cells were incubated for the indicated time periods in humidified 

incubators at 37°C and 5% CO2.  

 

2.2.6 Assessing mycobacterial growth  

MDM were infected at an MOI of 30-40%, 1-5 mycobacteria per cell. Cells were lysed in 

sterile 0.1% Triton-X at 3, 48 and 120 hours post infection. 7H9 Middlebrook Broth 

supplemented with ADC was used to serially dilute the lysates and they were plated on 

7H10 Middlebrook Agar supplemented with Oleic Albumin Dextrose Catalase (OADC) in 

triplicate. Agar plates were incubated at 37˚C for 21 days before colony forming units 

(CFU) were counted. 
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Mycobacterial growth in axenic conditions was assessed using a BacT Analyser 

(Biomerieux). Mtb (H37Ra) was added to 1 ml of  Middlebrook 7H9 Broth (+ADC). After 

three days of mycobacterial propagation, 20% dilution was added to BacT bottles. Time 

to positivity, as measured by the BacT Analyser, was recorded for each condition. 
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Figure 2.4 Multiplicity of infection for adult and cord blood MDM. 
Prior to stimulation with Mtb a multiplicity of infection was performed for an adult and 
umbilical cord blood donor by adding variable amounts of Mtb to MDM on 8 well 
labteks. After 3 hours the MDM were washed and stained with Hoechst and Auramine 
O dye. Using oil immersion fluorescent microscopy (100X objective), the percentage of 
cells infected and the numbers of bacilli per cell were recorded and used to calculate 
the volume added to the experimental wells. Shown is high MOI with ~70% of MDM 
infected with 0-10 bacilli per cell. 
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Figure 2.5 Increasing MOI produced a corresponding increase in TNF production in 
cord blood MDM. 
PBMC were isolated from umbilical cord blood samples taken immediately following 
delivery. Cord blood MDM were adherence purified for 7 days in 10% human serum. 
MDM were infected with Mtb (iH37Rv) at different MOI. Low, medium and high MOI are 
based upon the number of bacilli per cell and the number of cells infected; 1-5 ~30%, 1-
10 ~50% and 1-10 ~70% respectively.  Cytokine production was measured by ELISA 24 
hours post infection (n=4, ± SEM). Statistical significance was determined using one-way 
ANOVA with Tukey’s multiple comparison test; * P<0.05. 
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Figure 2.6  Phagocytosis of Mtb by adult and cord blood MDM. 
The phagocytosis of Mtb by adult and cord blood MDM was assessed by adding Mtb 
(iH37Rv) to cells (plated on 8-well labteks). After 3 hours the MDM were washed, fixed 
with PFA (2%) and stained with Hoechst (to stain cell nuclei) and auramine O dye (to 
stain the bacilli). Using fluorescent microscopy, the percentage of cells infected and the 
numbers of bacilli per cell were recorded. The volume of Mtb required to achieve a 
target MOI of 70% cells infected with 1-10 bacilli per cell was calculated for the adult 
donor and umbilical cord blood donors (n=3). The volumes of Mtb required to obtain 
the desired MOI in adult and cord MDM were not statistically significantly different, as 
determined by a Student’s t-test. 
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2.3 Flow cytometry  

In order to determine MDM differentiation and activation status, flow cytometry was 

performed on FACSCantoTM II (BD Biosciences). MDM purities were determined by 

staining with fluorochrome conjugated antibodies specific for CD14 (FITC) and CD68 (PE; 

both BioLegend) on D0 and D8 of differentiation. As MDM are adherent, they were 

washed with cold PBS, cooled on ice for 30 minutes and then gently scraped in order to 

remove them from the plate. The cells were then treated with Fc block (Human TruStain 

FcX receptor blocking solution; BioLegend), stained with a viability dye (Zombie; 

BioLegend) and  fluorochrome conjugated antibodies specific for CD14 (FITC), CD68 

(PE), CD80 (PECy7), CD83 (PerCPCy5.5), MMR (APC), and HLA-DR (APC-Cy7). In order to 

adjust for spectral overlap, compensation beads, singly stained with every 

fluorochrome  used, were acquired. Data was analysed using FlowJo software and gates 

were set using fluorescence minus one (FMO) and unstained controls.  

 
In order to ensure that this method of differentiation in 10% human serum produced 

viable macrophages from adult and cord PBMC, the macrophage purity and viability was 

examined after differentiation using flow cytometry. PBMC were isolated from adult 

buffy coats or from umbilical cord blood which was collected immediately following 

delivery. MDM were adherence purified for 7 days in RPMI with 10% human serum and 

non-adherent cells were washed off on D2 and D5. As MDM are adherent, they were 

washed with cold PBS, cooled on ice for 30 minutes and then gently scraped in order to 

remove them from the plate. Cells were then placed in flow cytometry tubes and 

exposed to Zombie NIR viability dye, Fc blocked and stained with fluorochrome-

conjugated antibodies specific for CD14 (FITC) and CD68 (PE) and acquired by flow 
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cytometry. The dot plots show the gating strategy of a representative adult and cord 

blood donor (Figure 2.7 A). MDM are gated on the basis of size and granularity (Forward 

Scatter (FSc) versus Side Scatter (SSc)), doublets were excluded (FSc-Area versus FSc-

Width), dead cells were excluded (Zombie NIR negative cells were gated) and co-

expression of CD14 and CD68 were analysed. The graphs illustrate collated data for n=4 

cord and n= 4 adult MDM. The purity of the MDM population on D7 of differentiation 

(Figure 2.7 B) and viability after cold lifting and scraping (Figure 2.7 C) is shown. Both 

adult and cord blood MDM cultures exhibit high purity (add in number +/- SD details) 

based on the co-expression of CD14 and CD68 (Figure 2.7 B). Cord blood MDM were 

more prone to death than adult MDM after the cold scraping method of detaching 

MDM from plastic (Figure 2.7 C). This was carefully adjusted for throughout the 

experiments by counting the MDM in trypan blue and reseeding on to Seahorse plates 

based on live cell numbers. 
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Figure 2.7 Adult and cord blood MDM viability and purity following differentiation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed with cold PBS, cooled on ice for 30 
minutes and cells were then placed in flow cytometry tubes. MDM were exposed to 
Zombie NIR viability dye, Fc blocked and stained with fluorochrome-conjugated 
antibodies specific for CD14 (FITC) and CD68 (PE) and acquired by flow cytometry. The 
dot plots show the gating strategy of a representative adult and cord blood donor (A). 
The graphs illustrate collated data for n=4 cord and n= 4 adult MDM. Shown is the purity 
of the MDM population on day 7 of differentiation (B) and viability after cold lifting and 
scraping (C). Statistical significance was determined using two-way ANOVA with Sidak’s 
multiple comparison test; * P<0.05, **P<0.01. 
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2.4 Metabolic flux analysis 

 
2.4.1 Seahorse XFe24 Analyzer  

Extracellular flux analyses were performed using the Seahorse XFe24 Analyzer 

(Seahorse Biosciences, Agilent Technologies UK Ltd.) which performs real-time 

simultaneous measurement of extracellular acidification rate (ECAR) and oxygen 

consumption rate (OCR) of live cells. Sensor probes are lowered into each well to 

measure the concentration of dissolved oxygen and the concentration of free protons 

within the well for 2 – 5 minutes (until the rate of change of both measured values are 

linear), and the instrument then calculates the OCR and the ECAR. Probes then lifts to 

allow mixing of medium before lowering again and repeating measurement of OCR and 

ECAR. OCR is a surrogate for mitochondrial oxidative phosphorylation rate and ECAR is 

a surrogate for glycolytic rate and lactic acid production from cells.  

The Seahorse XFe24 Analyzer also incorporates an integrated drug delivery system, 

whereby up to four compounds can be added sequentially to all wells at pre-designated 

intervals. Compounds are prepared prior to experimentation and pre-loaded into ports 

on the Seahorse Assay Cartridge. Sequence and timing of addition of compounds can 

be programmed using Seahorse XF Wave Desktop Software. During metabolic 

interrogation, pre-loaded compounds are then added into all wells at designated 

intervals, gentle mixing performed, and multiple OCR and ECAR measurements made 

over time.  

For extracellular flux analysis the adherent MDM were transferred to the Seahorse XF24 

Cell Culture Microplates (Agilent) on day 6 of differentiation. MDM were washed in ice 
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cold PBS and left at 4°C for 30 minutes. The wells were then aspirated with ice cold PBS 

and pelleted by centrifugation at 300 g for 5 minutes, resuspended in cRPMI and then 

counted with trypan blue. 100,000 viable cells in 100 µl were placed in each Seahorse 

Microplate well for 2 hours prior to addition of 400 µl of cRPMI. Cells were added in a 

reduced volume initially in order to maximise MDM adherence to the well. 

2.4.2 Mitochondrial Stress Test 

The Seahorse XF Cell Mito Stress Test Kit (Seahorse Biosciences, Agilent Technologies 

UK Ltd.) were used in experiments where stated. The compounds added to the wells 

during the course of the assay are; oligomycin, Carbonyl cyanide-4- (trifluoromethoxy) 

phenylhydrazone (FCCP) and combined rotenone with antimycin A. These compounds 

target different complexes of the electron transport chain (ETC) in the mitochondria. 

Oligomycin inhibits ATP synthase (Complex V of the ETC). This causes a reduction in 

oxygen consumption by preventing ATP synthesis via oxidative phosphorylation. The 

difference between baseline OCR and post-oligomycin OCR is the amount of oxygen 

used in ATP production.  

FCCP acts as a mitochondrial uncoupler, which disrupts the mitochondrial membrane 

potential allowing uninhibited flow of electrons through the ETC. This leads to an 

increase of oxygen consumption until it reaches the maximum OCR capable of the cell. 

The post-FCCP OCR is referred to as the maximal OCR and the difference between 

baseline OCR and post-FCCP OCR reflects the Spare Respiratory Capacity (SRC) of the 

cells which is their ability to increase mitochondrial respiration when stressed.  
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Finally, Rotenone and Antimycin A directly inhibit Complex I and Complex III of the ETC, 

respectively, effectively shutting down all ETC activity and all mitochondrial oxygen 

consumption. Residual oxygen consumption, therefore, reflects Non-Mitochondrial 

Oxygen Consumption. A hypothetical example of real-time OCR measurements at 

baseline and following addition of inhibitors, indicating how data can be used to 

calculate the baseline OCR, ATP production, SRC, non-mitochondrial oxygen 

consumption and proton leak, is depicted in Figure 2.8.  

Alternatively, changes in ECAR and OCR in real time in response to stimulation with Mtb 

or LPS or treatment with lactate were analysed. Equalised volumes of LPS, iH37Rv and 

lactate were loaded into ports on the Seahorse Assay Cartridge and added to the wells 

in the order and time points as indicated. ECAR and OCR were measured in real-time 

post the addition of each reagent. Additions of medium only were added through the 

ports as controls. The third reading of ECAR or OCR was considered the baseline reading 

to allow calculation of the % change from baseline in order to correct for differences in 

cell seeding density and donor variability. 

2.4.3 Mitochondrial Stress Test Protocol 

PBMC were isolated from buffy coats or from umbilical cord blood samples taken 

immediately following delivery. Adult or cord blood MDM were adherence purified for 

7 days in 10% human serum. MDM were washed and detached from the plates by 

cooling and gently scraped, counted and re-seeded on Seahorse culture plates at least 

24 hours prior to analysis in the Seahorse XFe24 Analyzer. The Seahorse Assay Cartridge 
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was hydrated using Seahorse Calibrant Solution and incubated at 37°C and 0% CO2 

overnight.  

On the day of analysis, Seahorse medium (bicarbonate-free DMEM; Seahorse 

Biosciences, Agilent Technologies UK Ltd.) was supplemented with 2 mM glutamine and 

10 mM glucose, warmed to 37°C and filtered through 0.2 μm sterile syringe filters 

(Corning, NY). Supernatants were removed from all wells of the Seahorse microplate, 

500 μl of fresh Seahorse medium was applied to each well (including blank wells) and 

the microplate was incubated at 37°C and 0% CO2 prior to analysis. Supernatants 

removed at this point (i.e. 24 hours post-treatment / infection) were retained and 

stored at -30°C for subsequent cytokines analysis.  

Prior to analysis, compounds from the Mito Stress Test Kit were prepared in 

supplemented Seahorse medium under sterile conditions and loaded into designated 

ports on the Seahorse Assay Cartridge as above. Mitochondrial inhibitors were added 

to all wells in the order oligomycin, then FCCP, then rotenone/antimycin A, with three 

measurements of OCR and ECAR made following the addition of each compound.  

After completion of the protocol, crystal violet (CV) assay was performed to normalise 

for differences in cell numbers between wells. Crystal violet binds to the DNA of the 

MDM and the  amount of CV bound in each well is used a correlate of cell seeding 

density. Medium was removed and 50 μl of 1% glutaraldehyde (Sigma-Aldrich) was 

added to each well for 15 minutes at room temperature. Glutaraldehyde was removed 

and wells washed twice with PBS. 50 μl 0.1% CV (Sigma-Aldrich) was added to each well 

for 30 minutes. CV was removed, the microplate was inverted and left to air dry for 
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several hours. 40 μl 1% Triton X solution was added to each well and the plate was 

placed on a shaker for 15 minutes to allow full elution to occur. Contents of each well 

were transferred to a 96-well plate and absorbance was read at 595 nm using an 

spectrophotometer. The results of ECAR and OCR from each well were divided by the 

OD value generated by the spectrometer to normalise for differences in cell seeding 

density.  
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Figure 2.8 Calculation of Mitochondrial Stress Test parameters. 
A hypothetical example of real-time OCR measurements at baseline and following the 
sequential addition of Oligomycin, FCCP and Rotenone/Actinomycin A for the 
Mitochondrial Stress Test. The graph indicates how data can be used to calculate the 
baseline OCR, ATP production, SRC, non-mitochondrial oxygen consumption and proton 
leak. Adapted from Agilent Seahorse XF Cell Mito Stress Test Kit User Guide. 
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2.5 MDM stimulation with LPS and polarisation with IFN-γ or IL-4 

2.5.1 Lipopolysaccharide stimulation 

The TLR4 agonist, lipopolysaccharide (LPS), is found in the outer membrane of Gram 

negative bacteria and was used as a positive control in all experiments. LPS (Sigma-

Aldrich) was diluted in sterile PBS, aliquoted and stored at -30°C. On the day of the 

experiment the LPS aliquot was thawed and added to MDM at a final concentration of 

100 ng/ml. 

 

2.5.2 Polarisation of MDM with IFN-γ or IL-4  

Human MDM were adherence purified from healthy adult donors for 6-8 days in the 

presence of human serum as described in section 2.1.4. MDM were treated with 

recombinant human IFN-γ (10 ng/ml; BioLegend) or IL-4 (10 ng/ml; BioLegend) for 24 

hours prior to stimulation in order to induce polarisation towards the classically 

described M1 or M2 phenotype respectively. MDM were stimulated in the same 

medium containing recombinant cytokines and maintained for a further 24 hours in 

humidified incubators at 37°C and 5% CO2 before analysis of surface markers by flow 

cytometry or cytokine production by ELISA.  For IFN-γ or IL-4 experiments involving the 

Seahorse XFe24 Analyzer, the MDM were scraped and reseeded on Seahorse plates as 

described above (2.4.1). IFN-γ or IL-4 was added 24 hours prior to the live analysis of 

metabolic flux. 
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2.6 Analysis of Cytokine production 

 
2.6.1 Measurement of cytokine production by Enzyme Linked Immuno Sorbant Assay 

(ELISA)  

The concentrations of TNF in supernatants was quantified by ELISA (Affymetrix),  as per 

manufacturer’s instructions. Capture antibody diluted in coating buffer was applied to 

high-binding 96-well plates (Greiner Bio-one). Plates were incubated overnight at 4°C, 

capture antibody was removed and non-specific binding sites were blocked with 

appropriate blocking solution for 1 hour at room temperature. After blocking, plates 

were washed using PBS buffer supplemented with the detergent 0.5% Tween-20, dried 

and supernatant samples were loaded into wells in duplicates either neat or diluted 1 

in 5 with assay diluent. A standard curve of serially diluted recombinant cytokine 

standard was also loaded onto the plates in triplicate, with the top working standard at 

2000 pg/ml. Blank wells, containing assay diluents only, were included on each plate to 

allow the subtraction of background from each sample. Samples were incubated 

overnight at 4°C. After washing, biotinylated detection antibody was added to each well 

and incubated for 2 hours at room temperature. Plates were washed and horseradish-

peroxidase conjugated to streptavidin was applied to wells for 30 minutes in the dark. 

The plate was thoroughly washed and the substrate tetramethylbenzidine was added. 

The enzyme-mediated colour reaction was protected from light while developing and 

stopped with the addition of 1M H2SO4 . The optical density of the colour was 

determined by measuring the absorbance at 450 nm using a microtiter plate reader 

(BioTek, Epoch). Cytokine concentrations were calculated from the standard curve using 

Gen5© Data Analysis software (Biotek).  
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2.6.2 Measurement of cytokine production by Mesoscale Discovery System 

Mesoscale Discovery (MSD; Meso Scale Discovery Multi-Array technology, Rockville, 

Maryland, United States) electrochemiluminescence detection system was also used to 

detect cytokine in supernatant. These are sandwich immunoassays preformed on plates 

that are precoated with capture antibody on small spots in each well, allowing for the 

measurement of multiple cytokines simultaneously. Following addition of the 

supernatant to the wells, solution containing detection antibodies conjugated with 

electrochemiluminescent labels (MSD SULFO-TAG™) was added as per manufacturer’s 

instructions. An MSD buffer that creates the appropriate chemical environment for 

electrochemiluminescence was added and an MSD instrument, was used to measure 

the intensity of emitted light following application of voltage. Variances in light intensity 

are used to calculate the quantitative measurement of each cytokine and was 

performed as per manufacturer’s instructions.  

 

2.7 Western Blotting 

Western blot analyses was undertaken to characterise expression levels of LC3 and p62, 

proteins involved in autophagy. 24 hours post infection with Mtb (H37Ra), MDM were 

washed with PBS and lysed in lysis buffer (4:2:1:1 H20/10% SDS/glycerol/ 0.5 M Tris, pH 

6.8 containing Dichlorodiphenyltrichloroethane (10%) with the addition of protease 

(ThermoFisher Scientific) and phosphatase inhibitor tablets (Sigma). MDM were then 

scraped and the protein lysate harvested and immediately heated to 95˚C to inactivate 

proteases. Sodium dodecyl sulfate (SDS) sample buffer (100mM Tris-HCl (pH 6.8), 20% 

Glycerol (v/v), 4% SDS (w/v), 0.001% bromophenol blue (w/v) containing 143 mM 

dithiothreitol) was added to the lysates and equal volumes of the lysates (30 μl/lane) 
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were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE) (10%) using the 

Bis-Tris Electrophoresis System (Bio-Ray). The transfer of separated proteins to 

polyvinylidene fluoride membrane was performed by wet blotting (Bio-Rad). The PVDF 

membranes were blocked with blocking buffer containing 5% milk (Marvel) in Tris-

Buffered saline Tween (TBST) (0.1% (v/v) Tween-20 in TBS) at room temperature for 1 

hour.   Following blocking of the membrane, the immunoblot was incubated with 

purified mouse anti-human LC3 (1:1,000), purified rabbit anti-human p62 (1:1,000) or 

purified mouse anti-human Actin (1:1,000) at 4°C overnight in TBST (Nanotools). 

Followed by incubation with secondary goat anti-mouse or anti-rabbit IgG peroxidase 

conjugated antibody (Millipore)  diluted in TBS for 1 hour at room temperature. The 

immunoblots were developed using enhanced chemiluminescence (ECL; MyBio) and 

visualised using a chemiluminescence imaging system (Fusion FX).  

 

2.8 Optimisation of the use of exogenous sodium-lactate on human MDM 

2.8.1 The effect of exogenous lactate on cell viability  

In order to determine an appropriate concentration of sodium lactate to use in vitro on 

human MDM, optimisation experiments were carried out using a range of 

concentrations of lactate (from 0 to 100 mM).  Cell viability was assessed to determine 

the optimal concentration of lactate to treat MDM with in vitro. Due to the limited 

supply of cord blood donors the following experiments were undertaken in adult MDM 

only. PBMC were isolated from buffy coats and MDM were adherence purified for 7 

days in 10% human serum. The cells were treated with 0, 6.25, 12.5, 25, 50 and 100 mM 

of lactate three hours prior to infection with Mtb (iH37Rv or H37Ra), at an at an MOI of 

~70% infectivity, 1-10 mycobacteria per cell, or stimulation with LPS (100 ng/ml). Cell 
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viability was assessed using a Propidium Iodide (PI) based cell exclusion assay. Cells 

were concomitantly stained with 5 µg/ml PI, 20 µg/ml Hoechst 33342 and 50 µg/ml 

Hoechst 33258 (all Sigma Aldrich) for 30 minutes at room temperature. Total cell 

numbers were detected via Hoechst staining of nuclei (461 nm) and dying/dead cells 

were identified via positivity for PI staining (617 nm), using the Cytell Cell Imaging 

System and software (GE Healthcare). At 24 hours (Figure 2.9 A), 48 hours (Figure 2.9 B) 

and 120 hours (Figure 2.9 C) post stimulation, the total number of live cells was 

determined using the Cytell Cell Imaging System. 

 

Lactate at 25 mM was the highest concentration that did not induce statistically 

significant cell death at any time point or with any stimulation and, as this concentration 

was physiologically relevant, it was used in subsequent experiments. To control for 

potential osmotic stress and any potential metabolic effects caused by the presence of 

the sodium ion, sodium chloride was used at an equimolar concentration as a control 

and measured viability at 24 hours (Figure 2.10 A), 48 hours (Figure 2.10 B) and 120 

hours (Figure 2.10 C) post stimulation. 

 

2.8.2 The effect of sodium-lactate on pH 

There has been contradictory evidence over the requirement for lactate to be acidified 

into its conjugate acid, lactic acid, in order for it to alter immune function211–214. Sodium-

L-lactate did not affect the pH of the medium at any concentration between 6.25 and 

100 mM when tested using a pH meter (Figure 2.11).  
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2.8.3 The effect of sodium-lactate on the phagocytic capacity of human MDM 

In order to ascertain if lactate altered the uptake of Mtb by human MDM, a phagocytosis 

assay was undertaken. Adult MDM were adherence purified with cRPMI for 6-8 days in 

an 8 well labtek. The cells were treated with 0, 6.25, 12.5 and 25 mM of lactate three 

hours prior to infection with Mtb, iH37Rv (Figure 2.12 A) or H37Ra (Figure 2.12 B), at an 

MOI of approximately 80% infectivity, 1-20 mycobacteria per cell. 3 hours after infection 

the cells were washed to remove extracellular mycobacteria and then fixed with 2% PFA. 

Fixed MDM were stained with Hoechst and Auramine O stain. Fluorescent microscopy 

was used to count the number of infected cells and the number of mycobacteria per cell 

for 3 separate donors. Representative graphs show the number of bacteria per cell 

(Figure 2.12). No significant differences in uptake of Mtb with any of the concentrations 

of lactate were observed. 

 

2.8.4 Determining the effects of sodium-lactate on human MDM 

In order to determine the effect of lactate on MDM responses, 25mM of lactate was 

added 3 hours prior to stimulation with Mtb (iH37Rv MOI~70%) or LPS (100ng/ml). 

Analysis of cell surface markers and of cytokine production were performed at 24 hours 

as described above (2.3, 2.6.2).  

 

CFU experiments were carried out as described above (2.2.6) with 0, 6.25, 12.5 and 25 

mM of lactate added to the MDM 3 hours prior to infection with Mtb (H37Ra) at an MOI 

of 30-40%, 1-5 mycobacteria per cell. Cells were lysed in sterile 0.1% Triton-X at 3, 48 

and 120 hours post infection. 7H9 Middlebrook Broth supplemented with ADC was used 

to serially dilute the lysates and they were plated on 7H10 Middlebrook Agar 
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supplemented with OADC in triplicate. Agar plates were incubated at 37˚C for 21 days 

before CFU were counted. 

 

Mycobacterial growth in axenic conditions was assessed using a BacT Analyser 

(Biomerieux). Mtb (H37Ra) was added to 1 ml of  Middlebrook 7H9 Broth (+ADC) with 

0, 6.25, 12.5 and 25 mM of lactate. 20% dilution with 0 mM lactate was added 

immediately to a BacT Mycobacterial Culture bottle and placed in the BacT Analyser to 

act as a control. After three days of mycobacterial propagation, 20% dilution of the 

remaining wells were added to BacT bottles. Time to positivity, as measured by the BacT 

Analyser, was recorded for each condition. 

 

Analysis of metabolic flux induced by lactate was measured in the Seahorse Xfe24 

Analyzer as described above (2.4.1). Lactate (25mM) was added via the Seahorse ports 

to observe the impact on ECAR and OCR. 
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Figure 2.9 MDM viability after the addition of lactate.  
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. The cells were treated with 0, 6.25, 12.5, 25, 50 and 100 mM of 
lactate three hours prior to infection with Mtb (iH37Rv or H37Ra), at an MOI of 
approximately 70% infectivity, 1-10 mycobacteria per cell, or stimulation with LPS (100 
ng/ml). At 24 hours (A), 48 hours (B) and 120 hours (C) cells were stained with Hoechst 
and PI and total number of live cells was determined using the Cytell Cell Imaging System 
(n=3 ±SD). Statistical significance was determined using two-way ANOVA with Tukey 
multiple comparisons test; ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. 
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Figure 2.10 MDM viability after the addition of NaCl. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. The cells were treated with 0, 6.25, 12.5, 25, 50 and 100 mM of NaCl 
three hours prior to infection with Mtb (iH37Rv or H37Ra), at an MOI of approximately 
70% infectivity, 1-10 mycobacteria per cell, or stimulation with LPS (100 ng/ml). At 24 
hours (A), 48 hours (B) and 120 hours (C) cells were stained with Hoechst and PI and 
total number of live cells was determined using the Cytell Cell Imaging System (n=3 ±SD). 
Statistical significance was determined using two-way ANOVA with Tukey multiple 
comparisons test; ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. 
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Figure 2.11 Sodium lactate does not alter pH. 
Sodium-L-lactate was dissolved in RMPI and serially diluted to the following range of 
concentrations; 0, 6.25, 12.5,25, 50 and 100 mM of Na-L-lactate. The pH was measured 
using a pH meter. 
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Figure 2.12 Lactate does not alter MDM phagocytic ability. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum in an 8 well labtek. MDM were treated with 0, 6.25, 12.5 and 25 mM 
of lactate three hours prior to infection with Mtb, A iH37Rv and B H37Ra, at an MOI of 
70%, 1-20 mycobacteria per cell. 3 hours after infection the cells were washed to 
removed extracellular mycobacteria and then fixed with 2% PFA. Fixed MDM were 
stained with Hoescht and auramine O stain. Fluorescent microscopy was used to count 
the number of infected cells and the number of mycobacteria per cell. Data shown is 
one representative donor. Each dot represents one cell, horizontal lines represent the 
mean and error bars indicate ±SEM. Statistical significance was determined using one-
way ANOVA, Bonferroni’s multiple comparison test. 
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2.9 Statistical analysis 

Statistically significant differences between two groups were determined by paired and 

unpaired Student’s two-tailed t-tests, as appropriate. Statistically significant differences 

between 3 or more groups were determined by 1-way ANOVA (with 

Bonferroni/Sidak/Tukey post-tests, as appropriate). Statistically significant differences 

between 2 or more groups, each containing more than 1 variable were determined by 

2-way ANOVA (with Bonferroni/Sidak/Tukey post-tests, as appropriate). All graphs were 

generated and statistical analyses were performed using GraphPad Prism software v 

9.1.0 (GraphPad Inc) and values of P<0.05 were considered significant and denoted with 

an asterisk. When both Student’s t-test and ANOVA was undertaken and illustrated on 

the same graph the t-test was denoted with a #. 
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Chapter 3  
 
3.1 The Warburg effect occurs early in adult but not cord blood macrophages 

 
3.1.1 Introduction 

Murine macrophages increase glycolysis and decrease oxidative phosphorylation 24 

hours post lipopolysaccharide (LPS) stimulation187,215. This altered metabolism in 

activated murine macrophages is akin to the altered metabolic function first observed 

in tumour cells by Otto van Warburg184 and is thus, termed the ‘Warburg effect’. More 

recent findings linking changes in the metabolic function of immune cells to their ability 

to mount an effective immune response181,216,217, has led to development of a field of 

research known as immunometabolism. The majority of work published to date in 

macrophages has been carried out in murine BMDM, which have been crucial to the 

detailed mechanistic understanding of these biochemical processes. However, there is 

a paucity of immunometabolic data generated in primary human macrophages196. 

Furthermore, there are seemingly contradictory findings between human and murine 

macrophage research, with more research required to fully establish the metabolic 

features of activated human immune cells196,197. 

 

A study directly comparing murine BMDM and human MDM replicated the established 

increase in murine extracellular acidification rate (ECAR) and decrease in oxygen 

consumption rate (OCR) in response to LPS197. In contrast, human MDM had reduced 

ECAR and no change in OCR 16 hours after LPS stimulation197. It is difficult to draw 

accurate conclusions from these findings that illustrate stark differences in human and 

mouse immunometabolism; however, these differences are not unexpected given the 
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striking disparities between human and murine susceptibility to LPS toxicity218. Other 

studies examining itaconate, an immunomodulatory derivative of a tricarboxylic acid 

cycle intermediate, which increases after macrophage activation, found that the peak 

in human MDM occurred earlier than in murine BMDM219,220. Thus, the kinetics of 

metabolic flux may occur early in human macrophages responding to stimulation. 

 

These disparities may hamper efforts to translate this knowledge into effective 

therapeutic drugs. Adding further to this complexity, is the changing function of human 

immune responses over a lifetime. The role of metabolism in immune defects seen at 

the extremes of age is an area of ongoing investigation221,222,223. Newborn babies are 

more susceptible than adults to a variety of bacterial infections, including from gram 

negative organisms (containing LPS) and from intracellular pathogens such as Mtb224,225, 

the causative agent of TB. The Keane laboratory has previously shown that adult human 

macrophages shift their metabolic function toward aerobic glycolysis 24 hours after 

Mtb infection188,226,227, a finding replicated in other centres228,229. Furthermore, 

research examining monocytes or MDM from umbilical cord blood have shown them to 

produce less pro-inflammatory TNF in relation to adult comparators following 

stimulation with LPS. 179,230,231. There is a lack of published data on metabolic activation 

in cord blood MDM, with only one study showing diminished glycolysis in polarised 

MDM202. In order to exploit the therapeutic potential of manipulating metabolic 

pathways, basic human cellular research is required to build on the growing literature 

generated from murine studies in immunometabolism.  

Differences in adult and cord blood MDM have not been inconsistently reproduced, in 

part because of the numerous methods used to differentiate human macrophages from 
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monocytes173,232,233. In this thesis the experimental model used monocytes that were 

differentiated with  adherence purification in 10% human serum which is a well-

established method in adult monocytes, but has rarely been used in cord 

blood26,188,226,227,234,235. In order to ensure that this method resulted in similar 

macrophage differentiation from adult or cord blood, the morphology and purity were 

assessed using light microscopy and flow cytometry, respectively (2.1.5, 2.3).  Having 

established the validity of this model of macrophage differentiation in adult and cord 

blood MDM, the knowledge gap in human immunometabolic response to stimulation 

with Mtb or LPS was explored. 

 

3.1.2 Hypothesis and Aims 

Hypothesis: 

It was hypothesised that the difference in clinical phenotype seen between adults and 

newborns following exposure to Mtb is a result of underlying differences in macrophage 

metabolic and functional responses and that the kinetics of human macrophage 

immunometabolic responses to stimulation differ from the well-established murine 

pattern, occurring at an earlier timepoint.  

 

Aims: 

Directly compare the immunometabolic profile of adult and cord blood macrophages in 

response to stimulation with Mtb or LPS using the Seahorse XFe Analyzer technology.  

• Elucidate the differential kinetics of immunometabolic changes in activated 

human macrophages by examining the response to stimulation in real time and 

24 hours post activation . 
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• Examine the phenotypic differences of macrophages differentiated from adult 

and cord blood and stimulated with Mtb or LPS using flow cytometry.  

• Examine the differential ability of adult or cord blood macrophages to produce 

key cytokines following stimulation with Mtb or LPS, using ultra-sensitive 

electrochemiluminescence MescoScaleDiscovery (MSD) Multi array analysis. 

 
 
3.2 Results 

 
3.2.1 The Warburg effect occurs early in response to stimulation with Mtb or LPS in 

human adult MDM 

In order to examine if the Warburg effect (i.e., increased glycolysis and decreased 

oxidative phosphorylation) occurs in activated human macrophages, the kinetics of the 

metabolic response of human MDM to stimulation with LPS or Mtb in real time were 

analysed. Since Mtb has been shown to subvert macrophage metabolism235,236, 

irradiated H37Rv (iH37Rv) strain of Mtb was used to elucidate the host response. This 

ensures that the host metabolic response is unperturbed by interference from live, 

growing Mtb. PBMC were isolated from buffy coats or from umbilical cord blood 

samples taken immediately following delivery. Adult or cord blood MDM were 

adherence purified for 7 days in 10% human serum. MDM were washed and detached 

from the plates by cooling and gently scraped, counted and re-seeded on Seahorse 

culture plates prior to analysis. Using the injection ports of the Seahorse XFe24 

Analyzer, either Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) was added to wells 

containing differentiated human adult or cord blood MDM and the extracellular 
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acidification rate (ECAR) and the oxygen consumption rate (OCR), surrogates for 

glycolysis and oxidative phosphorylation, respectively, were evaluated. 

 

3.2.1a Mtb and LPS cause a rapid increase in glycolysis in adult and cord blood MDM 

Baseline measurements of ECAR were recorded for 30 minutes prior to the injection of 

medium (unstimulated, denoted as “unstim”), Mtb or LPS via the Seahorse Analyzer 

ports. The data are expressed as both the raw values and the % change from the third 

baseline reading in order to normalise for differences in human variability and for 

technical variability in cell seeding density on the Seahorse culture plate. For both the 

adult (Figure 3.1 A) and cord blood MDM (Figure 3.1 B), the time course graphs show a 

rapid increase in ECAR following stimulation with Mtb or LPS compared with the 

unstimulated control. The elevated ECAR plateaus and persists for the duration of the 

analysed time period. The % change in ECAR follows the same pattern, with a rapid 

increase following stimulation with Mtb or LPS in both adult (Figure 3.1 C) and cord 

blood MDM (Figure 3.1 D).  

 

Analysis of the data for n=7 independent adult and n=6 cord blood MDM independent 

experiments was undertaken at the indicated timepoint on the time-course graph, 

approximately 150 minutes (2.5 hours) post stimulation (Figure 3.2). This timepoint was 

when the ECAR and OCR were consistently furthest from baseline. A statistically 

significant increase in ECAR in both the raw value and % change from baseline was seen 

in the adult MDM stimulated with Mtb (Figure 3.2 A, P<0.01) or LPS (Figure 3.2 B, 

P<0.01). Cord blood MDM stimulated with Mtb had a significant increase in the ECAR 

(Figure 3.2 C, left, P<0.01) and the % change in ECAR (Figure 3.2 C, right, P<0.05). LPS 



 69 

stimulation also induced a significant increase in the ECAR (Figure 3.2 D, left, P<0.05) 

and % change in ECAR (Figure 3.2 D, right, P<0.01) in cord blood MDM.  

 
3.2.1b OCR significantly decreases in adult but not cord blood MDM following Mtb or 

LPS stimulation. 

Baseline measurements of OCR were also recorded for 30 minutes prior to the injection 

of medium (unstimulated, denoted as “unstim”), Mtb or LPS. The data are expressed as 

both the raw values and the % change from the third baseline reading in order to 

normalise for differences in human variability and for technical variability in cell seeding 

density on the Seahorse culture plate. For the adult MDM, the time course graphs show 

a rapid decrease in OCR stimulation with Mtb or LPS compared with the unstimulated 

control (Figure 3.3 A). The OCR returns to the baseline rate at approximately 300 

minutes. In contrast to the adult MDM however, there is only a minor flux in the OCR in 

the cord blood MDM after stimulation with Mtb or LPS (Figure 3.3 B). These findings are 

replicated in the % change in OCR from baseline for the adult (Figure 3.3 C) and cord 

blood (Figure 3.3 D) MDM after Mtb or LPS stimulation. 

 

Data was extracted at the analysis timepoint indicated on the time-course graph, 

approximately 150 minutes (2.5 hours) post stimulation (Figure 3.4). For the adult MDM 

(n=7), the OCR (Figure 3.4 A, left P<0.05)  and % change in OCR (Figure 3.4 A, right 

P<0.01) were significantly decreased by stimulation with Mtb. The decline in OCR seen 

in adult MDM after LPS stimulation (Figure 3.4 B, left) was not statistically significant, 

however, when the values were normalised to % change in OCR this decrease was 

statistically significantly different compared with baseline (Figure 3.4 B, right P<0.01).  
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No statistically significant changes were seen in the OCR or the % change in OCR for 

cord blood MDM (n=6) stimulated with Mtb (Figure 3.4 C, left) or LPS (Figure 3.4 D, 

right).  

 

3.2.1c ECAR/OCR ratio increases in both adult and cord blood MDM after stimulation 

with Mtb or LPS. 

The ECAR/OCR ratio is a measure of cellular energetics which indicates cellular 

preference for glycolysis versus oxidative phosphorylation and it was calculated at the 

analysis time point, 2.5 hours post stimulation. In keeping with the above findings of a 

marked increase in glycolysis in both adult and cord blood MDM following Mtb or LPS 

stimulation, a statistically significant increase in the ECAR/OCR ratio was observed at 

the analysed timepoint for both Mtb and LPS stimulated adult (Figure 3.5 A, P<0.01 for 

both Mtb and LPS) and cord blood (Figure 3.5 B, P<0.01 for both Mtb and LPS).  

 

3.2.1d Comparison of metabolic changes in adult and cord blood MDM 2.5 hours after 

stimulation with Mtb or LPS. 

In order to determine the differential ability of adult and cord blood MDM to undergo 

early metabolic alterations in response to stimulation, the % change in ECAR or OCR or 

the ECAR/OCR ratios were directly compared.  The data indicates that adult and cord 

blood MDM exhibit similar changes in ECAR upon stimulation with Mtb (Figure 3.6 A, 

left) or LPS (Figure 3.6 B, left). However, adult MDM have significantly lower OCR 

compared with cord blood MDM stimulated with Mtb (Figure 3.6 A middle; P<0.05) or 

LPS (Figure 3.6 B middle; P<0.05).  



 71 

Directly comparing the ECAR/OCR ratios, cord blood MDM stimulated with Mtb exhibit 

a significantly reduced ECAR/OCR ratio compared with adult MDM at this early 

timepoint (Figure 3.6 A, right P<0.05). The ECAR/OCR ratios for MDM stimulated with 

LPS are not significantly different between the adult and cord blood MDM (Figure 3.6 

B, right).  

 

Taken together, these data demonstrate that the Warburg effect occurs in human adult 

MDM but not in cord blood MDM, and that this change occurs early in response to 

stimulation and is short lived. Cord blood MDM undergo a shift towards glycolysis but 

do not concomitantly reduce oxidative phosphorylation, in the way that their adult 

counterparts do. Although cord blood MDM exhibit significantly increased ECAR/OCR 

ratios in response to Mtb or LPS, the ECAR/OCR ratio is significantly reduced in the cord 

blood MDM compared with the adult MDM in response to Mtb.  
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Figure 3.1 ECAR rises rapidly in adult and cord blood MDM after Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added to the cells in the Seahorse Analyzer. The Extracellular Acidification Rates 
(ECAR) was recorded approximately every 20 minutes. Correction for small variations in 
cell density was achieved by % comparison to the basal ECAR. After 30 minutes, the 
Seahorse Analyzer injected medium (unstim), Mtb or LPS into assigned wells at the point 
on the graph labelled ‘injection’. The ECAR readings were then continually sampled in 
real time. The time-course graphs illustrate the ECAR and % change in ECAR from 
baseline of adult MDM (n=7 A,C) or cord blood MDM (n=6 B, D) in real time in response 
to stimulation with Mtb or LPS.  
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Figure 3.2 Analysis of ECAR in adult and cord blood MDM after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added to the cells in the Seahorse Analyzer. Correction for small variations in cell 
density was achieved by % comparison to the basal ECAR. After 30 minutes, the 
Seahorse Analyzer injected medium (unstim), Mtb or LPS into assigned wells.  At the 
time point indicated in Figure 3.1, 150 minutes after stimulation, the ECAR and % 
change in ECAR from baseline was analysed for Mtb and LPS stimulated cells for the 
adult (n=7 A,B) and cord blood MDM (n=6 C,D). Statistically significant differences were 
determined using a paired Student’s t test; * P<0.05, ** P< 0.01. 
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Figure 3.3 OCR falls rapidly in adult but not cord blood MDM after Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added to the cells in the Seahorse Analyzer. The Oxygen Consumption Rate (OCR) 
was recorded approximately every 20 minutes. Correction for small variations in cell 
density was achieved by % comparison to the basal ECAR. After 30 minutes, the 
Seahorse Analyzer injected medium (unstim), Mtb or LPS into assigned wells. The OCR 
readings were then continually sampled in real time. The time-course graphs illustrate 
the OCR and the % change in OCR from baseline of adult MDM (n=7 A,C) or cord blood 
MDM (n=6 B,D) in real time in response to stimulation with Mtb or LPS.  
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Figure 3.4 Analysis of OCR in adult and cord blood MDM after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added to the cells in the Seahorse Analyzer. Correction for small variations in cell 
density was achieved by % comparison to the basal OCR. After 30 minutes, the Seahorse 
Analyzer injected medium (unstim), Mtb or LPS into assigned wells.  At the time point 
indicated in Figure 3.3, 150 minutes after stimulation, the OCR was analysed for Mtb 
and LPS stimulated cells for the adult (n=7 A,C) and cord blood MDM (n=6 B,D). 
Statistically significant differences were determined using a paired Student’s t test; * 
P<0.05, ** P< 0.01. 
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Figure 3.5 ECAR/OCR ratio for adult and cord blood MDM after Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added to the cells in the Seahorse Analyzer. After 30 minutes, the Seahorse 
Analyzer injected medium (unstim), Mtb or LPS into assigned wells.  At the time point 
indicated in Figure 3.1, 150 minutes after stimulation, the ECAR/OCR ratio was 
calculated for Mtb or LPS stimulated cells for the adult (A, n=7) and cord blood MDM 
(B, n=6). Statistically significant differences were determined using a paired Student’s t 
test; * P<0.05, ** P< 0.01.  
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Figure 3.6 Comparison between adult and cord blood MDM responses after Mtb or 
LPS stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added to the cells in the Seahorse Analyzer. After 30 minutes, the Seahorse 
Analyzer injected medium (unstim), Mtb or LPS into assigned wells.  At the time point 
indicated, 150 minutes after stimulation, the % change in ECAR and OCR and ECAR/OCR 
ratio was calculated for Mtb (A) and LPS (B) stimulated cells for the adult (n=7) and cord 
blood MDM (n=6) and the differences between adult and cord responses were 
compared. Statistically significant differences were determined using an unpaired 
paired Student’s t test; * P<0.05.  
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3.2.2 Human MDM show persistent metabolic changes 24 hours after stimulation.  

Previous studies have shown the Warburg effect in murine macrophages at 16-24 hours 

post activation with LPS but the data at this time point in human MDM is 

inconsistent188,196,197.  In order to examine the metabolism of adult and cord blood MDM 

at this later time point, the Seahorse XFe24 Analyzer was used to examine the ECAR and 

OCR of both adult and cord blood MDM 24 hours after stimulation with Mtb or LPS.   

 

PBMC were isolated from buffy coats or from umbilical cord blood samples taken 

immediately following delivery. Adult or cord blood MDM were adherence purified for 

7 days in 10% human serum. MDM were washed and detached from the plates by 

cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 

analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 

were added 24 hours prior to mitochondrial stress test analysis for adult and cord blood 

MDM. Differences in cell density was corrected for by crystal violet normalisation. The 

ECAR and OCR were recorded approximately every 9 minutes. 

 
3.2.2a The increased ECAR observed 2.5 hours after stimulation with Mtb or LPS 

persists at 24 hours  

The ECAR of adult and cord blood MDM were recorded 24 hours after stimulation with 

Mtb or LPS. The third reading of the unstimulated MDM was used as the comparison to 

calculate the % change from baseline. The ECAR raw values and the % change in ECAR 

from baseline are both statistically significantly raised in adult MDM (n=7) 24 hours after 

stimulation with Mtb (Figure 3.7 A, P<0.01) or LPS (Figure 3.7 B, P<0.01).  Cord blood 

MDM exhibit a similar phenotype to adult MDM. 24 hours after stimulation with Mtb, 
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the ECAR and the % change in ECAR are both significantly raised (Figure 3.7 C, P<0.05 

for both). LPS induced a significant increase in ECAR (Figure 3.7 D, left, P<0.01) and % 

change in ECAR (Figure 3.7 D, right P<0.05) in cord blood MDM. 

 

3.2.2b OCR 24 hours following Mtb or LPS stimulation in adult and cord blood MDM. 

The OCR was concurrently recorded for adult and cord blood MDM 24 hours after 

stimulation with Mtb or LPS. The third reading of the unstimulated MDM was used as 

the comparison to calculate the % change from baseline. Adult MDM stimulated with 

Mtb show no change in OCR or % change in OCR (Figure 3.8 A) from baseline 24 hours 

after stimulation. 24 hours after stimulation with LPS, adult MDM had a statistically 

significant increase in OCR and % change in OCR from baseline (Figure 3.8 B, P<0.001 

for both). The cord blood MDM showed no change in OCR or % change in OCR for either 

Mtb (Figure 3.8 C)  or LPS (Figure 3.8 D) stimulation. 

 

These data indicate that after 24 hours, adult MDM stimulated with LPS exhibit 

enhanced cellular energetics, with both ECAR and OCR elevated. Whereas adult MDM 

stimulated with Mtb for 24 hours exhibit increased ECAR, but stable OCR compared with 

control, indicating glycolytic metabolism but not a bona fide Warburg effect. The cord 

blood MDM showed increased glycolysis but no change in OCR for both Mtb and LPS at 

this time point. 
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3.2.2c Basal ECAR/OCR ratio in adult and cord blood MDM 24 hours post stimulation 

with Mtb or LPS. 

Having established the ECAR and OCR at 24 hours post stimulation, the ECAR/OCR ratio 

for adult and cord blood MDM was then calculated to indicate the cellular preference 

for glycolysis versus oxidative phosphorylation (Figure 3.9). The ECAR/OCR ratio in adult 

MDM (n=7) is significantly increased in cells stimulated with Mtb compared with 

controls (Figure 3.9 A, middle, P<0.05 paired t test), however, the ECAR/OCR ratio in 

cord blood MDM (n=4, middle, Figure 3.9 B) was not statistically significant in cells 

stimulated with Mtb compared with controls. Both adult (Figure 3.9 A, right) and cord 

blood MDM (Figure 3.9 B, right) had a statistically significant increase in the ECAR/OCR 

ratio 24 hours post LPS stimulation (P<0.05). 

 

3.2.2d Comparison of adult and cord blood MDM metabolism 24 hours after Mtb or 

LPS stimulation 

Next, the metabolic outputs of adult MDM were directly compared with that of the cord 

blood MDM. The % change from unstimulated controls for ECAR or OCR are not 

statistically significant between adult and cord blood MDM stimulated with either Mtb 

(Figure 3.10 A, left, middle) or LPS (Figure 3.10 B, left, middle). In keeping with this 

finding, no difference is seen in the ECAR/OCR ratio between adult and cord blood MDM 

after Mtb stimulation (Figure 3.10 A, right),  however, the ECAR/OCR ratio for the cord 

blood MDM is significantly increased compared with the adult MDM 24 hours following 

LPS stimulation (Figure 3.10, B, right; P<0.05). 
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These data indicate that by 24 hours post stimulation with Mtb, adult and cord blood 

MDM exhibit similar cellular energetics. In contrast, when MDM are stimulated with LPS 

for 24 hours, adult MDM exhibit enhanced cellular energetics whereas cord blood MDM 

exhibit enhanced glycolysis only. This results in cord blood MDM displaying a 

significantly increased ECAR/OCR ratio compared with adults, 24 hours post LPS 

stimulation.  

 

3.2.2e Mitochondrial stress test analysis for adult and cord blood MDM 24 hours 

following LPS or Mtb stimulation 

24 hours after Mtb or LPS stimulation adult and cord blood MDM were placed in the 

Seahorse XFe24 Analyzer and a Mitochondrial Stress test was performed with the 

sequential administration of oligomycin (1 µM), FCCP (1 µM) and antimycin-A/rotenone 

(0.5 µM). Three baseline OCR and ECAR measurements were obtained prior to the 

administration of the reagents. Three subsequent OCR and ECAR measurements were 

also obtained over 15 min following injection with each of oligomycin, FCCP and 

antimycin-A/rotenone. The ECAR and OCR time course graphs of the mitochondrial 

stress test are shown for the adult (Figure 3.11 A, B) and cord blood (Figure 3.11 C, D) 

MDM. 

 

Maximal respiration, spare respiratory capacity, proton leak, ATP respiration and non-

mitochondrial oxygen consumption was calculated as per Figure 2.8. Although adult and 

cord blood MDM responses to the Mito Stress Test were similar, the adult MDM 

exhibited significant changes in proton leak after both Mtb and LPS stimulation (P<0.05; 

Figure 3.12) whereas the cord blood MDM did not. Since increased proton leak is 
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associated with augmented mitochondrial activity, such as increased oxidative 

phosphorylation, this observation is in keeping with the previously observed inability of 

cord blood MDM to increase OCR in response to Mtb or LPS 24 hours post stimulation. 

Non-mitochondrial oxygen consumption was significantly increased in adult but not 

cord blood MDM in response to LPS stimulation (P<0.01; Figure 3.12). 

 

 
 
 
 



 83 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Analysis of Baseline ECAR in adult and cord blood MDM 24 hours after Mtb 
or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added 24 hours prior to analysis. Differences in cell density was corrected for by 
crystal violet normalisation. The ECAR was recorded approximately every 9 minutes. 
Shown is the baseline ECAR and the % change from unstimulated MDM for Mtb or LPS 
stimulated adult (n=7, A, B) and cord blood MDM (n=4, C, D). Statistically significant 
differences were determined using a paired Student’s t test * P<0.05, ** P< 0.01. 
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Figure 3.8 Analysis of Baseline OCR in adult and cord blood MDM 24 hours after Mtb 
or LPS stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added 24 hours prior to mitochondrial stress test analysis for adult and cord blood 
MDM. Differences in cell density was corrected for by crystal violet normalisation. The 
OCR was recorded approximately every 9 minutes. Shown is the baseline OCR and the 
% change from unstimulated MDM for Mtb or LPS stimulated adult (n=7, A, B) and cord 
blood MDM (n=4, C, D). Statistically significant differences were determined using a 
paired Student’s t test *** P< 0.001. 
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Figure 3.9 ECAR/OCR ratio for adult and cord blood MDM 24 hours after Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added 24 hours prior to mitochondrial stress test analysis for adult and cord blood 
MDM. Differences in cell density was corrected for by crystal violet normalisation. The 
ECAR/OCR ratio was calculated and is shown for adult (A) and cord blood (B) MDM. 
Statistically significant differences were determined using a one-way ANOVA; * P<0.05, 
P< 0.01, or paired Student’s t test; #P<0.05. 
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Figure 3.10 Comparison between adult and cord blood MDM responses 24 hours after 
Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added 24 hours prior to mitochondrial stress test analysis for adult and cord blood 
MDM. Differences in cell density was corrected for by crystal violet normalisation. The 
% change in ECAR and OCR and ECAR/OCR ratio was calculated for Mtb (A) and LPS (B) 
stimulated cells for the adult (n=7) and cord blood MDM (n=4) and the differences 
between adult and cord responses were compared. Statistically significant differences 
were determined using an unpaired Student’s t test; * P<0.05. 
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Figure 3.11  Mitochondrial stress test in adult and cord blood MDM 24 hours after 
stimulation with Mtb or LPS. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) 
were added 24 hours prior to mitochondrial stress test analysis for adult and cord blood 
MDM. Sequential administration of oligomycin (1 µM), FCCP (1 µM) and antimycin-
A/rotenone (0.5 µM) was undertaken through the Seahorse ports. Differences in cell 
density was corrected for by crystal violet normalisation. The OCR and ECAR was 
recorded approximately every 9 minutes for the adult (n=7 A,B) and cord blood MDM 
(n=4 C,D).  
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Figure 3.12 Cord blood MDM have a similar mitochondrial stress test profile to adult 
MDM.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed with cold PBS, cooled on ice for 30 
minutes and then gently scraped, counted and re-seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 
ng/ml) were added in real time in the Seahorse XFe24 Analyzer or 24 hours prior to 
mitochondrial stress test analysis for adult and cord blood MDM. Drugs that modulate 
mitochondrial function were introduced to the cells sequentially. Differences in cell 
densities were corrected for by crystal violet normalisation. The extracellular OCR was 
recorded approximately every 9 minutes. The mitochondrial stress test allows the 
calculation of the Spare Respiratory Capacity, ATP respiration, Proton Leak, Maximal 
respiration and Non-Mitochondrial Oxygen Consumption which are illustrated in the 
graphs for both adult (n=7) and cord blood MDM (n=4 ±SD). Statistical significance was 
determined using two-way ANOVA with Sidak’s multiple comparison test * P<0.05, 
**P<0.01  

Unstim Mtb LPS 
0

100

200

300

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Spare Respiratory Capacity

Unstim Mtb LPS 
0

200

400

600

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Maximal Respiration Adult

Cord 

Unstim Mtb LPS 
0

50

100

150

200

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

ATP Respiration

Unstim Mtb LPS 
0

20

40

60

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Proton Leak

*
*

Unstim Mtb LPS 
0

20

40

60

80

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Non Mitochondrial Oxygen Consumption

**



 89 

3.2.3 Comparison between metabolic responses at 2.5 hours and 24 hours following 

Mtb or LPS stimulation. 

The experimental data in this chapter illustrate the importance of timing when 

determining immunometabolic responses in human MDM. In order to illustrate the 

differences in the energetic profiles at the different time points, phenograms were 

created for adult (Figure 3.13) and cord blood MDM (Figure 3.14). The phenogram plots 

ECAR (x-axis) against OCR (y-axis). Cells that have low levels of both ECAR and OCR are 

considered “Quiescent”, located in the lower left quadrant and cells with high levels of 

both are considered “Energetic”, in the right upper quadrant. When cells have a high 

ECAR and low OCR, they are considered “Glycolytic”, in the right lower quadrant. A high 

OCR and low ECAR is considered an “Oxidative” state, located in the left upper 

quadrant.  

 

Adult MDM move towards a glycolytic state 150 minutes after stimulation with Mtb or 

LPS (Figure 3.13 A). At 24 hours Mtb or LPS stimulation has a less marked effect and 

now shifts the adult MDM metabolism towards an energetic state (Figure 3.13 B), 

particularly for the LPS treated MDM. This illustrates the increases in both ECAR and 

OCR seen at 24 hours in the LPS treated adult MDM. The fact that these changes are 

not seen in Mtb stimulated adult cells highlight the differential metabolic response to 

different stimuli. 

 

The phenogram for the cord blood MDM illustrate the fact that there is less metabolic 

shift in cord blood MDM than adult MDM after stimulation with either Mtb or LPS. 
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There is little change in the OCR at either 150 minutes (Figure 3.14 A) or 24 hours (Figure 

3.14 B) with a reduction in the glycolytic shift between the two time points. 

 

Comparison was also made between the ECAR/OCR ratios at 2.5 hours with those 24 

hours post stimulation for both the adult and cord MDM (Figure 3.15). These data 

illustrate that adult MDM have significantly reduced ECAR/OCR ratios at 24 hours post 

stimulation with Mtb (Figure 3.15 A, middle, P<0.05) or LPS (Figure 3.15 A, middle, 

P<0.05) compared with the earlier timepoint. In contrast, cord blood MDM do not have 

significantly different ECAR/OCR ratios at 2.5 hours compared with those at 24 hours 

post stimulation with Mtb or LPS (Figure 3.15 B). 
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Figure 3.13 Phenogram of adult MDM 2.5 and 24 hours following Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats and adult MDM were adherence purified for 7 
days in 10% human serum. MDM were washed with cold PBS, cooled on ice for 30 
minutes and then gently scraped, counted and re-seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 
ng/ml) were added in real time in the Seahorse XFe24 Analyzer or 24 hours prior to 
mitochondrial stress test analysis. The phenograms illustrates the energetic profile of 
adult MDM by plotting ECAR versus OCR, as determined by Seahorse at 2.5 hours (A) 
and 24 hours (B) (n=7 ± SEM) after Mtb or LPS stimulation. 
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Figure 3.14 Phenogram of cord blood MDM 2.5 and 24 hours following Mtb or LPS 
stimulation.  
PBMC were isolated from umbilical cord blood samples taken immediately following 
delivery. Cord blood MDM were adherence purified for 7 days in 10% human serum. 
MDM were washed with cold PBS, cooled on ice for 30 minutes and then gently scraped, 
counted and re-seeded on Seahorse culture plates prior to analysis in the Seahorse 
XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) were added in real time in 
the Seahorse XFe24 Analyzer or 24 hours prior to mitochondrial stress test analysis. The 
phenograms illustrates the energetic profile of cord blood MDM by plotting ECAR versus 
OCR, as determined by Seahorse at 2.5 hours (A) and 24 hours (B) (n=4-6 ± SEM) after 
Mtb or LPS stimulation. 
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Figure 3.15 Comparison of metabolic responses to Mtb or LPS stimulation at 2.5 and 
24 hours post stimulation with Mtb or LPS for adult and cord blood MDM.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed with cold PBS, cooled on ice for 30 
minutes and then gently scraped, counted and re-seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. Mtb (iH37Rv; MOI 1-10) or LPS (100 
ng/ml) were added in real time in the Seahorse XFe24 Analyzer or 24 hours prior to 
mitochondrial stress test analysis for adult and cord blood MDM. Graphs show the 
differences in the ECAR/OCR ratios at 2.5 hours versus 24 hours post stimulation for the 
adult (A n=7) and cord blood MDM (B n=4-6). Statistical significance was determined 
using two-way ANOVA with Sidak’s multiple comparison test * P<0.05.   
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3.2.4 Cord blood MDM have similar cell surface marker expression compared with 

adult MDM. 

Since metabolic function is known to underpin macrophage phenotype237,238, we 

examined  the expression of cell surface markers of activation, some of which are 

associated with pro-inflammatory “M1” or anti-inflammatory “M2” type phenotypes as 

described in the introduction (1.1.8). We performed flow cytometry 24 hours after 

stimulation with Mtb or LPS on adult and cord blood MDM. MDM were harvested by 

placing in ice-cold PBS at 4°C for 30 minutes prior to gentle scraping. Cells were Fc 

blocked and stained with Zombie NIR viability dye and fluorochrome-conjugated 

antibodies specific for CD68, CD14, CD40, CD80, CD86, HLA-DR, CD83 and CD206 (MMR) 

prior to acquisition by flow cytometry as described in the methods (Chapter 2.3) and 

shown in the gating strategy (Figure 2.7).  

 

CD40 is a critical costimulatory molecule and the representative histogram (Figure 3.16 

A) illustrates the increased expression of CD40 in adult MDM upon stimulation with Mtb 

or LPS. Collated Median Fluorescent Intensity (MFI) values indicate that the increased 

CD40 expression is statistically significant in adult MDM after Mtb (Figure 3.16 B, 

P<0.05) or LPS stimulation (Figure 3.16 B, P<0.01) compared with unstimulated controls. 

Similarly, cord blood MDM exhibit increased expression for CD40 upon stimulation, as 

shown in the representative histogram (Figure 3.16 C). Bar graphs of collated MFI data 

show that the increased expression of CD40 was statistically significant in cord blood 

MDM in response to Mtb (Figure 3.16 D, P<0.05) but not LPS stimulation (Figure 3.16 

D). No significant differences between the adult and cord blood responses were 

observed (Figure 3.16 E).  
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The expression of HLA-DR, an antigen presenting molecule, was also upregulated in 

adult MDM in response to stimulation, as seen in the representative histogram (Figure 

3.17 A).  Bar graphs of collated MFI data show that adult MDM significantly increased 

expression of HLA-DR in response to Mtb (Figure 3.17 B, P<0.05)  or LPS (Figure 3.17 B, 

P<0.01) compared with controls. Similarly, in cord blood MDM, the representative 

histogram shows increased expression of HLA-DR in cells stimulated with Mtb or LPS 

compared with controls (Figure 3.17 C). The increase observed upon stimulation with 

Mtb was not statistically significant compared with the control (Figure 3.17D) however, 

a statistically significant increase in HLA-DR expression following LPS stimulation (Figure 

3.17 D, P<0.01) was observed compared with unstimulated controls. Expression of HLA-

DR was reduced overall in cord blood MDM compared with adult MDM, and this was 

statistically significant after stimulation with LPS (Figure 3.17 E, P<0.05). 

 

The expression of the activation marker CD83 was upregulated in adult MDM upon 

stimulation, as illustrated in the representative histogram (Figure 3.18 A). Bar graphs 

showing collated MFI data demonstrate that CD83 is significantly increased after both 

Mtb (Figure 3.18 B, P<0.05) and LPS (Figure 3.18 B, P<0.01) stimulation compared with 

the control. A representative histogram for the cord blood MDM expression of CD83 is 

also shown (Figure 3.18 C). Bar graphs showing collated MFI data for cord blood MDM 

expression of CD83 demonstrate that the changes seen after Mtb or LPS stimulation did 

not reach statistical significance (Figure 3.18 D). No significant differences between the 

adult and cord blood responses were observed (Figure 3.18 E).  
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A histogram from one representative adult donor is shown for the costimulatory 

molecule CD80 (Figure 3.19 A).  CD80 was significantly increased in adult MDM in 

response to LPS (Figure 3.19 B, P<0.05) but not in response to Mtb (Figure 3.19 B). The 

effect of stimulation on the expression of CD80 in cord blood MDM is illustrated in the 

representative histogram (Figure 3.19 C). Neither Mtb or LPS stimulation (Figure 3.19 D) 

resulted in significant changes in CD80 expression in cord blood MDM. There was no 

significant difference between adult and cord blood CD80 expression (Figure 3.19 E).  

 

The effect on CD86 expression in adult MDM after Mtb or LPS stimulation are shown in 

a histogram from one representative donor (Figure 3.20 A). No significant changes were 

observed in CD86 expression after Mtb or LPS stimulation (Figure 3.20 B).  Cord blood 

MDM expression of CD86 is illustrated in the representative histogram (Figure 3.20 C) 

and analysis is shown in Figure 3.20 D in which showed no significant changes. No 

differences were seen between the adult and cord blood responses (Figure 3.20 E).  

 

MMR (CD206) is associated with an M2 phenotype. MMR expression after stimulation 

with Mtb or LPS on adult MDM is illustrated in the histogram (Figure 3.21 A) and no 

significant changes were seen with either stimuli (Figure 3.21 B). Similar findings were 

seen in the cord blood histogram (Figure 3.21 C) and analysis of MMR expression after 

Mtb or LPS stimulation, with no significant changes seen (Figure 3.21 D). No differences 

were seen between the adult and cord blood responses (Figure 3.21 E).  

 

These data indicate that adult and cord blood MDM display similar expression of cell 

surface markers of antigen presentation, maturation and M1/M2 phenotypes at 
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baseline and after stimulation with Mtb or LPS with the only significant difference seen 

in HLA-DR after LPS stimulation, where cord blood MDM express significantly less than 

adult. 
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Figure 3.16 Adult and cord blood MDM expression of CD40 24 hours after Mtb or LPS 
stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after stimulation with Mtb (iH37Rv; MOI 1-10) or 
LPS (100 ng/ml) MDM were washed and detached from the plates by cooling and gently 
scraped and placed in flow cytometry tubes. Cells were Fc blocked and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD40. Cells were 
analysed by flow cytometry. A histogram of a representative donor and the mean 
fluorescent intensity (MFI) of the phenotypic markers for the adult (A,B; n=4 ±SD) and 
cord (C,D; n=4 ±SD) MDM are shown. Comparison was made between the adult and 
cord blood responses (E). Statistical significance was determined using one-way ANOVA 
with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s multiple 
comparison test; * P<0.05, **P<0.01.  
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Figure 3.17 Adult and cord blood MDM expression of HLA-DR 24 hours after Mtb or 
LPS stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after stimulation with Mtb (iH37Rv; MOI 1-10) or 
LPS (100 ng/ml) MDM were washed and detached from the plates by cooling and gently 
scraped and place in flow cytometry tubes. Cells were Fc blocked and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and HLA-DR. Cells were 
analysed by flow cytometry. A histogram of a representative donor and the mean 
fluorescent intensity (MFI) of the phenotypic markers for the adult (A,B; n=4 ±SD) and 
cord (C,D; n=4 ±SD) MDM are shown. Comparison was made between the adult and 
cord blood responses (E). Statistical significance was determined using one-way ANOVA 
with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s multiple 
comparison test; * P<0.05, **P<0.01.  
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Figure 3.18 Adult and cord blood MDM expression of CD83 24 hours after Mtb or LPS 
stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after stimulation with Mtb (iH37Rv; MOI 1-10) or 
LPS (100 ng/ml) MDM were washed and detached from the plates by cooling and gently 
scraped and place in flow cytometry tubes. Cells were Fc blocked and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD83. Cells were 
analysed by flow cytometry. A histogram of a representative donor and the mean 
fluorescent intensity (MFI) of the phenotypic markers for the adult (A,B; n=4 ±SD) and 
cord (C,D; n=4 ±SD) MDM is shown. Comparison was made between the adult and cord 
blood responses (E). Statistical significance was determined using one-way ANOVA with 
Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s multiple 
comparison test; * P<0.05, **P<0.01.  
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Figure 3.19 Adult and cord blood MDM expression of CD80 24 hours after Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after stimulation with Mtb (iH37Rv; MOI 1-10) or 
LPS (100 ng/ml) MDM were washed and detached from the plates by cooling and gently 
scraped and place in flow cytometry tubes. Cells were Fc blocked and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD80. Cells were 
analysed by flow cytometry. A histogram of a representative donor and the mean 
fluorescent intensity (MFI) of the phenotypic markers for the adult (A,B; n=4 ±SD) and 
cord (C,D; n=4 ±SD) MDM is shown. Comparison was made between the adult and cord 
blood responses (E). Statistical significance was determined using one-way ANOVA with 
Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s multiple 
comparison test; * P<0.05.  
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Figure 3.20 Adult and cord blood MDM expression of CD86 24 hours after Mtb or LPS 
stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after stimulation with Mtb (iH37Rv; MOI 1-10) or 
LPS (100 ng/ml) MDM were washed and detached from the plates by cooling and gently 
scraped and place in flow cytometry tubes. Cells were Fc blocked and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD86. Cells were 
analysed by flow cytometry. A histogram of a representative donor and the mean 
fluorescent intensity (MFI) of the phenotypic markers for the adult (A,B; n=4 ±SD) and 
cord (C,D; n=4 ±SD) MDM is shown. Comparison was made between the adult and cord 
blood responses (E). Statistical significance was determined using one-way ANOVA with 
Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s multiple 
comparison test.  
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Figure 3.21 Adult and cord blood MDM expression of MMR 24 hours after Mtb or LPS 
stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after stimulation with Mtb (iH37Rv; MOI 1-10) or 
LPS (100 ng/ml) MDM were washed and detached from the plates by cooling and gently 
scraped and place in flow cytometry tubes. Cells were Fc blocked and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and MMR. Cells were 
analysed by flow cytometry. A histogram of a representative donor and the mean 
fluorescent intensity (MFI) of the phenotypic markers for the adult (A,B; n=4 ±SD) and 
cord (C,D; n=4 ±SD) MDM is shown. Comparison was made between the adult and cord 
blood responses (E). Statistical significance was determined using one-way ANOVA with 
Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s multiple 
comparison test.  
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3.2.5 Cord blood MDM produce less TNF in response to Mtb and more IL-6 in response 

to LPS stimulation compared with adult MDM. 

Functional impairment of cytokine production in cord blood mononuclear cells is well 

established239,240,241 although there are fewer published data on umbilical cord blood 

MDM, with contradictory results179,230. In addition, inhibition of glycolysis in human 

macrophages infected with Mtb resulted in decreased IL-1β and increased IL-10 

production188. Having established that the Warburg effect is not observed in cord blood 

MDM early in the response to stimulation, the ability of umbilical cord blood MDM to 

produce cytokine was next determined. Since neonates are highly susceptible to TB and 

moreover, have increased risk of disseminated disease and increased mortality, it was 

hypothesised that cord blood and adult MDM may have differential capacity to produce 

key pro-inflammatory cytokines in response to stimulation with Mtb. Therefore, the 

concentrations of cytokines including TNF, IL-1β, IL-10 and IL-6, present in the 

supernatants of MDM from adult or cord blood 24 hours post stimulation with Mtb or 

LPS (Figure 3.22) were examined. 

 

TNF is a critical host defence cytokine produced by macrophages in response to 

stimulation with a wide range of immune stimuli. Previous studies on cytokine 

production in CBMC cells report a decrease in TNF production compared with adult 

PBMC242,243. In the context of TB, TNF plays a crucial role in host defence as evidenced 

by the reactivation of latent TB in people on anti-TNF therapy29. One study examining 

cord blood monocytes using LPS and  lipoarabinomannan, a component of the 

mycobacterial cell well, showed a decrease in TNF production 6 hours after 

stimulation244. However, there is no published data to the author’s knowledge 
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examining the ability of cord blood MDM to produce TNF in response to stimulation 

with Mtb. Cord blood MDM secreted significantly less TNF than adult MDM in response 

to stimulation with Mtb (Figure 3.22 A, P<0.01;). No significant differences were 

observed between adult and cord blood MDM secretion of TNF in response to LPS 

stimulation (Figure 3.22 B).  

 

A critical role for IL-1β  in mediating bacterial killing in the context of Mtb infection188 

has previously been reported by the Keane laboratory. This production of IL-1β in 

response to Mtb infection is associated with increased flux through glycolysis188,226,227. 

More broadly, the Warburg effect observed in murine macrophages has been reported 

to be intrinsically linked to the production of IL-1β 187. Adult and cord blood MDM have 

similar capacities to secrete IL-1β 24 hours post stimulation with Mtb (Figure 3.22 C), 

although donor-to-donor variability is high in both cord blood and in adults. 

Unsurprisingly, LPS alone does not significantly induce mature IL-1β secretion in either 

adult or cord blood MDM (Figure 3.22 D).  

 

IL-6 is a key pyrogenic cytokine with pleiotropic effects including inducing acute phase 

proteins and the production of neutrophils in the bone marrow. Adult and cord blood 

MDM produce comparable concentrations of IL-6 in response to Mtb (Figure 3.22 E), 

but cord blood MDM produce significantly more IL-6 in response to LPS stimulation 

compared with adult MDM (Figure 3.22 F, P<0.05).  

 

Finally, IL-10 is a potent anti-inflammatory cytokine, which promotes immune 

regulation and is associated with an “M2” phenotype. In the context of TB, induction of 
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IL-10 by Mtb is thought to play a key role in immune evasion111,245. Both adult and cord 

blood MDM secrete similar concentrations of IL-10 in response to stimulation with Mtb 

or LPS (Figure 3.22 G,H).  

 

Taken together, these data indicate that cord blood MDM are not generally 

hyporesponsive in terms of their ability to produce cytokines. Interestingly, cord blood 

MDM have reduced capacity to produce TNF specifically in response to Mtb but 

increased ability to produce IL-6 in response to LPS. 
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Figure 3.22 Cytokine production of adult and cord blood MDM 24 hours after Mtb or 
LPS stimulation.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. MDM were adherence purified for 7 days in 10% human 
serum. The concentrations of TNF (A,B), IL-1β (C,D), IL-6 (E,F) and IL-6 (G,H) in 
supernatant were measured by Mesoscale Discovery assay 24 hours after stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). Graphs illustrate collated data from 
n=4 adult and n=4 cord MDM ±SD. Statistical significance was determined using two-
way ANOVA with Sidak’s multiple comparison test; ; * P<0.05, ** P<0.01. 
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3.3 Discussion 

The data in this chapter shows for the first time that the Warburg effect occurs in human 

adult primary macrophages within the first hours after stimulation and then resolves. 

Twenty-four hours after stimulation, adult MDM stimulated with Mtb or LPS have an 

increased rate in glycolysis compared to unstimulated control but the reduction in 

oxygen consumption has returned to baseline in Mtb and is unexpectedly increased 

after LPS. These data also demonstrate, for the first time, that cord blood MDM do not 

shift to Warburg metabolism early in the response to stimulation but display similar 

energetic profiles compared with adults by 24 hours post stimulation.  

 

This early change in glycolysis following stimulation with Mtb or LPS occurs too rapidly 

to be the result of changes in gene expression for glycolytic enzymes, although this has 

been seen at the later time point  of 24 hours in human and murine macrophages203,236. 

Various TLRs have been implicated in the glycolytic shift following immune activation 

though the exact mechanism is unknown246. Glucose transport through 

monocarboxylate transporters have the potential to be rapidly switched on247,248 and 

may upregulate glycolysis. Alternatively, enzymatic control of glycolysis may be rapidly 

manipulated causing an influx of glucose. 

 

Macrophage effector function is vital for Mtb control250. Neonates are 5-10 fold more 

likely to develop TB infection51,251 following exposure to mycobacteria and alveolar 

macrophages from newborns are unable to control Mtb134. This work reveals that in 

contrast to adult MDM, MDM from cord blood fail to reduce OXPHOS upon stimulation.  
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This reduction in OXPHOS is thought to be as a result of a break in the Kreb’s cycle 

resulting accumulation of a number of metabolic intermediaries such as succinate and 

citrate which have roles in HIF-1α stabilisation and fatty acid synthesis respectively191. 

The quantification of these metabolites in adult and cord blood macrophages at these 

early time points is an area of future study.   

 

Deficiencies in immune cells from umbilical cord blood have been attributed to the 

altered immune environment required for foetal growth, in particular high levels of 

migratory inhibitory factor and adenosine in cord blood serum136. In this system, the 

adult and cord blood MDM have been differentiated in the same manner, in the 

presence of pooled adult human serum. This process also requires multiple washings of 

non-adherent cells and media changes which results in experiments being performed 

free from any persisting environmental factors. This method also does not polarise the 

cells, which may explain the differences between our data and another study which 

showed that IFN-γ or IL-10 polarised cord blood MDM failed to increase glycolysis during 

a glycolysis stress test202. In this project, cord blood MDM significantly increased 

glycolysis after both Mtb and LPS stimulation. Since the ability to shift to glycolysis is 

intrinsically linked with IL-1β secretion188, the finding that cord blood MDM can undergo 

a shift to glycolysis is consistent with these data, and with previously published 

data252,253, showing that cord blood and adult MDM make similar amounts of IL-1β. 

 

During the optimisation work for this chapter, outlined in the methods, a similar 

morphology and phagocytic ability were observed in cord and adult MDM, as previously 

described230,254,255. Cord blood MDM were more prone to death following exposure to 
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cold and then gentle scraping. This was adjusted for in these experiments to ensure 

numbers were equal, however, it is plausible that cord blood MDM may exhibit 

increased susceptibility to death following stress than adult MDM.   

 

Flow cytometry based phenotypic analysis of adult and cord blood MDM showed similar 

expression of cell surface markers 24 hours after stimulation, supporting the results of 

previous studies indicating that monocytes or macrophages from cord blood are 

phenotypically similar to adults and are able to respond appropriately to stimulation in 

certain contexts179,231,239. At this timepoint, adult and cord MDM metabolic function are 

very similar and since metabolic function is associated with ‘M1/M2’ phenotypes, it is 

therefore unsurprising that ‘M1/M2’ markers are broadly similar in adult and cord 

MDM. Although cord blood MDM stimulated with LPS have a higher ECAR/OCR ratio at 

24 hours than their adult counterparts, this is not reflected in differences in their cell 

surface expression of key activation markers and is rather a consequence of the raised 

OCR seen in adult MDM at this time point. Cord blood MDM displayed reduced 

expression of HLA-DR and were significantly less able to upregulate HLA-DR expression 

upon stimulation with LPS compared with their adult counterparts. Reduced HLA-DR 

expression on monocytes has been associated with increased mortality during sepsis in 

both adults256,257 and neonates258 and has been recognised previously as a potential 

contributor to the increased susceptibility of neonates to bacterial infection259,260. 

 

This difference in metabolic response to different stimuli has been explored previously 

in human monocytes201. Mtb lysate but not LPS was found to increase the basal ECAR 

24 hours after stimulation, though the amount of lactate in the supernatant was 
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significantly raised after LPS201.  These findings may be, at least in part, explained by the 

observations herein whereby an earlier glycolytic shift occurs in human macrophages in 

response to stimulation. Of note, human monocytes produce mature IL-1β but 

differentiated human macrophages require a second signal to activate the NLRP3 

inflammasome and caspase-193,261. Despite this checkpoint to IL-1β secretion, the 

glycolytic shift in MDM remains intact after LPS stimulation. Recent research examining 

the metabolomic profile of differentiated human macrophages showed distinct 

metabolomic profiles between LPS and Mtb though the mechanism of these differing 

response have yet to be ellucidated262.  

  

Significant reduction in TNF from cord blood MDM stimulated with Mtb compared with 

adults was observed; this novel finding may, at least in part, account for increased 

susceptibility to Mtb infection in neonates and warrants further exploration in clinical 

settings. Production of TNF is not thought to be metabolically mediated, as evidence 

from mice suggests that TNF remains stable when glycolysis (and therefore IL-1β 

production) is being modulated187. Whist this phenomenon may be distinct and 

unrelated from the altered metabolic profile, previously published data from the Keane 

lab226,227 suggested that TNF may be linked to metabolic function in humans and 

therefore warrants further study. Timing and the kinetics of metabolic flux versus 

cytokine production may be imperative to understanding how these processes are 

connected in humans. Since these data examined the concentrations of cytokines 

present and accumulated over a 24-hour period, it cannot be ruled out that differences 

may exist in the early production of cytokines. Since the bona fide Warburg effect does 

not occur in cord blood MDM in the immediate aftermath of stimulation, this indicates 
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that production of IL-1β may be affected; however, by 24 hours, the metabolic response 

to Mtb is similar in both adults and cord blood MDM as is their ability to produce mature 

IL-1β.  Interestingly, the data indicates that cord blood MDM have enhanced ability to 

produce IL-6 in response to LPS compared with adults. This is in keeping with published 

work showing increased IL-6/TNF ratios in cord blood versus adult PBMC243.  

 

3.4 Conclusions 

Adult human macrophages exhibit the Warburg effect rapidly post stimulation and an 

elevated ECAR (but normalised or increased OCR) 24 hours later. This is in contrast to 

the metabolic flux described in murine models, which exhibits Warburg metabolism 24 

hours post stimulation with LPS.  The data presented herein highlights the importance 

of assessing immunometabolic kinetics in primary human immune cells. These data 

illustrate that there is a fundamental metabolic difference in MDM from umbilical cord 

blood and adult blood, despite using the same method of differentiation from 

monocytes. Furthermore, cord blood MDM produce significantly less TNF in response 

to Mtb compared with adult MDM. These key differences in early metabolic flux and 

cytokine production may help to determine why certain populations are more 

vulnerable to infection than others and may lead to the development of specific 

immuno-supportive therapies for susceptible people.  
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Chapter 4  Polarisation with IFN-γ or IL-4 alters human macrophage 

immunometabolism 

4.1 Introduction  

The data from chapter 3 illustrate that LPS or Mtb stimulation activate human 

macrophages resulting in alterations in cell surface markers, pro-inflammatory cytokine 

production and metabolic reprogramming. The novel findings of inflammatory Warburg 

early in response to stimulation and increased oxidative phosphorylation 24 hours after 

LPS stimulation are also described. This activation state marked by increased glycolysis 

and raised expression of co-stimulatory markers such as HLA-DR and CD40 is in keeping 

with classically activated macrophages as described in Chapter 1. 

 

Monocytes recruited from the circulation are influenced by a variety of factors in the 

tissue microenvironment as they are attracted into the site of inflammation and begin 

differentiating into macrophages263, including cytokines such as IL10, IL4, IFN-γ, and 

GMCSF and MCSF, as detailed in chapter 1.  

 

Stimulating differentiated macrophages with IFN-γ (usually in the presence of LPS) or 

IL-4 is a well-established method of polarising macrophages to the classically activated, 

pro-inflammatory “M1” or alternatively activated, anti-inflammatory “M2” phenotype 

in mice153,160.  There are fewer studies in humans, with a variety of methodologies in 

use which makes interpretation of standard changes in macrophage challenging162. 
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There is growing murine research supporting the importance of metabolic shifts in 

macrophage cytokine polarisation. In vitro murine models have shown that IFN-γ causes 

a rapid glycolytic shift in BMDM that persists at 24 hours and that BMDM activation is 

blocked by 2-DG264. Data in human MDM is lacking but there is some evidence that 

metabolism plays a role in polarisation in proteomic analysis199 and genome wide 

ribosome profiling.200 

 

The knowledge gap in human macrophage polarisation is even more pronounced with 

regard to umbilical cord MDM. Two recent papers have shown contradictory results, 

one showing similar cellular profiles in adult and cord blood MDM after polarisation179 

and the other showing marked differences, including a complete abrogation of 

oxidative phosphorylation and an inability to upregulate glycolysis during a glycolysis 

stress test202. The data shown in chapter 3 contradicts these findings as cord blood 

MDM undergo a glycolytic shift following Mtb or LPS stimulation, but do not undergo 

early inflammatory Warburg, as seen in human adult cells.  

 

4.1.1 Hypothesis and Aims 

Hypothesis: 

Polarisation with IFN-γ or IL-4 has been shown to produce a distinct metabolic pattern 

in murine bone marrow derived macrophages (BMDM) and it was hypothesised herein 

that the immunometabolic phenotype in human MDM in response to polarisation with 

IFN-γ or IL-4 would be distinct from the murine model. It was also hypothesised that 

IFN-γ may support and abrogate the defects observed in cord blood MDM responses 

compared with adults.   
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Aims: 

• Examine the phenotypic differences of macrophages differentiated from adult 

and cord blood after IFN-γ or IL-4 polarisation using flow cytometry to analyse 

the expression of cell surface markers.  

• Directly compare the immunometabolic profile of adult and cord blood 

macrophages in response to stimulation with Mtb or LPS 24 hours after IFN-γ or 

IL-4 polarisation using the Seahorse XFe Analyzer technology.  

• Elucidate the differential kinetics of immunometabolic changes in activated 

human macrophages treated with IFN-γ or IL-4   by examining the response to 

stimulation in real time. 

• Examine the differential ability of adult or cord blood macrophages which have 

been pre-treated with IFN-γ or IL-4  to produce key cytokines 24 hours after 

stimulation with Mtb or LPS. 

 

 

4.2 Results 

4.2.1 The effect of IFN-γ or IL-4 on the phenotype of adult and cord blood MDM 

In murine models, IFN-γ and IL-4 are well-established methods of post differentiation 

macrophage polarisation, to either a pro or anti-inflammatory state respectively153,160. 

Both of these cytokines are relevant in TB infection. IFN-γ has long been known to 

increase macrophage ability to kill Mtb265 and has been used as host directed therapy 

to improve macrophage function in patients with MDR TB266,267. T cell memory 

responses to Mtb produce IFN-γ and this forms the basis of modern diagnostic 
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technologies for the diagnosis of Mtb268. IFN-γ production has also been shown to be 

deficient in umbilical cord blood PBMC compared to adults following stimulation with  

phytohemagglutinin131,269. IL-4 promotes an anti-inflammatory macrophage 

phenotype151,162, and is found in increased levels in TB disease. It has been postulated 

that mycobacteria may induce IL-4 production as a strategy to promote an anti-

inflammatory phenotype and to subvert the immune response270. Due to their 

biological relevance in TB infection IFN-γ and IL-4 were chosen as the cytokines to 

induce macrophage polarisation. 

 

At the outset of this project, the effects of IFN-γ and IL-4 on the phenotype of human 

MDM differentiated with 10% human serum was established by the examination of 

their morphology under light microscopy and the expression of cell surface markers by 

flow cytometry. 

 

4.2.1a Adult and cord blood MDM morphology after polarisation 

Polarisation with IFN-γ or IL-4 has previously been shown to alter macrophage 

morphology in adult MDM162, with IFN-γ causing an increase in elongated, spindle 

shaped MDM and IL-4 causing a more rounded shape. There is little data in cord blood 

MDM with one study showing similar morphology between adult and umbilical cord 

blood MDM when polarised with GMCSF or MCSF179. PBMC were isolated from adult 

buffy coats or from umbilical cord blood which was collected immediately following 

delivery. MDM were adherence purified for 7 days in RPMI with 10% human serum and 

non-adherent cells were washed off on days 2 and 5. IFN-γ (10ng/ml) or IL-4 (10ng/ml) 

were added to differentiated MDM 24 hours prior to examination under light 
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microscopy. Qualitatively, IFN-γ increased the number of elongated, spindly MDM in 

both adult and cord blood MDM though this was more noticeable in the adult MDM 

(Figure 4.1). IL-4 treated adult MDM were rounded and had reduced numbers of 

elongated, spindly MDM to untreated controls. In general, cord blood MDM were more 

rounded than their adult MDM counterparts. Although IFN-γ treated cord blood MDM 

displayed some features of elongation, this was markedly reduced compared with adult 

MDM treated with IFN-γ.  Very few elongated, spindly MDM were observed  in the 

untreated or IL-4 treated cord blood MDM. These data indicate that treating adult MDM 

with IFN-γ results in elongation and a spindly appearance. This effect of IFN-γ on MDM 

morphology is qualitatively reduced in cord blood MDM. Conversely, IL-4 promotes 

rounded MDM morphology in human MDM.  

 
 
4.2.1b The effect of IFN-γ or IL-4 on cell surface marker expression in adult and cord 

blood MDM  

The expression of cell surface markers associated with macrophage activation in 

humans is inconsistently described in the literature. There is less consensus regarding 

the markers that accurately reflect classical pro-inflammatory “M1”-like activation of 

macrophages and alternatively activated anti-inflammatory “M2”-like macrophages in 

humans compared with the robust and reproducible markers described in 

mice153,160,162,165,196. This may in part be due to disparate methods of macrophage 

differentiation and polarisation in human MDM. 

 

This project sought to determine the phenotypic profile of human adult and cord blood 

MDM, differentiated using human serum and adherence purification, followed by 
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treatment with IFN-γ or IL-4.  Briefly, PBMC were isolated from adult buffy coats or from 

umbilical cord blood which was collected immediately following delivery. MDM were 

adherence purified for 7 days in RPMI with 10% human serum and non-adherent cells 

were washed off on days 2 and 5. MDM were treated with IFN-γ or IL-4 on day 7 for 24 

hours. MDM were harvested by placing in ice-cold PBS at 4°C for 30 minutes prior to 

gentle scraping. Cells were Fc blocked and stained with Zombie NIR viability dye and 

fluorochrome-conjugated antibodies specific for CD68, CD14, CD40, CD80, HLA-DR, 

CD83 and CD206 (mannose receptor; MMR) prior to acquisition by flow cytometry. 

MDM were gated on the basis of forward and side scatter, doublets and dead cells were 

excluded, and macrophages were identified as CD68+ CD14+ as described in the methods 

section 2.3 and as shown in the gating strategy (Figure 2.7).  

 
CD40 is a key co-stimulatory molecule associated with “M1”-like proinflammatory 

activation of macrophages. CD40 cell surface expression was determined my median 

fluorescence intensity (MFI). A representative histogram for an adult donor shows the 

MFI for CD40 expression in untreated (black), IFN-γ (gold) or IL-4 (purple) treated MDM 

(Figure 4.2 A). Collated data from n=4 adult donors illustrate that CD40 was significantly 

upregulated in response to both IFN-γ (P<0.05) or IL-4 (P<0.05; Figure 4.2 B) and that 

IFN-γ significantly increased CD40 expression compared to IL-4 (P<0.05). A cord blood 

donor representative histogram illustrating the CD40 expression after treatment with 

IFN-γ (gold) or IL-4 (purple) or without treatment (black) is also shown (Figure 4.2 C). 

Similar to adult MDM, significant increases in CD40 expression were seen in cord blood 

MDM (n=4) after the addition of either IFN-γ (P<0.05)  or IL-4 (P<0.05; Figure 4.2 D), 

however, the difference between IFN-γ and IL-4 did not reach statistical significance. 
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When the expression levels of CD40 were directly compared in adult and cord blood 

MDM, the data indicated that the increase in CD40 in response to IFN-γ treatment was 

significantly higher in the cord blood MDM compared with adult MDM (P<0.05; Figure 

4.2 E).  

 

The expression of HLA-DR, an antigen presenting molecule, was determined by MFI and 

a representative adult donor histogram is shown in Figure 4.3 A. Treatment with IFN-γ 

significantly increased HLA-DR MFI in adult MDM (P<0.05, Student’s t-test, n=4) but no 

significant changes were seen with IL-4 treatment (Figure 4.3 B). Expression of HLA-DR 

was also examined in cord blood MDM (n=4) after IFN-γ or IL-4 treatment and a 

representative histogram is shown (Figure 4.3 C). There was a significant increase in 

HLA-DR seen in the cord blood MDM after both  IFN-γ (P<0.01) or IL-4 (P<0.01) and the 

increase seen after IFN-γ was significantly higher than IL-4 (P<0.05) (Figure 4.3 D). No 

significant difference in HLA-DR MFI was seen between the adult and cord blood MDM 

in response to IFN-γ or IL-4 (Figure 4.3 E). 

 

CD86 is a co-stimulatory marker that has been described to increase following IL-4 

exposure and to be associated with Th2 responses271,272. A representative histogram for 

CD86 expression on MDM in an adult donor is shown (Figure 4.4 A). IFN-γ made no 

significant difference to CD86 but IL-4 significantly increased its expression compared 

with untreated controls (Figure 4.4 B, n=4, P<0.01) and compared with IFN-γ treatment 

(P<0.05). A cord blood MDM representative histogram is illustrated in Figure 4.4 C. 

Similarly to the adult response, IL-4 treatment significantly increased CD86 expression 

compared with  untreated controls (n=4, P<0.05, Student’s t-test) and compared with 
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IFN-γ treatment (P<0.05) (Figure 4.4 D). No significant difference in CD86 MFI was seen 

between the adult and cord blood MDM in response to IFN-γ or IL-4 (Figure 4.4 E). 

MMR (CD206) was the first marker of the alternative activation pathway (analogous to 

‘M2’ macrophages) to be described in murine macrophages151. A representative 

histogram of MMR expression in MDM from an adult donor is shown in Figure 4.5 A. 

MMR  expression was not altered by to IFN-γ  but was statistically significantly increased 

after IL-4 treatment in adult MDM (Figure 4.5 B, n=4 P<0.05, Student’s t-test).  Cord 

blood MDM were also analysed for MMR expression after IFN-γ or IL-4 treatment and a 

representative histogram is shown (Figure 4.5 C). IL-4 increased MMR expression 

compared with controls (P<0.05, student’s t-test) but no difference was seen with IFN-γ 

treatment (Figure 4.5 D). When the adult and cord blood MMR responses were 

compared, no significant differences were seen (Figure 4.5 E).   

 

The expression of the activation marker CD83 in adult MDM is represented in a 

histogram from one donor (Figure 4.6 A). No significant difference is seen in CD83 

expression after IFN-γ or IL-4 treatment (Figure 4.6 B). A representative histogram of 

CD83 expression in MDM from a cord blood donor is shown in Figure 4.6 C. IFN-γ or IL-

4 treatment did not alter CD83 expression in cord blood MDM (Figure 4.6 D, n=4) and 

there was no significant difference between adult and cord blood MDM responses 

(Figure 4.6 E). 

 

Similarly, no differences were seen in adult or cord blood MDM expression of CD80 after 

IFN-γ or IL-4 treatment. A representative adult donor (Figure 4.7 A) and the graph of the 

adult data for CD80 expression in MDM after IFN-γ or IL-4 treatment is shown (Figure 
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4.7 B, n=4). A representative histogram of CD80 expression in MDM from a cord blood 

donor is also shown (Figure 4.7 C). IFN-γ or IL-4 treatment did not alter CD83 expression 

in cord blood MDM (Figure 4.7 D, n=4) and there was no significant difference between 

adult and cord blood MDM responses (Figure 4.7 E). 
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Figure 4.1 Morphology of adult and cord blood MDM 24 hours after treatment with 
IFN-γ or IL-4.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml) light microscopy (using a 10X objective) images of adult and cord MDM were 
taken.   
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Figure 4.2 Expression of CD40 on adult and cord blood MDM 24 hours after IFN-γ or 
IL-4 treatment.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were washed and detached from the plates by cooling and gentle 
scraping. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD40. Cells were 
analysed by flow cytometry. The mean fluorescent intensity (MFI) of CD40 for the adult 
(A,B; n=4 ±SD) and cord (C,D; n=4 ±SD) MDM is shown. Comparison between the adult 
and cord blood values are show (E). Statistical significance was determined using one-
way ANOVA with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test; * P<0.05. Paired student t-tests were also performed. 
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Figure 4.3 Expression of HLA-DR on adult and cord blood MDM 24 hours after IFN-γ or 
IL-4 treatment.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were washed and detached from the plates by cooling and gentle 
scraping. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and HLA-DR. Cells were 
analysed by flow cytometry. The mean fluorescent intensity (MFI) of HLA-DR for the 
adult (A,B; n=4 ±SD) and cord (C,D; n=4 ±SD) MDM is shown. Comparison between the 
adult and cord blood values are show (E). Statistical significance was determined using 
one-way ANOVA with Dunnett’s multiple comparison test and two-way ANOVA using 
Sidak’s multiple comparison test; * P<0.05, **P<0.01. Paired student t-tests were also 
performed; # P<0.05. 
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Figure 4.4 Expression of CD86 on adult and cord blood MDM 24 hours after IFN-γ or 
IL-4 treatment.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4  
(10ng/ml), MDM were washed and detached from the plates by cooling and gentle 
scraping. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD86. Cells were 
analysed by flow cytometry. The mean fluorescent intensity (MFI) of CD86 for the adult 
(A,B; n=4 ±SD) and cord (C,D; n=4 ±SD) MDM is shown. Comparison between the adult 
and cord blood values are show (E). Statistical significance was determined using one-
way ANOVA with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test; * P<0.05, **P<0.01. Paired student t-tests were also 
performed; # P<0.05. 
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Figure 4.5 Expression of MMR on adult and cord blood MDM 24 hours after IFN-γ or 
IL-4 treatment.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were washed and detached from the plates by cooling and gentle 
scraping. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and MMR. Cells were 
analysed by flow cytometry. The mean fluorescent intensity (MFI) of MMR for the adult 
(A,B; n=4 ±SD) and cord (C,D; n=4 ±SD) MDM is shown. Comparison between the adult 
and cord blood values are show (E). Statistical significance was determined using one-
way ANOVA with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test. Paired student t-tests were also performed; # P<0.05. 
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Figure 4.6 Expression of CD83 on adult and cord blood MDM 24 hours after IFN-γ or 
IL-4 treatment.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were washed and detached from the plates by cooling and gentle 
scraping. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD83. Cells were 
analysed by flow cytometry. The mean fluorescent intensity (MFI) of CD83 for the adult 
(A,B; n=4 ±SD) and cord (C,D; n=4 ±SD) MDM is shown. Comparison between the adult 
and cord blood values are show (E). Statistical significance was determined using one-
way ANOVA with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test. Paired student t-tests were also performed.  
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Figure 4.7 Expression of CD80 on adult and cord blood MDM 24 hours after IFN-γ or 
IL-4 treatment.  
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were washed and detached from the plates by cooling and gentle 
scraping. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained with 
fluorochrome-conjugated antibodies specific for CD14, CD68 and CD80. Cells were 
analysed by flow cytometry. The mean fluorescent intensity (MFI) of CD80 for the adult 
(A,B; n=4 ±SD) and cord (C,D; n=4 ±SD) MDM is shown. Comparison between the adult 
and cord blood values are show (E). Statistical significance was determined using one-
way ANOVA with Dunnett’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test. Paired student t-tests were also performed. 
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4.2.2 The effect of IFN-γ or IL-4 on metabolism in adult and cord blood MDM  

There is a paucity of data on changes in metabolism in human MDM following 

polarisation with cytokines. IFN-γ polarisation in murine models has previously been 

demonstrated to depend on glycolysis but most murine studies show minimal change 

in glycolysis in IL-4 polarised MDM273–275. However, the data generated in chapter 3 

highlights the differences in reported murine BMDM metabolism and those found in 

human MDM276. In a model of polarised macrophages from umbilical cord blood, IFN-γ 

was shown to abrogate glycolysis during a stress test but the changes to the baseline 

glycolytic rate was not reported230.   

 

In order to examine the metabolic impact of IFN-γ or IL-4 in human macrophages, the 

metabolic response of human MDM to stimulation with IFN-γ or IL-4 was analysed 24 

hours after treatment. PBMC were isolated from buffy coats or from umbilical cord 

blood samples taken immediately following delivery. Adult or cord blood MDM were 

adherence purified for 7 days in 10% human serum. MDM were washed and detached 

from the plates by cooling and gently scraped, counted and re-seeded on Seahorse 

culture plates prior to analysis. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 24 hours 

prior to analysis of the baseline ECAR and OCR, which was taken as the third reading on 

the Seahorse XFe Analyzer.  

 
4.2.2a IFN-γ increases OCR in adult, but not cord blood MDM 

24 hours after treatment with IFN-γ or IL-4 the OCR of both adult and cord blood MDM 

were recorded (Figure 4.8). Time course graphs for collated data of adult and cord blood 

MDM are expressed as both the raw values (Figure 4.8 A and B respectively) and the % 
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change (Figure 4.8 C and D respectively) from the third baseline reading of the 

untreated MDM in order to normalise for differences in human variability and for 

technical variability in cell seeding density on the Seahorse culture plate. This reading 

was chosen as it allows time for the machine to reach a steady state of measurement 

after calibration.  An increase is seen in the OCR in adult MDM (Figure 4.8 A) but not 

cord MDM (Figure 4.8 B) after IFN-γ treatment. The % change in OCR from the untreated 

MDM show an increase in OCR after IFN-γ and a slight decrease after IL-4 in adult MDM 

(Figure 4.8 C) but no obvious changes in cord blood responses (Figure 4.8 D). 

 

In order to analyse the effect of cytokine treatment on the OCR, the third reading taken 

on the Seahorse Analyzer for the MDM treated with IFN-γ or IL-4 was used to compare 

with the third reading for the untreated MDM (Figure 4.9). In adult MDM the raw values 

in OCR after IFN-γ treatment were not significantly altered (Figure 4.9 A, left) but the % 

change from the untreated MDM was significantly increased (Figure 4.9 A, right, 

P<0.05). IL-4 did not significantly alter the OCR or the % change in OCR from untreated 

MDM in adult donors (Figure 4.9 B). In cord blood MDM no significant difference in OCR 

or % change in OCR was observed after either  IFN-γ (Figure 4.9 C) or IL-4 (Figure 4.9 D).   

 

4.2.2b IFN-γ increases and IL-4 decreases ECAR in both adult and cord blood MDM 

The ECAR of both adult and cord blood MDM was recorded 24 hours after treatment 

with IFN-γ or IL-4.  Time course graphs for collated data of adult and cord blood MDM 

are expressed as both the raw values (Figure 4.10 A and B respectively) and the % 

change (Figure 4.10 C and D respectively) from the third baseline reading of the 

untreated MDM in order to normalise for differences in human variability and for 
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technical variability in cell seeding density on the Seahorse culture plate. On the time 

course graphs, IFN-γ increased the raw values and % change in ECAR in adult and cord 

blood MDM and IL-4 caused a decrease in the raw ECAR and % change in ECAR. Analysis 

was undertaken at the third reading. In the adult MDM, IFN-γ caused a significant 

increase in the ECAR (P<0.05) and the % difference in ECAR from baseline (Figure 4.11 

A, P<0.01). IL-4 significantly reduced the ECAR (P<0.05) and the % difference in ECAR 

from baseline (Figure 4.11 B, P<0.01). A similar pattern was seen in the cord blood MDM 

with an increase in ECAR (P<0.05) after IFN-γ treatment, however the % difference in 

ECAR was not statistically significant (Figure 4.11 C). IL-4 also caused a trend downward 

in cord blood MDM ECAR and % change in ECAR (P=0.06) though the differences did not 

reach statistical significance.  

 

4.2.2c Comparison between adult and cord blood MDM metabolism 24 hours after 

treatment with IFN-γ or IL-4 

In order to determine the differential metabolic effect of IFN-γ or IL-4 in adult and cord 

blood MDM, a direct comparison between the ECAR or OCR values from adult and cord 

MDM was made. Data points from the third reading as described above for the ECAR 

and OCR absolute raw values and % changes from unstimulated controls were analysed. 

No statistically significant differences between the adult and cord blood responses to 

IFN-γ or IL-4 were seen in OCR (Figure 4.12 A), ECAR (Figure 4.12 B), % change in OCR 

(Figure 4.12 C),  or % change in ECAR (Figure 4.12 D). Although not statistically 

significant, these data highlights the similar patterns seen in ECAR in both adult and 

cord blood MDM after IFN-γ or IL-4 treatment. However, adult MDM alter OCR in 

response to IFN-γ but cord blood MDM do not alter their oxygen consumption. 
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4.2.2d ECAR/OCR ratio of adult and cord blood MDM 24 hours after treatment with 

IFN-γ or IL-4 

The ECAR/OCR ratio was calculated for both adult and cord blood MDM 24 hours after 

treatment with IFN-γ or IL-4. For the adult MDM, a significant increase was seen in the 

ECAR/OCR ratio after IFN-γ treatment (P<0.05, Student’s t-test) and a decrease was 

seen after IL-4 treatment (Figure 4.13 A, P<0.05). The difference in ECAR/OCR ratio 

between IFN-γ and IL-4 was also significant (Figure 4.13 A). For the cord blood MDM, 

the ECAR/OCR ratio changes after IFN-γ or IL-4 were not significantly different 

compared with untreated MDM, although the difference in the ECAR/OCR ratio 

between IFN-γ and IL-4 reached statistical significance (Figure 4.13 B, P<0.05). 

Comparison was made between the ECAR/OCR ratios of the adult and cord blood MDM 

(Figure 4.13 C) and no significant differences were seen. The ECAR/OCR ratio in cord 

blood MDM treated with IFN-γ trends toward an increase compared with the adult 

MDM, which is consistent with the stable OCR in cord blood MDM treated with IFN-γ 

compared with the increased OCR in IFN-γ treated adult MDM. 
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Figure 4.8 IFN-γ increases OCR in adult, but not cord blood MDM. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4  (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. The OCR was recorded 
approximately every 9 minutes. Correction for small variations in cell density was 
achieved by % comparison to the OCR of the untreated (untx) MDM. The time-course 
graphs illustrate the OCR of adult MDM (A,C n=7) or cord blood MDM (n=3) in real time 
24 hours after treatment with IFN-γ or IL-4.  
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Figure 4.9 Analysis of OCR in adult and cord blood MDM after IFN-γ or IL-4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted, and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. The OCR was recorded 
approximately every 9 minutes. Correction for small variations in cell density was 
achieved by % comparison to the OCR of the untreated (untx) MDM. The third reading 
of OCR in Figure 4.8 was analysed for the adult (n=7) and cord blood MDM (n=3). 
Statistically significant differences were determined using a paired Student’s t test; * 
P<0.05. 
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Figure 4.10 IFN-γ increases, and IL-4 decreases ECAR in both adult and cord blood 
MDM 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. The ECAR was recorded 
approximately every 9 minutes. Correction for small variations in cell density was 
achieved by % comparison to the ECAR of the untreated (untx) MDM. The time-course 
graphs illustrate the ECAR of adult MDM (A,C n=7) or cord blood MDM (B,D n=3) in real 
time 24 hours after treatment with IFN-γ or IL-4.  
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Figure 4.11 Analysis of ECAR in adult and cord blood MDM after IFN-γ or IL-4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. The ECAR was recorded 
approximately every 9 minutes. Correction for small variations in cell density was 
achieved by % comparison to the OCR of the untreated (untx) MDM. The third reading 
of ECAR in Figure 4.10 was analysed for the adult (n=7) and cord blood MDM (n=3). 
Statistically significant differences were determined using a paired Student’s t test; * 
P<0.05, ** P<0.01.  
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Figure 4.12 Comparison between adult and cord blood MDM metabolic responses 24 
hours after IFN-γ or IL-4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. The ECAR and OCR was recorded 
approximately every 9 minutes. Correction for small variations in cell density was 
achieved by % comparison to the untreated (untx) MDM. Comparative analysis of the 
adult (n=7) and cord blood MDM (n=3) is shown. Statistically significant differences 
were determined using one-way ANOVA.  

Untx IFN-γ IL-4
0

100

200

300

400
O

C
R

 (p
m

ol
/m

in
)

Adult

Cord Blood

Untx IFN-γ IL-4
0

50

100

150

200

O
C

R
 (%

 c
ha

ng
e 

fro
m

 u
nt

x)

Untx IFN-γ IL-4
0

10

20

30

40

50

EC
AR

 (m
pH

/m
in

)

Untx IFN-γ IL-4
0

50

100

150

200

250
E

C
A

R
 (%

 c
ha

ng
e 

fro
m

 u
nt

x)

A B

C D



 138 

 
 
Figure 4.13 ECAR/OCR ratio of adult and cord blood MDM 24 hours after IFN-γ or IL-4 
treatment 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. The ECAR and OCR was recorded 
approximately every 9 minutes. The baseline OCR and ECAR was taken as the third 
reading and the ECAR/OCR ratio calculated from these values for the adult (A, n=7) and 
cord blood MDM (B, n=3). Comparative analysis between the adult and cord blood 
ECAR/OCR ratio is shown (C). Statistical significance was determined using one-way 
ANOVA with Tukey’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test; * P<0.05, **P<0.01. Paired student t-tests were also 
performed; # P<0.05.  
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4.2.3 The effect of IFN-γ or IL-4 on adult and cord blood MDM metabolic responses to 

Mtb and LPS 

Having established that IFN-γ and IL-4 impact MDM metabolism and phenotype in both 

adult and cord blood MDM, the effect of exposure to these cytokines on subsequent 

immunometabolic responses to Mtb and LPS was established. Novel findings of early 

inflammatory Warburg were described in Chapter 3 and the impact of pretreatment for 

24 hours with IFN-γ and IL-4 on subsequent metabolic shifts in adult and cord blood 

MDM following Mtb or LPS stimulation was examined in the Seahorse XFe24 Analyzer. 

 

PBMC were isolated from buffy coats or from umbilical cord blood samples taken 

immediately following delivery. Adult or cord blood MDM were adherence purified for 

7 days in 10% human serum. MDM were washed and detached from the plates by 

cooling and gently scraped, counted, and re-seeded on Seahorse culture plates prior to 

analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) were added 

24 hours prior to live analysis of ECAR and OCR in the Seahorse XFe24 Analyzer. Mtb 

(iH37Rv; MOI 1-10) or LPS (100 ng/ml) were added to wells containing differentiated 

human adult or cord blood MDM using the injection ports of the Seahorse XFe24 

Analyzer. The ECAR and OCR were recorded approximately every 9 minutes for the first 

3 readings and then every 20 minutes thereafter. The third Seahorse reading was taken 

as the baseline to calculate the % change from baseline in order to normalise for 

differences in human variability and for technical variability in cell seeding density on 

the Seahorse culture plate. This value highlights the effect of the pretreatment of IFN-γ 

and IL-4 on the subsequent metabolic shift after Mtb or LPS stimulation. The untreated 

MDM, immediately prior to Mtb stimulation, which is the third reading on the Seahorse 
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XFe Analyzer, was used as the comparison for the % change from unstimulated MDM. 

This value illustrates the cumulative impact of both the cytokine and the antigen 

stimulation on the levels of ECAR and OCR. Analysis of the metabolic shifts was 

undertaken at the same time point in Chapter 3, 150 minutes after stimulation. This 

timepoint was when the ECAR and OCR were furthest from baseline. 

 

4.2.3a IL-4 inhibits the drop in OCR seen after Mtb stimulation in adult MDM 

The time course graph of the OCR response of both adult and cord blood MDM to Mtb 

stimulation after IFN-γ and IL-4 is illustrated in Figure 4.14. The time course for the 

collated adult raw values (n=6) show that the OCR for the IFN-γ treated MDM is higher 

than the untreated MDM and that there is a drop in the OCR after Mtb stimulation 

(Figure 4.14 A). The cord blood MDM (n=3) have little difference in OCR between the 

untreated, IFN-γ and IL-4 both before and after Mtb stimulation (Figure 4.14 B). The % 

change in OCR from the untreated adult MDM highlights the greater OCR of the IFN-γ 

treated MDM prior to and after Mtb stimulation (Figure 4.14 C). The cord blood % 

change from baseline OCR shows the that IFN-γ does increase the OCR and IL-4 decrease 

the OCR when compared to the untreated MDM (Figure 4.14 D). The % change from 

baseline, which shows the change in OCR after Mtb stimulation, shows that the 

untreated and IFN-γ treated MDM both decrease OCR after Mtb stimulation, as seen in 

Chapter 3, but that the IL-4 treated MDM do not decrease OCR (Figure 4.14 E). The IL-4 

treated cord blood MDM appear to have a minimal increase in the OCR as expressed by 

% change from baseline but little effect is seen in the IFN-γ treated or untreated MDM 

(Figure 4.14 F).  
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Analysis of the changes in OCR at 150 minutes post stimulation in the adult MDM show 

that pre-treatment with IFN-γ significantly increases the OCR when compared with the 

untreated (P<0.01) or to the IL-4 treated MDM (Figure 4.15 A, P<0.01). No significant 

change is seen in the cord blood MDM OCR response to Mtb with IFN-γ or IL-4 (Figure 

4.15 B). The % change from the untreated MDM show a similar pattern with IFN-γ 

significantly increasing the OCR when compared with the untreated (P<0.01) or to the 

IL-4 treated MDM (Figure 4.15 C, P<0.01). The % change from untreated in cord blood 

MDM does not show any significant difference after IFN-γ or IL-4 treatment (Figure 4.15 

D).  The % change from baseline, which is a reflection of the shift in metabolism after 

Mtb stimulation, shows that IL-4 treatment significantly increases the OCR % change 

from baseline in response to Mtb (Figure 4.15 E, P<0.05). Both the untreated and IFN-γ 

treated MDM drop the OCR to approximately 88% of the baseline upon Mtb 

stimulation, while the IL-4 treated MDM remain at 100% of baseline. This shows that IL-

4 prevents the decrease seen in OCR after Mtb stimulation. In the cord blood MDM, IL-

4 treated MDM also show a significant increase in OCR % change from baseline (P<0.05) 

when compared to untreated MDM (Figure 4.15 F). However, this reflects the increase 

in OCR that IL-4 alone caused as the untreated cord blood MDM are unchanged from 

baseline, as demonstrated in Chapter 3. 

 

4.2.3b IFN-γ increases ECAR in adult MDM while IL-4 decreases ECAR in both adult and 

cord MDM after Mtb stimulation 

The shift in glycolysis after Mtb stimulation of the untreated, IFN-γ and IL-4 treated 

adult and cord blood MDM is shown in the time course graphs in Figure 4.16.  The 

increase in ECAR of the adult MDM after IFN-γ and the decrease in IL-4 is clearly shown 
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(Figure 4.16 A). The response to Mtb stimulation appears to follow a similar pattern in 

all 3 conditions, as the differences in ECAR prior to stimulation persist at the peak of 

glycolysis. In the cord blood MDM the effect of pre-treatment with IFN-γ and IL-4 prior 

to Mtb treatment is also apparent (Figure 4.16 B); with IFN-γ eliciting a higher ECAR and 

IL-4 eliciting a lower ECAR. After Mtb stimulation, the ECAR of the untreated cord blood 

MDM almost matches the ECAR of the IFN-γ treated MDM whereas the IL-4 treated 

MDM remain well below the untreated MDM despite showing an increased ECAR after 

Mtb stimulation (Figure 4.16 B). The % change in ECAR from the untreated adult MDM 

illustrate similar findings to the raw values, with IFN-γ causing an increase in ECAR pre 

Mtb stimulation that persists at peak glycolysis and IL-4 causing a decrease in the pre-

stimulation ECAR that results in a lower peak (Figure 4.16 C). The cord blood MDM % 

change in ECAR from untreated also highlights the different starting points with IFN-γ 

or IL-4 treatment. The peak glycolysis in the untreated cord blood MDM matches the 

peak of the IFN-γ (Figure 4.16 D). The % change from baseline in the adult MDM shows 

that untreated and IFN-γ or IL-4 treated MDM all have a similar response to Mtb 

stimulation (Figure 4.16 E). The cord blood MDM % change from baseline illustrate that  

the IFN-γ treated cord blood MDM have a reduced glycolytic shift compare with IL-4 

and untreated MDM, both of which show similar patterns of increase (Figure 4.16 F).  

This may represent a maximal point of glycolysis reached by the combination of IFN-γ 

and Mtb. 

 

Analysis of the differences in ECAR at the time point indicated, 150 minutes after 

stimulation with Mtb, shows the significant increase in ECAR in adult MDM by pre-

treatment with IFN-γ (P<0.05) and the decrease in ECAR by pre-treatment with IL-4 
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(Figure 4.17 A, P<0.05). In the cord blood MDM, IFN-γ did significantly increase the ECAR 

at 150 minutes post stimulation but IL-4 caused a statistically significant decrease in 

ECAR (P<0.05, Student’s t-test) (Figure 4.17 B).  The % change from untreated show a 

similar pattern to the raw values. In the adult MDM stimulated with Mtb, the % change 

in ECAR from untreated MDM is significantly increased by  IFN-γ (P<0.01) and decreased 

by IL-4 (Figure 4.17 C, P<0.05). The difference between the ECAR in MDM treated with 

IFN-γ or IL-4 responses is also significantly different (P<0.001). In the cord blood MDM, 

the ECAR % change from unstimulated is significantly decreased by IL-4 compared with 

untreated cells (Figure 4.17 D, P<0.05, Student’s t-test).  There is no significant 

difference in the % change from baseline in adult MDM with either IFN-γ or IL-4 

suggesting that the MDM are able to shift glycolysis to a similar degree despite the 

underlying differences in ECAR caused by the pre-treatment with cytokine (Figure 4.17 

E). In cord blood MDM the % change from baseline by pre-treatment with IFN-γ was not 

statistically significant from untreated MDM (Figure 4.17 F), although the mean change 

in ECAR from baseline was 201% in the untreated and 127% in the IFN-γ treated MDM, 

perhaps reflecting maximal glycolysis with this combination of IFN-γ treatment and Mtb 

stimulation. These data indicate that IFN-γ increases ECAR in adult MDM while IL-4 

decreases ECAR in both adult and cord MDM after Mtb stimulation. 

 

4.2.3c IL-4 decreases the ECAR/OCR ratio in both adult and cord blood MDM after Mtb 

stimulation 

The ECAR/OCR ratio was calculated for both the adult and cord blood MDM 150 minutes 

after Mtb stimulation for the untreated, IFN-γ and IL-4 treated MDM (Figure 4.18). In 

the adult MDM, IL-4 caused a significant decrease in the ECAR/OCR ratio compared with 
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untreated (P<0.05) or IFN-γ treated MDM (Figure 4.18 A, P<0.05). Cord blood MDM pre-

treated with IL-4 also have a significantly decreased ECAR/OCR ratio compared with 

untreated (P<0.05, Student’s t-test) or IFN-γ treated MDM (P<0.01; Figure 4.18 B). 

Directly comparing the ECAR/OCR ratios do not reveal any significant differences 

between adult and cord blood MDM (Figure 4.18 C). 

 

4.2.3d IFN-γ augments glycolysis in adult MDM but not in cord blood MDM in 

response to stimulation with Mtb 

Comparison of the adult and cord blood ECAR and OCR changes after Mtb stimulation 

show that there are different shifts in glycolysis after IFN-γ exposure (Figure 4.19). The 

differences seen between adult and cord blood MDM were not statistically significant 

for OCR (Figure 4.19A), ECAR (Figure 4.19 B), an OCR % change from untreated (Figure 

4.19 C). The adult MDM treated with IFN-γ have a significantly increased (P<0.01) rise 

in ECAR in response to Mtb (as reflected by the % change from unstimulated cells) 

compared with IFN-γ treated cord blood MDM (Figure 4.19 D). The % change in OCR 

from baseline was not significantly different between adult and cord blood MDM after 

Mtb stimulation Figure 4.19 E). However, the % change in ECAR from baseline, indicative 

of the ability of the cells to undergo a glycolytic shift after Mtb stimulation, was 

significantly reduced in the cord blood MDM when compared to the adult (P<0.05; 

Figure 4.19 F). These data illustrate the augmentation of glycolysis by IFN-γ in adult but 

not cord blood MDM. 
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4.2.3e IL-4 abrogates the decreased OCR observed in response to LPS stimulation in 

adult MDM 

Figure 4.20 illustrates the time course graphs of the OCR response of both adult and 

cord blood MDM in real-time response to LPS stimulation after 24 hours of treatment 

with IFN-γ or IL-4. The OCR graph in adult MDM shows the increase in OCR caused by 

IFN-γ and the small decrease caused by IL-4 (Figure 4.20 A). The drop in OCR in response 

to LPS occurs in both the untreated and IFN-γ treated MDM but the IL-4 OCR remain 

unchanged. In the cord blood MDM the IFN-γ treated MDM OCR remains above the 

untreated but the IL-4 treated MDM start at the same point as the untreated MDM but 

increase above the untreated MDM after LPS stimulation (Figure 4.20 B). The time 

course graph of the % change from the untreated in adult MDM shows that the IFN-γ 

treated MDM have elevated OCR whereas the IL-4 treated MDM have an OCR less than 

the untreated prior to LPS stimulation that rises above the untreated after LPS 

stimulation (Figure 4.20 C). No obvious differences are seen in the cord blood MDM 

time course graph normalised to % OCR change from the untreated, in either IFN-γ or 

IL-4 treated cells (Figure 4.20 D).  The % change in OCR from baseline in the adult MDM 

after LPS stimulation show that the IFN-γ treated and untreated MDM decrease OCR 

from baseline (recapitulating the Warburg effect observed in chapter 3 in adults in 

response to stimulation) but that IL-4 treated MDM slightly increase OCR and then do 

not drop below the baseline level OCR in response to stimulation with LPS (Figure 4.20 

E). The cord blood shows no change in the the IFN-γ treated and untreated MDM in % 

OCR from baseline and the IL-4 treated MDM have a slight increase in OCR from baseline 

(Figure 4.20 F). 
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In order to quantify these changes over time, analyses of the changes were carried out 

150 minutes post stimulation, as above. The OCR in adult MDM shows no significant 

differences in IFN-γ or IL-4 treated MDM after LPS stimulation compared with untreated 

controls (Figure 4.21 A). There is a significant increase in OCR in cord blood MDM after 

LPS stimulation when cells were pre-treated with IL-4 (Figure 4.21 B, P<0.05, Student’s 

t-test).  The % change in OCR from unstimulated adult MDM also showed no significant 

differences across the groups (Figure 4.21 C) but the cord blood MDM showed a 

significant increase in the OCR % change from unstimulated MDM in the presence of IL-

4 (Figure 4.21 D). The % change in OCR from baseline in adult MDM showed a significant 

difference between untreated and IL-4 treated MDM after LPS stimulation (Figure 4.21 

E), indicative of the ability of IL-4 to block the Warburg effect seen in adult MDM. No 

significant differences were seen in the % change in OCR in cord blood MDM (Figure 

4.21 F).  

 

4.2.3f IL-4 decreases ECAR in adult MDM after LPS stimulation 

The shift in ECAR after LPS stimulation of the adult and cord blood MDM 24 hours after 

treatment with IFN-γ or IL-4 is shown in the time course graphs in Figure 4.22. The 

differences in ECAR between IFN-γ, IL-4 and untreated adult MDM before LPS 

stimulation is clear (Figure 4.22 A). LPS induces a rapid increase in glycolysis in all 3 

conditions with the untreated MDM approaching the high ECAR observed in the IFN-γ 

treated MDM as the ECAR reaches its peak. Cord blood MDM also increase ECAR after 

LPS stimulation, with a different starting point for each condition but the ECAR of the 

untreated MDM almost matches the ECAR of the IFN-γ treated MDM, similar to the 

adult MDM (Figure 4.22 B).  Analysis of the % change in ECAR from unstimulated MDM 
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show similar patterns in adult (Figure 4.22 C) and cord blood (Figure 4.22 D) to the raw 

ECAR values. The % change from baseline ECAR in the adult (Figure 4.22 E) and cord 

blood MDM (Figure 4.22 F) showed that both the untreated and IL-4 treated cells exhibit 

a similar response and upregulate ECAR compared with their baseline, however, this 

analysis highlights that IFN-γ treated MDM have an attenuated ability to ramp up 

glycolysis compared to their own baseline (because the ECAR is already increased pre-

stimulation). These data suggest that IFN-γ treated MDM may have already maxed out 

their capacity to shift to glycolysis resulting in a reduced capacity to upregulate the ECAR 

in response to stimulation with LPS.  

 

Analysis of these responses at the time point indicated (150 minutes post stimulation) 

was undertaken and is shown in  Figure 4.23. The ECAR of adult MDM after LPS 

stimulation is significantly reduced by IL-4 pre-treatment (P<0.05) (Figure 4.23 A) but 

no differences are seen in the cord blood MDM (Figure 4.23 B).  The % change from 

unstimulated MDM also shows a significant reduction in IL-4 pre-treated adult MDM 

(P<0.05, Student’s t-test) (Figure 4.23 C)  but no difference in cord blood MDM (Figure 

4.23 D). There is a statistically significant decrease in the % change of ECAR from 

baseline after LPS stimulation in both adult (Figure 4.23 E)  and cord blood MDM (Figure 

4.23 F) pre-treated with IFN-γ (P<0.05 Student’s t-test for both). These data indicate 

that the increase in ECAR after IFN-γ treatment blunts the subsequent glycolytic shift 

seen after LPS stimulation, likely representing a maximal glycolytic rate achieved  by 

these two potent macrophage activators in combination. 
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4.2.3g IL-4 decreases the ECAR/OCR ratio in both adult and cord blood MDM after LPS 

stimulation 

The ECAR/OCR ratio was calculated for both the adult and cord blood MDM after LPS 

stimulation at the time point indicated on the time course graphs; 150 minutes post 

stimulation. In adult MDM, IL-4 caused a significant decrease in the ECAR/OCR ratio 

when compared with untreated or IFN-γ treated MDM (Figure 4.24 A, P<0.01). In cord 

blood MDM, IL-4 caused a significant decrease in the ECAR/OCR ratio compared with 

untreated MDM was noted (P<0.05) (Figure 4.24 B). Comparison of the adult and cord 

blood ECAR/OCR ratios do not show any significant differences (Figure 4.24 C). 

 

4.2.3h Direct comparison of LPS responses between adult and cord blood MDM after 

IFN-γ or IL-4 

Comparison of the adult and cord blood metabolic changes after LPS stimulation are 

shown in Figure 4.25. No significant differences were seen in OCR (Figure 4.25 A), ECAR 

(Figure 4.25 B), % change from unstimulated in OCR (Figure 4.25 C) or ECAR (Figure 4.25 

D), nor % change in baseline in OCR (Figure 4.25 E) or ECAR (Figure 4.25 F) between the 

adult and cord blood MDM. 

 

Cumulatively, these data indicate that there are differences in the way that the 

cytokines IFN-γ and IL-4 effect adult and cord blood MDM metabolic responses to Mtb 

and LPS stimulation. Inflammatory Warburg occurs in adult MDM but does not occur in 

cord blood MDM as demonstrated in Chapter 3, however, IL-4 blocks the reduction in 

OCR in adult MDM after Mtb or LPS stimulation. IL-4 decreases ECAR in Mtb or LPS 

stimulated adult and cord blood MDM. IFN-γ increases ECAR in adult MDM stimulated 
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with Mtb, compared with their untreated controls, but not in LPS stimulated adult MDM 

or cord blood MDM.  
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Figure 4.14 IL-4 inhibits the drop in OCR seen after Mtb stimulation in adult MDM. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. Mtb (iH37Rv; MOI 1-10) was added to the MDM in the 
Seahorse Analyzer. The OCR was recorded approximately every 20 minutes. The third 
Seahorse reading was taken as the baseline in order to calculate the % change from 
baseline. The third reading of the untreated MDM, prior to Mtb stimulation, was used 
as the comparison for the % change from unstimulated MDM. The time-course graphs 
illustrate the OCR of adult (A,C,E n=6) or cord blood MDM (B,D,F n=3) in real time in 
response to stimulation with Mtb, 24 hours after stimulation with IFN-γ or IL-4.    
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Figure 4.15 Analysis of OCR in IFN-γ and IL-4 treated adult and cord blood MDM after 
Mtb stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. Mtb (iH37Rv; MOI 1-10) was added to the MDM in the 
Seahorse Analyzer. The OCR was recorded approximately every 20 minutes. The third 
reading was taken as the baseline in order to calculate the % change from baseline. The 
third reading of the unstimulated MDM, prior to Mtb stimulation, was used as the 
comparison for the % change from unstimulated MDM. 150 minutes after stimulation, 
the OCR was analysed for Mtb stimulated cells for the adult (A,C,E n=6) and cord blood 
MDM (B,D,F n=3). Statistical significance was determined using one-way ANOVA with 
Tukey’s multiple comparison test; * P<0.05, **P<0.01. 
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Figure 4.16 IFN-γ increases ECAR in adult MDM while IL-4 decreases ECAR in both adult 
and cord MDM after Mtb stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. Mtb (iH37Rv; MOI 1-10) was added to the MDM in the 
Seahorse Analyzer. The ECAR was recorded approximately every 20 minutes. The third 
Seahorse reading was taken as the baseline in order to calculate the % change from 
baseline. The third reading of the untreated MDM, prior to Mtb stimulation, was used 
as the comparison for the % change from unstimulated MDM. The time-course graphs 
illustrate the ECAR of adult (A,C,E n=6) or cord blood MDM (B,D,F n=3) in real time in 
response to stimulation with Mtb, 24 hours after stimulation with IFN-γ or IL-4.   
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Figure 4.17 Analysis of ECAR in IFN-γ and IL-4 treated adult and cord blood MDM after 
Mtb stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. Mtb (iH37Rv; MOI 1-10) was added to the MDM in the 
Seahorse Analyzer. The ECAR was recorded approximately every 20 minutes. The third 
reading was taken as the baseline in order to calculate the % change from baseline. The 
third reading of the unstimulated MDM, prior to Mtb stimulation, was used as the 
comparison for the % change from unstimulated MDM. 150 minutes after stimulation, 
the ECAR was analysed for Mtb stimulated cells for the adult (A,C,E n=6) and cord blood 
MDM (B,D,F n=3). Statistical significance was determined using one-way ANOVA with 
Tukey’s multiple comparison test; * P<0.05, **P<0.01; and a Student’s t-test; # P<0.05. 
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Figure 4.18 IL-4 decreases the ECAR/OCR ratio in both adult and cord blood MDM. 
Adult or cord blood MDM were adherence purified for 7 days in 10% human serum. 
MDM were washed and detached from the plates by cooling and gently scraped, 
counted and re-seeded on Seahorse culture plates prior to analysis in the Seahorse 
XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 24 hours prior to analysis. 
Mtb (iH37Rv; MOI 1-10) was added to the MDM in the Seahorse Analyzer. The OCR and 
ECAR was recorded approximately every 20 minutes. At the time point indicated in 
Figure 4.16, 150 minutes after stimulation, the ECAR/OCR ratio was calculated for Mtb 
stimulated cells for the adult (A, n=6) and cord blood MDM (B, n=3). Comparative 
analysis between the adult and cord blood ECAR/OCR ratio is shown (C). Statistical 
significance was determined using one-way ANOVA with Tukey’s multiple comparison 
test and two-way ANOVA using Sidak’s multiple comparison test; * P<0.05, **P<0.01. 
Paired student t-tests were also performed; # P<0.05. 
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Figure 4.19 Comparison between adult and cord blood MDM metabolic responses 
after Mtb stimulation, 24 hours after IFN-γ or IL-4 treatment. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4  (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. Mtb (iH37Rv; MOI 1-10) was added 
to the MDM in the Seahorse Analyzer. The OCR and ECAR was recorded approximately 
every 20 minutes. 150 minutes after stimulation, comparative analysis of the adult (A 
n=6) and cord blood MDM (B n=3) was performed. The third reading of the 
unstimulated MDM, prior to Mtb stimulation, was used as the comparison for the % 
change from unstimulated MDM (C,D). The third reading was taken as the baseline in 
order to calculate the % change from baseline (E,F). Statistically significant differences 
were determined using two-way ANOVA using Sidak’s multiple comparison test; * 
P<0.05, ** P<0.01. 
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Figure 4.20 IL-4 inhibits the decrease in OCR seen after LPS stimulation in adult MDM. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4  (10ng/ml) was added 
24 hours prior to analysis. LPS (100 ng/ml) was added to the MDM in the Seahorse 
Analyzer. The OCR was recorded approximately every 20 minutes. The third Seahorse 
reading was taken as the baseline in order to calculate the % change from baseline. The 
third reading of the untreated MDM, prior to LPS stimulation, was used as the 
comparison for the % change from unstimulated MDM. The time-course graphs 
illustrate the OCR of adult (A,C,E n=5) or cord blood MDM (B,D,F n=3) in real time in 
response to stimulation with LPS, 24 hours after stimulation with IFN-γ or IL-4.    
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Figure 4.21 Analysis of OCR in IFN-γ and IL-4 treated adult and cord blood MDM after 
LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. LPS (100 ng/ml) was added to the MDM in the Seahorse 
Analyzer. 150 minutes after stimulation, analysis of the adult (A n=5) and cord blood 
MDM OCR (B n=3) was performed. The third reading of the unstimulated MDM, prior 
to LPS stimulation, was used as the comparison for the % change from unstimulated 
MDM (C,D). The third reading was taken as the baseline in order to calculate the % 
change from baseline (E,F). Statistical significance was determined using one-way 
ANOVA with Tukey’s multiple comparison test; * P<0.05; and a Student’s t-test; # 
P<0.05.  
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Figure 4.22 IL-4 decreases ECAR in adult MDM after LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. LPS (100 ng/ml) was added to the MDM in the Seahorse 
Analyzer. The third Seahorse reading was taken as the baseline in order to calculate the 
% change from baseline. The third reading of the untreated MDM, prior to LPS 
stimulation, was used as the comparison for the % change from unstimulated MDM. 
The time-course graphs illustrate the ECAR of adult (A,C,E n=5) or cord blood MDM 
(B,D,F n=3) in real time in response to stimulation with LPS, 24 hours after stimulation 
with IFN-γ or IL-4.    
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Figure 4.23 Analysis of ECAR in IFN-γ and IL-4 treated adult and cord blood MDM after 
LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 
24 hours prior to analysis. LPS (100 ng/ml) was added to the MDM in the Seahorse 
Analyzer. The third Seahorse reading was taken as the baseline in order to calculate the 
% change from baseline. The third reading of the untreated MDM, prior to LPS 
stimulation, was used as the comparison for the % change from unstimulated MDM.  
150 minutes after stimulation, the ECAR was analysed for LPS stimulated cells for the 
adult (A,C,E n=5) or cord blood MDM (B,D,F n=3). Statistical significance was 
determined using one-way ANOVA with Tukey’s multiple comparison test; * P<0.05; and 
a Student’s t-test; # P<0.05. 
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Figure 4.24 IL-4 decreases the ECAR/OCR ratio in both adult and cord blood MDM after 
LPS stimulation 
Adult or cord blood MDM were adherence purified for 7 days in 10% human serum. 
MDM were washed and detached from the plates by cooling and gently scraped, 
counted and re-seeded on Seahorse culture plates prior to analysis in the Seahorse 
XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4 (10ng/ml) was added 24 hours prior to analysis. 
LPS (100 ng/ml) was added to the MDM in the Seahorse Analyzer. The OCR and ECAR 
was recorded approximately every 20 minutes. 150 minutes after stimulation, the 
ECAR/OCR ratio was calculated for LPS stimulated cells for the adult (A, n=5) and cord 
blood MDM (B, n=3). Comparative analysis between the adult and cord blood 
ECAR/OCR ratio is shown (C). Statistical significance was determined using one-way 
ANOVA with Tukey’s multiple comparison test and two-way ANOVA using Sidak’s 
multiple comparison test; * P<0.05, **P<0.01. 
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Figure 4.25 Comparison between adult and cord blood MDM metabolic responses 
after LPS stimulation, 24 hours after IFN-γ or IL-4 treatment. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. IFN-γ (10ng/ml) or IL-4  (10ng/ml) was added 
24 hours prior to analysis in the Seahorse Analyzer. LPS (100 ng/ml) was added to the 
MDM in the Seahorse Analyzer. The OCR and ECAR was recorded approximately every 
20 minutes. 150 minutes after stimulation, comparative analysis of the adult (A n=5) 
and cord blood MDM (B n=3) was performed. The third reading of the unstimulated 
MDM, prior to Mtb stimulation, was used as the comparison for the % change from 
unstimulated MDM (C,D). The third reading was taken as the baseline in order to 
calculate the % change from baseline (E,F). Statistically significant differences were 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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4.2.4 Expression of cell surface markers in IFN-γ or IL-4 treated adult and cord blood 

MDM after Mtb or LPS stimulation 

In order to examine the cumulative effect of both cytokine treatment with IFN-γ or IL-

4, and stimulation with Mtb or LPS on the cell surface expression of activation markers, 

flow cytometry analysis was performed on adult and cord blood MDM. PBMC were 

isolated from adult buffy coats or from umbilical cord blood which was collected 

immediately following delivery. MDM were adherence purified for 7 days in RPMI with 

10% human serum and non-adherent cells were washed off on days 2 and 5. IFN-γ 

(10ng/ml) or IL-4 (10ng/ml) were added 24 hours prior to the addition of Mtb (iH37Rv; 

MOI 1-10) or LPS (100 ng/ml). After a further 24 hours, MDM were harvested by placing 

in ice-cold PBS at 4°C for 30 minutes prior to gentle scraping. Cells were Fc blocked and 

stained with Zombie NIR viability dye and fluorochrome-conjugated antibodies specific 

for CD68, CD14, CD40, CD80, HLA-DR, CD83 and CD206 (mannose receptor; MMR) prior 

to acquisition by flow cytometry. MDM were gated on the basis of forward and side 

scatter, doublets and dead cells were excluded, and macrophages were identified as 

CD68+ CD14+ described in the methods section 2.3 and shown in the accompanying 

gating strategy (Figure 2.7).  

 

Expression of HLA-DR, an antigen presenting molecule, was determined by MFI and a 

representative adult donor histogram of untreated MDM and MDM treated with IFN-γ 

or IL-4, 24 hours after Mtb stimulation, is shown in Figure 4.26 A. Bar graphs illustrate 

collated data; pre-treatment with IFN-γ significantly increases expression of HLA-DR 

after both Mtb (P<0.001) or LPS stimulation (Figure 4.26 B, P<0.01). IL-4 pre-treatment 

did not significantly alter HLA-DR expression in adult MDM after Mtb or LPS stimulation 
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(Figure 4.26 C). A representative histogram from a cord blood donor after Mtb 

stimulation is also shown (Figure 4.26 D). IFN-γ significantly increases the expression of 

HLA-DR after Mtb or LPS stimulation (Figure 4.26 E, P<0.01). In cord blood MDM, IL-4 

significantly increased HLA-DR expression after Mtb (P<0.001) or LPS (P<0.01) 

stimulation (Figure 4.26 F). There was no significant difference in expression of HLA-DR 

between adult and cord blood MDM after Mtb or LPS stimulation when pre-treated 

with either IFN-γ (Figure 4.26 G) or IL-4 (Figure 4.26 H). 

 

The expression of MMR from an adult donor, pre-treated with IFN-γ or IL-4, after Mtb 

stimulation is shown in Figure 4.27 A. Both IFN-γ (Figure 4.27 B, P<0.05) and IL-4 (Figure 

4.27 C, P<0.01) pre-treatment resulted in significantly increased MMR after LPS 

stimulation but no difference was seen after Mtb stimulation. For the cord blood MDM, 

a representative histogram is also shown (Figure 4.27 D). Treatment with IFN-γ (Figure 

4.27 F) or IL-4 (Figure 4.27 F) did not affect the subsequent expression of MMR after 

Mtb or LPS stimulation in cord blood MDM.  There was no significant difference 

between adult and cord blood MDM expression of MMR after IFN-γ (Figure 4.27 G) or 

IL-4 (Figure 4.27 H). 

 

CD40 is a key co-stimulatory molecule associated with macrophage activation and 

antigen presentation. Its expression in an Mtb stimulated adult donor pre-treated with 

IFN-γ or IL-4 is shown in a representative histogram (Figure 4.28 A). IFN-γ  resulted in 

significantly increased CD40 expression after both Mtb and LPS stimulation (P<0.001) in 

adult MDM (Figure 4.28 B). IL-4 did not cause any significant difference in CD40 

expression after Mtb or LPS (Figure 4.28 C). A cord blood donor representative 
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histogram for CD40 expression after Mtb stimulation is shown in Figure 4.28 D.  

Treatment with IFN-γ caused a significant increase in CD40 expression after Mtb or LPS 

stimulation (P<0.01) in cord blood MDM (Figure 4.28 E). IL-4 treatment resulted in a 

statistically significant increase in CD40 expression after Mtb stimulation (P<0.05) but 

not after LPS stimulation (Figure 4.28 F). There was no significant difference in CD40 

expression between adult and cord blood MDM after Mtb or LPS stimulation when cells 

were pre-treated with IFN-γ (Figure 4.28 G) or IL-4 (Figure 4.28 H). 

 

A representative histogram of an adult donor showing the expression of CD83 after Mtb 

stimulation for MDM pretreated IFN-γ or IL-4 is illustrated in Figure 4.29 A.  Pre-

treatment with IFN-γ resulted in increased expression of CD83 in Mtb (P<0.01) and LPS 

(P<0.001) stimulated adult MDM (Figure 4.29 B). IL-4 caused a significant increase in LPS 

induced CD83 expression (P<0.05) in adult MDM (Figure 4.29 C). CD83 expression in 

cord blood MDM after Mtb stimulation is shown in a representative histogram in Figure 

4.29 D. IFN-γ treatment resulted in increased CD83 expression after both Mtb and LPS 

stimulation (Figure 4.29 E, P<0.01).  IL-4 caused an increase in CD83 expression in cord 

blood MDM stimulated with either Mtb or LPS (Figure 4.29 F, <0.05). There was no 

significant difference between adult and cord blood MDM expression of CD83 after IFN-

γ (Figure 4.29 G)  or IL-4 treatment (Figure 4.29 H). 

 

A histogram from one representative adult donor after Mtb stimulation is shown for the 

costimulatory molecule CD80 (Figure 4.30 A). IFN-γ treatment in adult MDM induced 

increased expression in CD80 after both Mtb and LPS stimulation (Figure 4.30 B, 

P<0.001). IL-4 did not effect CD80 expression in adult MDM after stimulation with Mtb 
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or LPS (Figure 4.30 C). A representative cord blood donor histogram of CD80 expression 

is shown in Figure 4.30 D. IFN-γ increased CD80 expression in cord blood MDM 

stimulated with LPS (P<0.05) but not Mtb (Figure 4.30 E). IL-4 did not impact CD80 

expression in cord blood MDM after Mtb or LPS stimulation (Figure 4.30 F).  There was 

no significant difference in expression of CD80 between adult and cord blood MDM 

after Mtb or LPS with either IFN-γ (Figure 4.30 G) or IL-4 pre-treatment (Figure 4.30 H). 

 

The co-stimulatory molecule CD86 was also analysed. A representative histogram for 

CD86 expression for an IFN-γ or IL-4 pre-treated adult donor after Mtb stimulation is 

shown in Figure 4.31 A.  IFN-γ increased CD86 expression after both Mtb or LPS 

stimulation (P<0.01 for both) (Figure 4.31 B). IL-4 also increased CD86 expression after 

both Mtb or LPS stimulation (P<0.01 for both) (Figure 4.31 C). A representative 

histogram from a cord blood donor is shown in Figure 4.31 D. IFN-γ treatment did not 

significantly alter CD86 expression in cord blood MDM stimulated with Mtb or LPS 

(Figure 4.31 E).  IL-4 treatment significantly increased CD86 expression after Mtb 

(P<0.01) or LPS (<0.001) stimulation (Figure 4.31 F). There was no significant difference 

between adult and cord blood MDM expression of CD86 after Mtb or LPS stimulation 

when pre-treated with IFN-γ (Figure 4.31 G)  or IL-4 (Figure 4.31 H). 

 

In summary these data show that pre-treatment with IFN-γ increases expression of HLA-

DR, CD40 and CD83 in both adult and cord blood MDM when subsequently stimulated 

with Mtb or LPS. IL-4 pre-treatment had the most significant impact on CD86 expression 

in MDM stimulated with Mtb or LPS. Pre-treatment with IFN-γ overcomes the deficit 

seen in cord blood MDM HLA-DR expression when treated with LPS.  
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Figure 4.26 Expression of HLA-DR on adult and cord blood MDM 48 hours after IFN-γ 
or IL-4 treatment and 24 hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 
MDM were washed and detached from the plates by cooling and gentle scraping 24 
hours after stimulation with Mtb or LPS. Cells were Fc blocked, exposed to viability dye 
Zombie NIR and stained with fluorochrome-conjugated antibodies specific for CD14, 
CD68 and HLA-DR. Cells were analysed by flow cytometry. A representative histogram 
for one donor of adult (A) and cord (D) MDM stimulated with Mtb is shown. The MFI of 
HLA-DR for the adult (B,C n=4 ±SD) and cord (n=4 ±SD) MDM is shown. Comparison 
between the adult and cord blood values are shown (G,H). Statistical significance was 
determined by two-way ANOVA using Sidak’s multiple comparison test **P<0.01, *** 
P<0.001.  
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Figure 4.27 Expression of MMR on adult and cord blood MDM 48 hours after IFN-γ or 
IL-4 treatment and 24 hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 
MDM were washed and detached from the plates by cooling and gentle scraping 24 
hours after stimulation with Mtb or LPS. Cells were Fc blocked, exposed to viability dye 
Zombie NIR and stained with fluorochrome-conjugated antibodies specific for CD14, 
CD68 and MMR. Cells were analysed by flow cytometry. A representative histogram for 
one donor of adult (A) and cord (D) MDM stimulated with Mtb is shown. The MFI of 
MMR for the adult (B,C n=4 ±SD) and cord (n=4 ±SD) MDM is shown. Comparison 
between the adult and cord blood values are shown (G,H). Statistical significance was 
determined by two-way ANOVA using Sidak’s multiple comparison test * P<0.05, 
**P<0.01.  
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Figure 4.28 Expression of CD40 on adult and cord blood MDM 48 hours after IFN-γ or 
IL-4 treatment and 24 hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 
MDM were washed and detached from the plates by cooling and gentle scraping 24 
hours after stimulation with Mtb or LPS. Cells were Fc blocked, exposed to viability dye 
Zombie NIR and stained with fluorochrome-conjugated antibodies specific for CD14, 
CD68 and CD40. Cells were analysed by flow cytometry. A representative histogram for 
one donor of adult (A) and cord (D) MDM stimulated with Mtb is shown. The MFI of 
CD40 for the adult (B,C n=4 ±SD) and cord (n=4 ±SD) MDM is shown. Comparison 
between the adult and cord blood values are shown (G,H). Statistical significance was 
determined by two-way ANOVA using Sidak’s multiple comparison test * P<0.05, 
**P<0.01, ***P<0.001.  
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Figure 4.29 Expression of CD83 on adult and cord blood MDM 48 hours after IFN-γ or 
IL-4 treatment and 24 hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 
MDM were washed and detached from the plates by cooling and gentle scraping 24 
hours after stimulation with Mtb or LPS. Cells were Fc blocked, exposed to viability dye 
Zombie NIR and stained with fluorochrome-conjugated antibodies specific for CD14, 
CD68 and CD83. Cells were analysed by flow cytometry. A representative histogram for 
one donor of adult (A) and cord (D) MDM stimulated with Mtb is shown. The MFI of 
CD83 for the adult (B,C n=4 ±SD) and cord (n=4 ±SD) MDM is shown. Comparison 
between the adult and cord blood values are shown (G,H). Statistical significance was 
determined by two-way ANOVA using Sidak’s multiple comparison test * P<0.05, 
**P<0.01, ***P<0.001.  

Mtb (MFI 6250) 
IFN-γ (MFI 5749)
IL-4 (MFI 7400)

Mtb (MFI 4370) 
IFN-γ (MFI 7126)
IL-4 (MFI 8535)

CD83 (PerCP-Cy5) CD83 (PerCP-Cy5)

Mtb (MFI 6250) 
IFN-γ (MFI 5749)
IL-4 (MFI 7400)

Mtb (MFI 4370) 
IFN-γ (MFI 7126)
IL-4 (MFI 8535)

CD83 (PerCP-Cy5) CD83 (PerCP-Cy5)

Mtb LPS
0

5000

10000

15000

20000

25000

C
D

83
 (M

FI
)

*

Mtb LPS
0

5000

10000

15000

20000

25000

C
D

83
 (M

FI
)

** **

Mtb LPS
0

5000

10000

15000

20000

25000

C
D

83
 (M

FI
)

* *

Adult

Cord

Comparison

Adult

Cord 

A

D F

G H

E

Mtb LPS
0

5000

10000

15000

20000

25000

C
D

83
 (M

FI
)

** ***

Mtb LPS
0

5000

10000

15000

20000

25000

C
D

83
 (M

FI
)

IFN-γ

Mtb LPS
0

5000

10000

15000

20000

25000

C
D

83
 (M

FI
)

IL-4

B C
IFN-γ
Untx

IL-4
Untx



 170 

 
Figure 4.30 Expression of CD80 on adult and cord blood MDM 48 hours after IFN-γ or 
IL-4 treatment and 24 hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 
MDM were washed and detached from the plates by cooling and gentle scraping 24 
hours after stimulation with Mtb or LPS. Cells were Fc blocked, exposed to viability dye 
Zombie NIR and stained with fluorochrome-conjugated antibodies specific for CD14, 
CD68 and CD80. Cells were analysed by flow cytometry. A representative histogram for 
one donor of adult (A) and cord (D) MDM stimulated with Mtb is shown. The MFI of 
CD80 for the adult (B,C n=4 ±SD) and cord (n=4 ±SD) MDM is shown. Comparison 
between the adult and cord blood values are shown (G,H).  Statistical significance was 
determined by two-way ANOVA using Sidak’s multiple comparison test * P<0.05, 
***P<0.001.  
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Figure 4.31 Expression of CD86 on adult and cord blood MDM 48 hours after IFN-γ or 
IL-4 treatment and 24 hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. 24 hours after treatment with IFN-γ (10ng/ml) or IL-4 
(10ng/ml), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 
MDM were washed and detached from the plates by cooling and gentle scraping 24 
hours after stimulation with Mtb or LPS. Cells were Fc blocked, exposed to viability dye 
Zombie NIR and stained with fluorochrome-conjugated antibodies specific for CD14, 
CD68 and CD86. Cells were analysed by flow cytometry. A representative histogram for 
one donor of adult (A) and cord (D) MDM stimulated with Mtb is shown. The MFI of 
CD86 for the adult (B,C n=4 ±SD) and cord (n=4 ±SD) MDM is shown. Comparison 
between the adult and cord blood values are shown (G,H).  Statistical significance was 
determined by two-way ANOVA using Sidak’s multiple comparison test * P<0.05, 
**P<0.01.  
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4.2.5 The effect of pretreatment with IFN-γ or IL-4 on subsequent cytokine responses 

to Mtb or LPS 

The effect of pretreating adult or cord blood MDM with IFN-γ or IL-4 on their ability to 

secrete cytokines in responses to Mtb or LPS was established. PBMC were isolated from 

adult buffy coats or from umbilical cord blood which was collected immediately 

following delivery. MDM were adherence purified for 7 days in RPMI with 10% human 

serum and non-adherent cells were washed off on days 2 and 5. IFN-γ (10ng/ml) or IL-4 

(10ng/ml) were added 24 hours prior to the addition of Mtb (iH37Rv; MOI 1-10) or LPS 

(100 ng/ml). The concentrations of TNF, IL-1β, IL-10 and IL-6 in supernatant were 

measured by Mesoscale Discovery assay 24 hours after stimulation with Mtb or LPS. 

 

Pre-treatment with IFN-γ significantly increased Mtb induced IL-1β production in adult 

MDM (Figure 4.32 A, P<0.05)  and IL-4 induced the opposite effect with by significantly 

reducing IL-1β secretion (Figure 4.32 B, P<0.001). IFN-γ did not cause any significant 

change in IL-1β production from cord blood MDM (Figure 4.32 C) but IL-4 significantly 

reduced the production of IL-1β following Mtb stimulation (Figure 4.32 D, P<0.001). As 

expected, LPS did not induce IL-1β production and there was no significant differences 

in adult or cord blood MDM production of IL-1β after IFN-γ (Figure 4.32 E) or IL-4 

treatment (Figure 4.32 F). 

 

TNF was significantly increased in Mtb (P<0.0001) and LPS (P<0.01) stimulated adult 

MDM following IFN-γ treatment (Figure 4.33 A). IL-4 treatment did not have a significant 

impact on TNF production in adult MDM (Figure 4.33 B). Cord blood MDM produced 

significantly more TNF after Mtb stimulation when pre-treated with IFN-γ (Figure 4.33 
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C, P<0.01) and significantly less TNF after LPS stimulation when pre-treated with IL-4 

(Figure 4.33 D, (P<0.01). There was no significant differences in adult or cord blood 

MDM production of TNF after IFN-γ (Figure 4.33 E) or IL-4 treatment (Figure 4.33 F). 

 

IFN-γ treatment significantly increased IL-6 production in both Mtb (P<0.001) and LPS 

(P<0.01) stimulated adult MDM (Figure 4.34 A). Although the changes seen after IL-4 

treatment were not statistically significant, IL-6 production did trend downward, 

particularly in Mtb stimulated MDM (Figure 4.34 B, P=0.054).  In cord blood MDM, pre-

treatment with IFN-γ caused a significant increase in IL-6 production after Mtb 

stimulation (P<0.01) but not LPS stimulation (Figure 4.34 C). IL-4 did not significantly 

impact IL-6 production in cord blood MDM (Figure 4.34 D). There was no significant 

differences in adult or cord blood MDM production of IL-6 after IFN-γ (Figure 4.34 E) or 

IL-4 treatment (Figure 4.34 F). 

 

IL-10 production was unaffected by pre-treatment with IFN-γ in adult MDM (Figure 4.35 

A). IL-4 decreased production of IL-10 following Mtb stimulation (P<0.05) but increased 

IL-10 following LPS stimulation (P<0.05) in adult MDM (Figure 4.35 B). IFN-γ treatment 

did not alter IL-10 production in cord blood MDM (Figure 4.35 C). IL-4 caused a decrease 

in IL-10 production after Mtb (P<0.05) but the concentrations of IL-10 after LPS 

stimulation were not significantly altered in the presence of IL-4 (Figure 4.35 D). There 

was no significant differences in adult or cord blood MDM production of IL-10 after IFN-

γ (Figure 4.35 E) or IL-4 treatment (Figure 4.35 F). 
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These data show that pre-treatment with IL-4 causes a significant reduction in IL-1β 

production in both adult and cord blood MDM stimulated with Mtb, in keeping with the 

reduction in glycolysis seen with IL-4 treatment. IFN-γ causes an increase in TNF 

production in adult and cord blood MDM stimulated with Mtb which corrects the 

deficient TNF production in cord blood MDM in response to Mtb observed in chapter 3. 
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Figure 4.32 Mtb or LPS induced IL-1β production after pre-treatment with IFN-γ or IL-
4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. MDM were adherence purified for 7 days in 10% human 
serum. IFN-γ (10ng/ml) or IL-4 (10ng/ml) were added 24 hours prior to the addition of 
Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). The concentration of IL-1β in supernatant 
was measured by Mesoscale Discovery assay 24 hours after stimulation with Mtb or 
LPS. Graphs illustrate collated data from adult (A,B) and cord (C,) MDM (n=4 ±SD for 
both). Comparative analysis between adult and cord blood responses was performed 
(E,F). Statistical significance was determined using two-way ANOVA with Sidak’s 
multiple comparison test; ** P<0.01, *** P<0.001. 
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Figure 4.33 Mtb or LPS induced TNF production after pre-treatment with IFN-γ or IL-
4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. MDM were adherence purified for 7 days in 10% human 
serum. IFN-γ (10ng/ml) or IL-4 (10ng/ml) were added 24 hours prior to the addition of 
Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). The concentration of TNF in supernatant 
was measured by Mesoscale Discovery assay 24 hours after stimulation with Mtb or 
LPS. Graphs illustrate collated data from adult (A,B) and cord (C,) MDM (n=4 ±SD for 
both). Comparative analysis between adult and cord blood responses was performed 
(E,F). Statistical significance was determined using two-way ANOVA with Sidak’s 
multiple comparison test; ** P<0.01, **** P<0.0001. 
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Figure 4.34 Mtb or LPS induced IL-6 production after pre-treatment with IFN-γ or IL-4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. MDM were adherence purified for 7 days in 10% human 
serum. IFN-γ (10ng/ml) or IL-4 (10ng/ml) were added 24 hours prior to the addition of 
Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). The concentration of IL-6 in supernatant 
was measured by Mesoscale Discovery assay 24 hours after stimulation with Mtb or 
LPS. Graphs illustrate collated data from adult (A,B) and cord (C,) MDM (n=4 ±SD for 
both). Comparative analysis between adult and cord blood responses was performed 
(E,F).Statistical significance was determined using two-way ANOVA with Sidak’s 
multiple comparison test; ** P<0.01, *** P<0.001. 
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Figure 4.35 Mtb or LPS induced IL-10 production after pre-treatment with IFN-γ or IL-
4. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. MDM were adherence purified for 7 days in 10% human 
serum. IFN-γ (10ng/ml) or IL-4 (10ng/ml) were added 24 hours prior to the addition of 
Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). The concentration of IL-10 in supernatant 
was measured by Mesoscale Discovery assay 24 hours after stimulation with Mtb or 
LPS. Graphs illustrate collated data from adult (A,B) and cord (C,) MDM (n=4 ±SD for 
both). Comparative analysis between adult and cord blood responses was performed 
(E,F). Statistical significance was determined using two-way ANOVA with Sidak’s 
multiple comparison test; * P<0.05.  
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4.3 Discussion 

The data generated in this chapter shows distinct metabolic and phenotypic changes in 

both adult and cord blood MDM after IFN-γ or IL-4 exposure. As mentioned previously, 

the heterogeneity in macrophage differentiation methodology makes interpretation of 

the cell surface markers difficult. A previous study in adult human macrophages showed 

similar patterns of increase in HLA-DR and CD86 with both IFN-γ or IL-4  and an increase 

in MMR with IL-4.164. One of the few papers using human serum to differentiate 

macrophages polarised with IFN-γ in combination with LPS for an M1 phenotype and 

compared it with IL-4 treated macrophage which were not stimulated, therefore it is 

not fully comparable to these data set, but a similar increase in MMR after IL-4 was 

shown162. Despite differences in methodology the results of cell surface markers in adult 

MDM generated in this study appear to broadly correlate with the limited previously 

published human data277. The only significant difference seen between adult and cord 

blood MDM cell surface markers after polarisation was in the expression of CD40, which 

was significantly higher in cord blood MDM treated with IFN-γ (Figure 4.2). Published 

datasets are contradictory, with limited data using various methodologies173,179,230,278. 

 

The metabolic phenotype in murine BMDM following M1 polarisation is well described 

and has consistently been associated with increased glycolysis and decreased oxidative 

phosphorylation194,237,279,280. Of note, Van der Bosh et al observed that IFN-γ did not 

increase glycolysis in BMDM but that LPS was required274. The findings in the current 

study therefore reveal a novel difference in human adult MDM responses to IFN-γ 

compared with their murine counterparts. Although the increase in glycolysis after LPS 

stimulation is seen in both human and murine macrophages, there is a concurrent 
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increase in OCR (Figure 4.9, Figure 4.11) in human MDM, the opposite of what is 

described in murine BMDM and similar to what is seen in LPS stimulated human MDM 

at 24 hours. These data again highlight the differences in murine and human 

immunometabolic responses. 

 

Although this increase in ECAR was also seen in cord blood MDM treated with IFN-γ, the 

OCR was unchanged (Figure 4.9, Figure 4.11). OCR was also unchanged after Mtb or LPS 

stimulation in cord blood MDM. This raises the possibility of a common signaling 

mechanism for all 3 stimuli that may be defective in cord blood MDM.  IFN-γ, Mtb and 

LPS all utilise STAT signaling and previous studies have shown defects in STAT signaling 

in cord blood MDM 230,281. The exploration of the possibility of a link between STAT 

signaling and OXPHOS was beyond the scope of the current study and the inability of 

cord blood MDM to alter OCR following stimulation may reflect a more intrinsic defect 

in regulation of OXPHOS. The cellular activation processes involved are likely 

multifactorial as although similar patterns were seen following activation by IFN-γ, Mtb 

or LPS, with increases in ECAR, there were significant differences in the 

immunophenotype, with no cytokine production following IFN-γ for example. 

 

Alternative macrophage activation (or M2 polarisation) with IL4 in murine models is 

dependent on oxidative metabolism194 and has been shown to increase ECAR 238,275. 

Small increases in both ECAR and OCR 24 hours after IL-4 in human MDM have been 

described but in MDM differentiated with M-CSF282. A novel effect of IL-4 is described 

in this study in both adult and cord blood MDM with a significant reduction in ECAR in 
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adult MDM and approaching significance in the cord blood (Figure 2.9, P=0.06). No 

significant changes to OCR were noted in the absence of stimulation. 

 

It has been long appreciated that macrophages can be “primed” by  IFN-γ, augmenting 

subsequent responses to TLR stimulation, however, the majority of published work is in 

murine experimental models283,284. The results described in this study reveal novel 

effects of IFN-γ on subsequent metabolic responses to Mtb and LPS stimulation in 

human MDM. Pre-treatment with IFN-γ increased the ECAR in adult MDM 150 minutes 

after Mtb but not LPS stimulus (Figure 4.16, Figure 4.22 ). The ECAR was not significantly 

increased in either Mtb or LPS stimulation in cord blood. The cumulative effect of IFN-γ 

and stimulation may have maximised the glycolytic response in the LPS stimulated adult 

MDM and the cord blood MDM. Despite the lack of significant increase in ECAR in LPS 

stimulated adult MDM after IFN-γ treatment, significant increases in HLA-DR, CD40, 

CD83, CD80 and CD86 were seen in both Mtb and LPS stimulated adult MDM. This was 

coupled with significant increases in TNF and IL-6 production in both Mtb and LPS 

stimulated MDM pre-treated with IFN-γ and in IL-1β after Mtb. Cord blood MDM pre-

treated with IFN-γ showed significant increases in HLA-DR, CD40, CD83, CD80 (LPS only) 

but not CD86. The IFN-γ induced increase in HLA-DR in cord blood MDM equalised the 

expression compared with adult MDM at baseline and reversed the defect observed in 

the ability of cord blood MDM to upregulate HLA-DR in response to LPS stimulation as 

described in Chapter 3.  Pre-treatment of cord blood MDM with IFN-γ significantly 

increased IL-6 and TNF in Mtb stimulated cells, overcoming the defect in TNF production 

seen in untreated cord MDM in Chapter 3. These data indicate that although IFN- γ did 

not significantly increase the ECAR of LPS stimulated adult or cord blood MDM, it, 
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nevertheless,  had an impact resulting in augmented cytokine production and 

expression of markers associated with APC function.  

 

Pre-treatment with IL-4 resulted in a significant reduction of ECAR in both adult and 

cord blood MDM after Mtb and LPS (adult only, cord P=0.09) stimulation. The Warburg 

effect of a reduction in oxidative phosphorylation, seen in adult MDM, was inhibited by 

IL-4. Both of these factors resulted in significant alterations in the ECAR/OCR ratio for 

adult and cord blood MDM after both Mtb and LPS. IL-1β production after IL-4 

treatment was significantly reduced in both adult and cord blood MDM after Mtb 

stimulation. IL-1β has previously been shown to be dependent on glycolysis188,189 and 

the reduction of ECAR caused by IL-4 may have impacted on IL-1β  production although 

definitive evidence linking this metabolic phenotype to the cytokine outputs remains 

elusive.  

 

4.4 Conclusions 

These data show that IFN-γ or IL-4 significantly alter metabolism in human MDM. This 

is a novel finding that is different to previously described murine metabolic shifts. Pre-

treatment with IFN-γ significantly increased glycolysis in adult MDM stimulated with 

Mtb. IFN-γ increased the expression of cell surface markers and cytokine production, 

reversing the defect in TNF production seen in cord blood stimulated with Mtb in 

Chapter 3. IL-4 prevented the decrease in OCR seen in adult MDM following Mtb or LPS 

stimulation and  significantly reduced ECAR. An associated decrease in IL-1β production 

after Mtb stimulation was observed. Both IFN-γ and IL-4 have profound 

immunometabolic effects in human MDM, these finding allow greater understanding of 
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the many disease processes involving these cytokines and identify potential targets of 

immunometabolic manipulation. 
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Chapter 5 Lactate alters metabolism in human macrophages and 

improves their ability to kill Mycobacterium tuberculosis 

 
5.1 Introduction  

In the previous chapters, a shift towards aerobic glycolysis has been shown in human 

MDM after LPS or Mtb stimulation and after IFN-γ treatment. This shift has previously 

been demonstrated in human macrophages that are infected with Mtb41,188,228,229,235, 

although the kinetics and extent of this metabolic alteration varies in different reports. 

This increased glycolytic flux is associated with the ability of the macrophage to 

effectively kill Mtb41,188,235, as inhibition of glycolysis in macrophages results in increased 

growth of Mtb188. Furthermore, Mtb can perturb host glycolytic metabolism to promote 

its own survival188,285, which highlights the importance of the process of aerobic 

glycolysis in host defence against Mtb.  

 

Lactate, the end-product of glycolysis (Figure 1.2), accumulates as a consequence of this 

altered metabolic function41,188,235,286. In keeping with this finding, assays that measure 

extracellular lactate concentrations have been used to indicate that this metabolic shift 

has taken place in activated macrophages41,188,235,286. Lactate, for decades regarded as 

an  unwanted waste product, has now been shown to have numerous functions, 

including as a carbon source, signaling molecule, histone deacetylase inhibitor287 and, 

in the context of cancer, it influences cell growth and migration288–290. Because many 

other types of immune cells also rely on this glycolytic switch for their activation, lactate 

is known to accumulate at sites of chronic inflammation and can propagate 

inappropriate inflammation via metabolic reprogramming291. Clinically, elevated serum 
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lactate levels are associated with increased mortality in a diverse range of 

patients292,293. Lactate levels predict mortality in patients with infection294 and sepsis295.  

 

Lactate has been shown to inhibit glycolysis and cytokine production in human 

monocytes214,286 and murine macrophages stimulated with LPS296. While Mtb infected 

macrophages have been shown to alter the metabolic profiles of macrophages in their 

vicinity297, a knowledge gap exists around what effect lactate accumulation specifically 

has on bystander macrophages that subsequently become infected if the initially 

infected macrophage fails to control the infection and the bacteria escape back into the 

extracellular space.   

 
5.1.1 Hypothesis and Aims 

Hypothesis: 

The glycolytic shift that is induced by macrophage activation results in increased lactate 

secretion and it was hypothesised that this molecule would have a direct 

immunometabolic effect on surrounding MDM. 

 

Aims:  

• Examine the effect of exogenous lactate on the immunometabolic profile of 

adult and cord blood macrophages using Seahorse XFe Analyzer technology.  

• Elucidate how the presence of lactate alters the kinetics of immunometabolic 

changes in human macrophages stimulated with Mtb and LPS stimulation in real 

time. 
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• Examine the impact of lactate on cell surface markers associated with activation 

after Mtb or LPS stimulation. 

• Examine the differential ability of adult or cord blood macrophages which have 

been pre-treated with lactate  to produce key cytokines 24 hours after 

stimulation with Mtb or LPS. 

 

5.2 Results 

Physiological levels of lactate in human peripheral blood range between 0.5-2 mM, 

however, this increases in disease states such as sepsis and have been reported as high 

as 25 mM after strenuous exercise298,299. Lactate is released from lung tissue in patients 

with sepsis and acute respiratory distress syndrome300. Local tissue concentrations of 

lactate during acute infections or in the context of chronic inflammation are largely 

unknown but concentrations of approximately 15 mM have been measured in the 

synovial joints of patients with rheumatoid arthritis301. Furthermore, published work 

reports macrophages stimulated in vitro have varying concentrations of lactate in the 

supernatants, up to approximately 30 mM41. There has been contradictory evidence 

over the requirement for lactate to be acidified into its conjugate acid, lactic acid, in 

order for it to alter immune function211–214. For the purpose of this study, sodium lactate 

at 25 mM was used throughout, unless where otherwise stated. The optimisation of 

lactate at this concentration is outlined in the material and methods section 2.8. 

 

5.2.1 Lactate alters human adult and cord blood MDM metabolism 

Lactate has previously been shown to decrease the ECAR of human monocytes one hour 

after treatment286. In order to determine if exposure to exogenous lactate similarly 
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affects the metabolic function of resting human adult and cord blood MDM, a real time 

kinetic analysis of the metabolic effect of exogenous lactate (25 mM) was performed. 

 

PBMC were isolated from buffy coats or from umbilical cord blood samples taken 

immediately following delivery. Adult or cord blood MDM were adherence purified for 

6-8 days in 10% human serum. MDM were harvested by placing in ice-cold PBS at 4°C 

for 30 minutes prior to gentle scraping and seeded on Seahorse culture plates prior to 

analysis in the Seahorse XFe24 Analyzer.  

 

5.2.1a Lactate immediately decreases ECAR and increases OCR in both adult and cord 

blood MDM 

MDM were monitored for 30 minutes before lactate (25mM) or medium (untreated 

control) was injected into wells through the port in the Seahorse Analyzer. The ECAR 

and OCR readings were sampled every 9 minutes. Addition of lactate caused an 

immediate decrease in ECAR to adult (Figure 5.1 A) and cord blood (Figure 5.1 B) MDM. 

The third reading was taken as the baseline and the ECAR is expressed as percent (%) 

change from this baseline in order to correct for human variability and minor 

differences in cell seeding density on the Seahorse culture plate. The ECAR in both the 

adult (Figure 5.1 C) and cord blood (Figure 5.1 D) MDM, expressed as percent change 

from baseline, is decreased by the addition of lactate in the time course graph. 

Concurrently , an increase in the OCR is seen in both the adult and cord blood MDM 

(Figure 5.2A and B, respectively) and when these data are normalised to % change from 

baseline, the OCR remains elevated with the addition of lactate compared with control 

(Figure 5.2 C and D).  
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Analysis was undertaken at 70 mins (40 mins post treatment with lactate) as indicated 

on the time course graphs. This time point was chosen as the decrease in ECAR had 

plateaued as visualised on the time course graph. Collated data at the analysis timepoint 

illustrates that the decreases seen in both the ECAR raw values and % change from 

baseline were significant in the adult (Figure 5.3 A, P<0.05, P<0.001, respectively) and 

cord blood (Figure 5.3 B, P<0.05, P<0.01, respectively). The OCR expressed as % change 

from baseline were significantly increased in the adult (Figure 5.3 C, P<0.05) and cord 

blood (Figure 5.3 D, P<0.05), however; the OCR raw values were statistically significantly 

different. The ECAR/OCR ratio was calculated at this time point and it was significantly 

decreased in adult MDM (Figure 5.3 E, P<0.05). The cord blood MDM decrease in 

ECAR/OCR ratio approached significance with a P value of 0.0547 (Figure 5.3 F). 

 

5.2.1b NaCl has no effect on metabolism of adult MDM 

In order to ensure that the changes on MDM metabolism observed in the presence of  

Na-L-Lactate were not due to the impact of the sodium ion or osmotic pressure, a live 

kinetic experiment was undertaken with equimolar concentrations of sodium 

chloride302,303 (NaCl). Due to limited cord blood donor availability these experiments 

were undertaken in adult MDM only. NaCl does not alter the OCR (Figure 5.4 A) or ECAR 

(Figure 5.4 B) in adult MDM. In addition, there were no differences in ECAR or OCR when 

the rates were normalised to the % change from baseline (Figure 5.4 C & D). In keeping, 

there was no difference in the ECAR/OCR ratio (Figure 5.4 E) after the administration of 

NaCl. 
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These data illustrate that exogenous lactate has an immediate effect on the metabolic 

function of resting macrophages, reducing ECAR and increasing OCR, the opposite of 

the Warburg effect seen with stimulation in Chapter 3.  
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Figure 5.1 Lactate decreases ECAR in adult and cord blood MDM. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were gently scraped and seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added to the cells 
in the Seahorse Analyzer at the time point indicated. Correction for differences in cell 
density was achieved by % comparison to the OCR for the real-time analysis. The OCR 
was recorded approximately every 9 minutes. After 23 minutes, the SeahorseXFe24 
Analyzer injected lactate or control medium (untreated; untx) into assigned wells. The 
OCR readings were then continually sampled in real time. The time-course graphs 
illustrate the OCR of human adult (n=5) and cord (n=3) MDM in response to treatment 
with lactate.  
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Figure 5.2 Lactate increases OCR in adult and cord blood MDM. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were gently scraped and seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added to the cells 
in the Seahorse Analyzer at the time point indicated. Correction for differences in cell 
density was achieved by % comparison to the ECAR for the real-time analysis. The ECAR 
was recorded approximately every 9 minutes. After 23 minutes, the SeahorseXFe24 
Analyzer injected lactate or control medium (untreated; untx) into assigned wells. The 
ECAR readings were then continually sampled in real time. The time-course graphs 
illustrate the ECAR of human adult (n=5) and cord (n=3) MDM in response to treatment 
with lactate.  
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Figure 5.3 Analysis of the changes in ECAR and OCR in adult and cord blood MDM after 
lactate administration. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were gently scraped and seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added to the cells 
in the Seahorse Analyzer 40 minutes prior to analysis. Correction for differences in cell 
density was achieved by % comparison to the ECAR and OCR for the real-time analysis. 
Analysis of the ECAR raw and % change values for the adult (A, n=5) and cord blood (B, 
n=3) MDM are shown as well as the OCR raw and % change values for the adult (C) and 
cord blood (D). The ECAR/OCR ratio is calculated for the adult (E) and cord blood (F) 
MDM. Statistical significance was determined using a paired Student’s t-test; *P<0.05, 
**P<0.01, ****P<0.0001. 
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Figure 5.4 NaCl does induce metabolic changes in adult MDM. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were gently scraped and seeded on Seahorse culture plates 
prior to analysis in the Seahorse XFe24 Analyzer. NaCl (25 mM) was added to the cells 
in the Seahorse Analyzer at the time point indicated. The OCR (A) and ECAR (B) was 
recorded approximately every 9 minutes. Correction for differences in cell density was 
achieved by % comparison to the third reading of OCR (C) or ECAR (D) for the real-time 
analysis.  After 23 minutes, the SeahorseXFe24 Analyzer injected NaCl or control 
medium (untreated; untx) into assigned wells. The ECAR and OCR readings were then 
continually sampled in real time. The time-course graphs illustrate the ECAR and OCR 
of adult (n=4) MDM in response to treatment with NaCl. Analysis was performed at the 
time point indicated to calculate the ECAR/OCR ratio (E) using a paired Student’s t-test.  
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5.2.2 Lactate pretreatment alters MDM metabolic responses to Mtb or LPS 

Having established that lactate alters the metabolism of resting MDM, the effect of 

lactate on the ability of MDM to shift towards glycolysis upon stimulation with Mtb or 

LPS was next determined. This scenario models the environmental milieu of early 

infection events, with bystander uninfected macrophages exposed to increasing levels 

of lactate produced by neighbouring infected cells that have increased glycolysis. If the 

infection overcomes the infected macrophage, the cells will die and release Mtb into 

the extracellular environment. This will result in bystander macrophages which were 

exposed to extracellular lactate from the increased glycolytic flux of neighbouring cells 

being subsequently infected by Mtb.  

 

PBMC were isolated from buffy coats or from umbilical cord blood samples taken 

immediately following delivery. Adult or cord blood MDM were adherence purified for 

7 days in 10% human serum. MDM were washed and detached from the plates by 

cooling and gentle scraping and then seeded on Seahorse culture plates prior to analysis 

in the Seahorse XFe24 Analyzer. Lactate was added via the Seahorse ports to adult and 

cord blood MDM as in Figure 5.1. Three hours after the addition of lactate, MDM were 

stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml) by injection through the 

ports of the SeahorseXFe24 Analyzer. The kinetics of the ensuing responses were 

monitored by analysing the ECAR and OCR in real time every 9 minutes for 10 hours. 

 

5.2.2a Pre-treatment with lactate decreases ECAR after Mtb or LPS stimulation 

The changes in ECAR were recorded in adult and cord blood MDM after Mtb (Figure 5.5) 

or LPS (Figure 5.6) stimulation. The time course graphs begin at approximately 200 
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minutes from the start of the experiment, 3 hours after the administration of lactate. 

These early events (up to 200 minutes post the addition of lactate to resting MDM) are 

shown previously in Figure 5.1. Stimulation with Mtb causes a rise in the raw values of 

ECAR for both the adult (Figure 5.5 A) and cord blood (Figure 5.5 B) MDM but the MDM 

that are pre-treated with lactate start from a lower baseline and peak at a lower value 

than the untreated MDM. The % change in ECAR is the % difference from the 3rd 

baseline reading, just prior to lactate administration (as previously described in 5.2.1 

above). Following Mtb administration, the % change from ECAR baseline in the adult 

(Figure 5.5 C) and cord blood (Figure 5.5 D) MDM increases in both the lactate pre-

treated and untreated MDM but the ECAR peak of the lactate treated MDM is lower 

than the untreated. Consistent with the stimulation of MDM with Mtb, LPS stimulation 

also resulted in a rise in the ECAR of the adult (Figure 5.6 A) and cord blood (Figure 5.6 

B) MDM. Data normalised to the % change from baseline for both adult (Figure 5.6 C) 

and cord blood (Figure 5.6 D) MDM also demonstrates an increase in ECAR after 

stimulation with LPS but pre-treatment with lactate lowers the starting point and 

subsequent peak of ECAR. Analysis of the changes seen in ECAR after pre-treatment 

with lactate was undertaken at the time point indicated, 150 minutes after stimulation 

with Mtb or LPS, and is represented in Figure 5.7. The raw values of ECAR for the adult 

(Figure 5.7 A) and cord blood (Figure 5.7 B) stimulated with Mtb or LPS were not 

significantly altered. The % change in ECAR from baseline was significantly reduced in 

the adult MDM pre-treated with lactate after both Mtb (P<0.05) or LPS (P<0.01) 

stimulation (Figure 5.7 C). There was no significant differences in the ECAR % change 

from baseline in the cord blood MDM, although a trend downward was observed similar 

to the adult MDM (Figure 5.7 D). 
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5.2.2b Pre-treatment with lactate increases OCR after Mtb or LPS stimulation 

The OCR for the adult and cord blood MDM stimulated with Mtb (Figure 5.8) or LPS 

(Figure 5.9) was concurrently measured with ECAR in the Seahorse XFe Analyzer. The 

time course graphs begin at approximately 200 minutes from the start of the 

experiment, 3 hours after the administration of lactate. Pre-treatment with lactate 

results in an increase in the OCR prior to stimulation. Stimulation with Mtb causes a 

decrease in the OCR in the untreated adult MDM but the lactate treated MDM did not 

have any change in the OCR (Figure 5.8 A). Consistent with the data in Chapter 3, 

stimulation with Mtb did not alter the OCR in the cord blood MDM in either the lactate 

treated or untreated cells, with the lactate treated MDM having a persistently raised 

OCR (Figure 5.8 B). Data normalised to the % difference from the 3rd baseline reading 

prior to lactate administration (% change in OCR), shows that following the addition of 

Mtb, lactate treated MDM did not alter their OCR, unlike the untreated MDM which 

decreased OCR (Figure 5.8 C), in keeping with the early Warburg effect observed in 

Chapter 3.  The OCR in the cord blood MDM did not change after Mtb administration 

(Figure 5.8 D). Similarly, after LPS stimulation, there is an increase in the OCR of the 

adult (Figure 5.9 A) and cord blood (Figure 5.9 B) MDM treated with lactate prior to 

stimulation. Neither the adult or cord OCR in the lactate treated MDM decreases 

following LPS stimulation, a phenomenon that is observed in the adult untreated MDM. 

The normalised OCR in the lactate treated adult (Figure 5.9 C) and cord blood (Figure 

5.9 D) MDM did not change after LPS stimulation.  Figure 5.10 shows the analysis of the 

changes seen in OCR after pre-treatment with lactate, 150 minutes after stimulation 

with Mtb or LPS. The OCR for the adult MDM stimulated with Mtb or LPS are not 

significantly altered by the pre-treatment with lactate (Figure 5.10 A). A significant 
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increase in the OCR of the lactate treated cord blood MDM is observed with Mtb or LPS 

stimulation compared with untreated controls (Figure 5.10 B, P<0.05). The % change in 

OCR of the MDM that were pre-treated with lactate was significantly increased (P<0.05) 

from baseline after Mtb or LPS stimulation in both adult (Figure 5.10 C) and cord blood 

(Figure 5.10 D). The ECAR/OCR ratio was calculated at this time point. The adult MDM 

treated with lactate and then stimulated with LPS showed a significant decrease 

(P<0.05) compared with the untreated MDM (Figure 5.10 E). The decrease seen in the 

adult Mtb stimulated MDM (Figure 5.10 E), and cord blood MDM stimulated with Mtb 

or LPS was not statistically significant (Figure 5.10 F) .  

 

These data illustrate that lactate alters the metabolic response to Mtb or LPS 

stimulation in both adult and cord blood MDM. The glycolytic switch is not inhibited but 

the baseline ECAR is reduced resulting in a lower peak glycolysis after stimulation. 

Lactate increases the OCR at baseline in both adult and cord blood MDM. In addition 

lactate inhibited the decrease in oxygen consumption seen in the Warburg effect of 

adult MDM, resulting in an altered metabolic phenotype. This is highlighted in the 

phenogram of the adult MDM as shown in Figure 5.11. The phenogram plots ECAR (x-

axis) against OCR (y-axis). Cells that have low levels of both ECAR and OCR are 

considered “Quiescent”, located in the lower left quadrant and cells with high levels of 

both are considered “Energetic”, in the right upper quadrant. When cells have a high 

ECAR and low OCR, they are considered “Glycolytic”, in the right lower quadrant. A high 

OCR and low ECAR is considered an “Oxidative” state. Plotted on the phenogram are 

the ECAR and OCR of adult MDM with and without treatment with lactate that are 

unstimulated or stimulated with Mtb (red arrow) or LPS (blue arrow). Pre-treatment 
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with lactate followed by stimulation with either Mtb or LPS, results in a metabolic switch 

that is more energetic compared with untreated MDM that exhibit a shift into the 

glycolytic quadrant upon stimulation. 
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Figure 5.5 ECAR in adult and cord blood MDM pretreated with lactate after Mtb 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to 
stimulation with Mtb (iH37Rv; MOI 1-10). The time-course graphs illustrate the ECAR of 
adult (A, n=3 ±SD) and cord blood (B, n=2 ±SD) MDM in real-time in response to 
stimulation with Mtb. Correction for differences in cell density was achieved by % 
comparison to the basal ECAR and the % change for the adult (C) and cord blood (D) are 
illustrated.  
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Figure 5.6 ECAR in adult and cord blood MDM pretreated with lactate after LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to 
stimulation with LPS (100 ng/ml). The time-course graphs illustrate the ECAR of adult 
(A, n=3 ±SD) and cord blood (B, n=2 ±SD) MDM in real-time in response to stimulation 
with LPS. Correction for differences in cell density was achieved by % comparison to the 
basal ECAR and the % change for the adult (C) and cord blood (D) are illustrated.  
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Figure 5.7 Analysis of the ECAR in adult and cord blood MDM pretreated with lactate 
after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to 
stimulation with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 150 minutes after 
stimulation, analysis was performed for the ECAR of the adult (A n=3) and cord blood (B 
n=2). Correction for differences in cell density was achieved by % comparison to the 
basal ECAR and the % change in ECAR for the adult (C) and cord blood (D) MDM are 
illustrated. Statistical significance was determined using two-way ANOVA with Sidak’s 
multiple comparison test; * P<0.05, ** P< 0.01. 
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Figure 5.8 OCR in adult and cord blood MDM pretreated with lactate after Mtb 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to 
stimulation with Mtb (iH37Rv; MOI 1-10). The time-course graphs illustrate the OCR of 
adult (A, n=3 ±SD) and cord blood (B, n=2 ±SD) MDM in real-time in response to 
stimulation with Mtb. Correction for differences in cell density was achieved by % 
comparison to the basal OCR and the % change for the adult (C) and cord blood (D) are 
illustrated.  
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Figure 5.9 OCR in adult and cord blood MDM pretreated with lactate after LPS 
stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to 
stimulation with LPS (100 ng/ml). The time-course graphs illustrate the OCR of adult (A, 
n=3 ±SD) and cord blood (B, n=2 ±SD) MDM in real-time in response to stimulation with 
LPS. Correction for differences in cell density was achieved by % comparison to the basal 
OCR and the % change for the adult (C) and cord blood (D) are illustrated.  
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Figure 5.10 Analysis of the OCR and ECAR/OCR ratio in adult and cord blood MDM 
pretreated with lactate after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. MDM were washed and detached from the plates by 
cooling and gently scraped, counted and re-seeded on Seahorse culture plates prior to 
analysis in the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to 
stimulation with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 150 minutes after 
stimulation, as indicated in Figure 5.8, analysis was performed for the OCR of the adult 
(A n=3) and cord blood (B n=2). Correction for differences in cell density was achieved 
by % comparison to the basal ECAR and the % change in OCR for the adult (C) and cord 
blood (D) MDM are illustrated. The ECAR/OCR ratio was calculated at this time for the 
adult (E) and cord blood (F) at this time point. Statistical significance was determined 
using two-way ANOVA with Sidak’s multiple comparison test; * P<0.05. 
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Figure 5.11 Phenogram of lactate treated adult MDM following Mtb or LPS 
stimulation. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were washed and detached from the plates by cooling and 
gently scraped, counted and re-seeded on Seahorse culture plates prior to analysis in 
the Seahorse XFe24 Analyzer. Lactate (25 mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 150 minutes after stimulation analysis 
was performed on the ECAR and OCR. The phenograms illustrates the energetic profile 
of adult MDM by plotting ECAR versus OCR (n=3 ± SEM). 
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5.2.3 The metabolic effect of pre-treatment with lactate 24 hours after Mtb or LPS 

stimulation. 

The effect of exposure to lactate for 24 hours on cellular immunometabolism has been 

described in different studies to have both an anti214 and pro-inflammatory304 effect. 

Lactate was shown to inhibit LPS activation of peritoneal macrophages in a murine 

model296 and to reduce LPS induced TNF production in human monocytes214,286. 

Contrary to this, in a study using a human macrophage cell line, lactate was found to 

augment TLR-4 signaling activation304. In order to determine the impact of pre-

treatment with lactate on cellular metabolism at a later timepoint, adult MDM were 

analysed 24 hours after stimulation with Mtb or LPS in the Seahorse XFe Analyzer and 

a mitochondrial stress test was performed. Due to limited cord blood donor availability, 

these experiments were only undertaken in adult MDM. 

 

PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 

10% human serum. MDM were harvested by placing in ice-cold PBS at 4°C for 30 

minutes prior to gentle scraping and then seeded on Seahorse culture plates prior to 

analysis in the Seahorse XFe24 Analyzer. Three hours after the addition of lactate 

(25mM), MDM were stimulated with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 

hours after Mtb or LPS stimulation the cells were placed in the Seahorse XFe24 Analyzer 

and a Mitochondrial Stress test was performed with the sequential administration of 

oligomycin (1 µM), FCCP (1 µM) and antimycin-A/rotenone (0.5 µM). Three baseline 

OCR and ECAR measurements were obtained prior to injection of oligomycin, FCCP, and 

antimycin-A/rotentone. Three subsequent OCR and ECAR measurements were also 

obtained over 15 min following injection with each of oligomycin, FCCP and antimycin-
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A/rotenone. The ECAR and OCR graphs of the mitochondrial stress test are shown for 

the unstimulated (Figure 5.12 A), Mtb (Figure 5.12 B), or LPS (Figure 5.12 C) stimulated 

MDM with and without pre-treatment of lactate. 

 

The third reading was taken as the baseline for ECAR and OCR as this allows time for the 

levels to reach steady state, and analysis was undertaken on this reading. The 

administration of lactate 3 hours prior to stimulation with Mtb significantly decreased 

the OCR 24 hours after stimulation when compared using a Student’s t-test (Figure 5.13 

A, P<0.05). The OCR for the LPS stimulated MDM and the ECAR for any of the conditions 

(Figure 5.13 B) was not significantly altered by pre-treatment with lactate. The 

ECAR/OCR ratio was calculated, and the ratio was significantly increased in the Mtb 

stimulated MDM by pre-treatment with lactate (Figure 5.13 C) but not significantly 

changed in the unstimulated or LPS stimulated MDM. 

 

The sequential addition of mitochondrial inhibitors during the Mitochondrial Stress Test 

allows for the analysis of several mitochondrial functions. ATP production was 

calculated by subtracting the OCR post oligomycin injection from baseline OCR prior to 

oligomycin addition (Figure 5.14A). This represents the portion of basal respiration that 

was being used to drive ATP production. A significant decrease was seen in the Mtb 

stimulated MDM that had been pre-treated by lactate compared with untreated, Mtb 

stimulated controls (Figure 5.14 A, P<0.05, Student’s t-test). No significant differences 

were seen between lactate treated and untreated cells in the unstimulated or LPS 

stimulated MDM. Maximal respiratory capacity is the maximum OCR post FCCP 

injection, which allows uninhibited electron flow through the electron transplant chain, 
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and oxygen consumption by complex IV is maximised (Figure 5.14 B). Unstimulated 

MDM that had been pre-treated with lactate had a significant increase in maximal 

respiration (P<0.05, Student’s t-test) but lactate treatment did not induce significant 

differences in Mtb or LPS stimulated MDM (Figure 5.14 B). The Spare Respiratory 

Capacity (SRC) is the difference between the baseline OCR and the Maximal Respiration 

and represents the ability of the cell to respond to demand (Figure 5.14 C). Pre-

treatment with lactate caused an increase in the SRC in the unstimulated MDM (P<0.05, 

Student’s t-test) but no significant differences in Mtb or LPS stimulated MDM were 

observed (Figure 5.14 C). Antimycin-A/rotenone inhibit Complex I and III, shutting down 

mitochondrial respiration. The OCR after Antimycin-A/rotenone is the non-

mitochondrial oxygen consumption (NMOC) and the difference between the NMOC and 

the ATP production is the proton leak.  Proton leak was significantly decreased in the 

Mtb stimulated MDM when pretreated with lactate, compared with untreated Mtb 

stimulated controls (Figure 5.14 D, P<0.05) but was unchanged in the LPS stimulated or 

unstimulated MDM. Pre-treatment with lactate did not significantly alter the NMOC 

(Figure 5.14 E). 

 

These data indicate that 24 hours after treatment with lactate and stimulation with Mtb 

or LPS, that lactate has continued to alter metabolism in adult MDM. The effect on 

glycolysis, seen immediately after lactate administration has resolved. However, lactate 

increased the maximal respiration and SRC of the unstimulated MDM. ATP linked 

respiration and proton leak were both significantly reduced in MDM stimulated with 

Mtb when pre-treated with lactate. No differences were seen in LPS stimulated MDM, 

highlighting the different immunometabolic responses with different stimuli. 
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Figure 5.12 Mitochondrial stress test of lactate treated MDM 24 hours after Mtb or 
LPS stimulation. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were washed and detached from the plates by cooling and 
gently scraped, counted and re-seeded on Seahorse culture plates prior to analysis in 
the Seahorse XFe24 Analyzer. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation, a 
mitochondrial stress test was performed with the sequential administration of 
oligomycin (1 µM), FCCP (1 µM) and antimycin-A/rotenone (0.5 µM). Differences in cell 
density was corrected for by crystal violet normalization. The ECAR and OCR was 
recorded approximately every 9 minutes (n=4). Shown are the ECAR and OCR time 
graphs for the unstimulated MDM (A) and the MDM stimulated by Mtb (B) or LPS (C) 
with and without lactate. 
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Figure 5.13 Analysis of the baseline OCR, ECAR and ECAR/OCR ratio of MDM pre-
treated with lactate, 24 hours after stimulation with Mtb or LPS. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were washed and detached from the plates by cooling and 
gently scraped, counted and re-seeded on Seahorse culture plates. Lactate (25mM) was 
added 3 hours prior to stimulation with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 
hours after stimulation the MDM analysed in the Seahorse XFe24 Analyzer. The 3rd 
reading was taken as the baseline reading and comparative analysis of the OCR (A) and 
ECAR (B) was performed. Statistical significance was determined using two-way ANOVA 
with Sidak’s multiple comparison test; * P<0.05. A Student’s t-test was also performed; 
# P<0.05. 

Unstim Mtb LPS 
0.0

0.1

0.2

0.3

EC
AR

/O
C

R

*

Unstim Mtb LPS 
0

10

20

30

40

EC
AR

 (m
pH

/m
in

/N
or

m
. U

ni
t)Untx

Lactate

A B

C

Unstim Mtb LPS 
0

50

100

150

200

250
O

C
R

 (p
m

ol
/m

in
/N

or
m

. U
ni

t) #



 211 

 
Figure 5.14 Mitochondrial stress test profile of MDM pre-treated with lactate 24 hours 
after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were washed and detached from the plates by cooling and 
gently scraped, counted and re-seeded on Seahorse culture plates prior to analysis in 
the Seahorse XFe24 Analyzer. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation, a 
mitochondrial stress test was performed with the sequential administration of 
oligomycin (1 µM), FCCP (1 µM) and antimycin-A/rotenone (0.5 µM). Differences in cell 
density was corrected for by crystal violet normalization. The ATP linked respiration (A), 
Maximal respiration (B), Spare respiratory capacity (C), Proton leak (D) and Non 
mitochondrial oxygen consumption (E) were calculated and are illustrated. Statistical 
significance was determined using two-way ANOVA with Sidak’s multiple comparison 
test; * P<0.05. A Student’s t-test was also performed; # P<0.05. 
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5.2.4 Pre-treatment with lactate does not alter the expression of cell surface markers 

on adult and cord blood MDM after Mtb or LPS stimulation. 

Lactate has previously been shown to induce a M2 like phenotype in a THP-1 cell line290. 

Having established that lactate downregulated the metabolic shift toward glycolysis, 

which is associated with a pro-inflammatory “M1-like” macrophage phenotype, this 

project next sought to determine the impact of lactate on the phenotypic profile of 

human adult and cord blood MDM. PBMC were isolated from adult buffy coats or from 

umbilical cord blood which was collected immediately following delivery. MDM were 

adherence purified for 7 days in RPMI with 10% human serum and non-adherent cells 

were washed off on days 2 and 5. On day 7, MDM were washed and treated with lactate 

(25mM) for 3 hours prior to stimulation with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 

24 hours after Mtb or LPS stimulation the MDM were harvested by placing in ice-cold 

PBS at 4°C for 30 minutes prior to gentle scraping. Cells were Fc blocked and stained 

with Zombie NIR viability dye and fluorochrome-conjugated antibodies specific for 

CD68, CD14, CD40, CD80, HLA-DR, CD83 and CD206 (MMR) prior to acquisition by flow 

cytometry. MDM were gated on the basis of forward and side scatter, doublets and 

dead cells were excluded, and macrophages were identified as CD68+ CD14+ as 

described in the material and methods section 2.3 and shown in the accompanying 

gating strategy (Figure 2.7).  

 

Cell surface expression of CD40, a key costimulatory molecule that is upregulated in 

macrophages upon activation, was determined by MFI. A representative histogram for 

the adult MDM shows the MFI for CD40 expression in MDM that are untreated, 

unstimulated (black), Mtb stimulated (red) and Mtb simulated treated with lactate 3 
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hours prior to stimulation (white) (Figure 5.15 A). Collated data from n=4 adult donors 

show no significant differences in CD40 when pre-treated with lactate in the 

unstimulated MDM or in the changes that occur in CD40 expression after Mtb or LPS 

stimulation (Figure 5.15 B). The MFI for CD40 expression in Mtb stimulated cord blood 

MDM that have been pre-treated with lactate is shown in a representative histogram 

(Figure 5.15 C). Collated data from n=4 donors show that lactate does not influence 

CD40 expression in unstimulated MDM or the changes induced by Mtb or LPS (Figure 

5.15 D). 

 

A representative histogram for the cell surface expression of HLA-DR, an antigen 

presenting molecule, is shown in an adult donor in Figure 5.16 A. In adult MDM (n=4) 

there are no significant differences in HLA-DR expression when pre-treated with lactate 

in the unstimulated MDM or in the changes that occur in HLA-DR expression after Mtb 

or LPS stimulation (Figure 5.16 B). The MFI for HLA-DR expression in Mtb stimulated 

cord blood MDM that have been pre-treated with lactate is shown in a representative 

histogram (Figure 5.16 C). Collated data from n=4 donors show that lactate does not 

influence HLA-DR expression in unstimulated MDM, or the changes induced by Mtb or 

LPS (Figure 5.16 D). 

 

The expression of the activation marker CD83 after lactate treatment is represented in 

the histogram from one adult donor in Figure 5.17 A. In adult MDM there are no 

significant differences in CD83 expression when cells were pre-treated with lactate in 

the unstimulated MDM or in the changes that occur in CD83 expression after Mtb or 

LPS stimulation (Figure 5.17 B). The MFI for CD83 expression in Mtb stimulated cord 
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blood MDM that have been pre-treated with lactate is shown in a representative 

histogram (Figure 5.17 C). Collated data from n=4 donors show that lactate does not 

influence CD83 expression in unstimulated MDM or the changes induced by Mtb or LPS 

(Figure 5.17 D). 

 

A histogram from one representative adult donor is shown for the costimulatory 

molecule CD80 after lactate treatment and subsequent Mtb stimulation (Figure 5.18 A). 

In adult MDM (n=4) there are no significant differences in CD80 expression when pre-

treated with lactate in the unstimulated MDM or in the changes that occur in CD80 

expression after Mtb or LPS stimulation (Figure 5.18 B). The MFI for CD80 expression in 

Mtb stimulated cord blood MDM that have been pre-treated with lactate is shown in a 

representative histogram (Figure 5.18 C). Collated data from n=4 donors show that 

lactate does not influence HLA-DR expression in unstimulated MDM, or the changes 

induced by Mtb or LPS (Figure 5.18 D). 

 

A representative histogram for the costimulatory molecule CD86, after Mtb stimulation 

with and without lactate pre-treatment, is shown in an adult donor in Figure 5.19 A. In 

adult MDM (n=4) there are no significant differences in CD86 expression when pre-

treated with lactate in the unstimulated MDM or in the changes that occur in CD86 

expression after Mtb or LPS stimulation (Figure 5.19 Figure 5.18 B). The MFI for CD86 

expression in Mtb stimulated cord blood MDM that have been pre-treated with lactate 

is shown in a representative histogram (Figure 5.19 C). Collated data from n=4 donors 

show that lactate does not influence HLA-DR expression in unstimulated MDM, or the 

changes induced by Mtb or LPS (Figure 5.19  D). 
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MMR is a marker of M2 like activation and a representative histogram of its expression 

in an adult donor is shown in Figure 5.20 A. In adult MDM (n=4) there are no significant 

differences in MMR expression when pre-treated with lactate in the unstimulated MDM 

or in the changes that occur in MMR expression after Mtb or LPS stimulation (Figure 

5.20Figure 5.18 B). The MFI for MMR expression in Mtb stimulated cord blood MDM 

that have been pre-treated with lactate is shown in a representative histogram (Figure 

5.20 C). Collated data from n=4 donors show that lactate does not influence HLA-DR 

expression in unstimulated MDM, or the changes induced by Mtb or LPS (Figure 5.20  

D). These data indicate that pre-treatment with lactate does not alter cell surface 

marker expression in either adult or cord blood MDM whether stimulated with Mtb or 

LPS, or not. 
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Figure 5.15 Expression of CD40 in lactate pre-treated adult and cord blood MDM 24 
hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation MDM were 
washed and detached from the plates by cooling and gently scraped and place in flow 
cytometry tubes. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained 
with fluorochrome-conjugated antibodies specific for CD14, CD68 and CD40. Cells were 
analysed by flow cytometry. A representative histogram for the adult (A) and cord (C) 
are shown. The mean fluorescent intensity (MFI) of the phenotypic markers for the 
adult (B; n=4 ±SD) and cord (D; n=4 ±SD) MDM is shown. Statistical significance was 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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Figure 5.16 Expression of HLA-DR in lactate pre-treated adult and cord blood MDM 24 
hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation MDM were 
washed and detached from the plates by cooling and gently scraped and place in flow 
cytometry tubes. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained 
with fluorochrome-conjugated antibodies specific for CD14, CD68 and HLA-DR. Cells 
were analysed by flow cytometry. A representative histogram for the adult (A) and cord 
(C) are shown. The mean fluorescent intensity (MFI) of the phenotypic markers for the 
adult (B; n=4 ±SD) and cord (D; n=4 ±SD) MDM is shown. Statistical significance was 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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Figure 5.17 Expression of CD83 in lactate pre-treated adult and cord blood MDM 24 
hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation MDM were 
washed and detached from the plates by cooling and gently scraped and place in flow 
cytometry tubes. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained 
with fluorochrome-conjugated antibodies specific for CD14, CD68 and CD83. Cells were 
analysed by flow cytometry. A representative histogram for the adult (A) and cord (C) 
are shown. The mean fluorescent intensity (MFI) of the phenotypic markers for the 
adult (B; n=4 ±SD) and cord (D; n=4 ±SD) MDM is shown. Statistical significance was 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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Figure 5.18 Expression of CD80 in lactate pre-treated adult and cord blood MDM 24 
hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation MDM were 
washed and detached from the plates by cooling and gently scraped and place in flow 
cytometry tubes. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained 
with fluorochrome-conjugated antibodies specific for CD14, CD68 and CD80. Cells were 
analysed by flow cytometry. A representative histogram for the adult (A) and cord (C) 
are shown. The mean fluorescent intensity (MFI) of the phenotypic markers for the 
adult (B; n=4 ±SD) and cord (D; n=4 ±SD) MDM is shown. Statistical significance was 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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Figure 5.19 Expression of CD86 in lactate pre-treated adult and cord blood MDM 24 
hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation MDM were 
washed and detached from the plates by cooling and gently scraped and place in flow 
cytometry tubes. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained 
with fluorochrome-conjugated antibodies specific for CD14, CD68 and CD86. Cells were 
analysed by flow cytometry. A representative histogram for the adult (A) and cord (C) 
are shown. The mean fluorescent intensity (MFI) of the phenotypic markers for the 
adult (B; n=4 ±SD) and cord (D; n=4 ±SD) MDM is shown. Statistical significance was 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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Figure 5.20 Expression of MMR in lactate pre-treated adult and cord blood MDM 24 
hours after Mtb or LPS stimulation. 
PBMC were isolated from buffy coats or from umbilical cord blood samples taken 
immediately following delivery. Adult or cord blood MDM were adherence purified for 
7 days in 10% human serum. Lactate (25mM) was added 3 hours prior to stimulation 
with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours after stimulation MDM were 
washed and detached from the plates by cooling and gently scraped and place in flow 
cytometry tubes. Cells were Fc blocked, exposed to viability dye Zombie NIR and stained 
with fluorochrome-conjugated antibodies specific for CD14, CD68 and MMR. Cells were 
analysed by flow cytometry. A representative histogram for the adult (A) and cord (C) 
are shown. The mean fluorescent intensity (MFI) of the phenotypic markers for the 
adult (B; n=4 ±SD) and cord (D; n=4 ±SD) MDM is shown. Statistical significance was 
determined using two-way ANOVA using Sidak’s multiple comparison test. 
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5.2.5 The effect of pre-treatment with lactate on cytokine secretion from adult and 

cord blood MDM after stimulation with Mtb or LPS. 

The production of IL-1β is closely associated with increased glycolysis and 

accompanying changes in cellular energetics in murine macrophages stimulated with 

LPS187. In addition, increases in glycolysis in the context of Mtb infection is associated 

with increased IL-1β production188,226,227,235. TNF is a key proinflammatory cytokine 

produced by activated macrophages and is an important factor in the host response to 

Mtb29,73. Lactate has previously been shown to modulate TNF production in human cells 

stimulated with LPS212,214,286.  It was next sought to determine if lactate modulated 

cytokine production in human macrophages. PBMC were isolated from adult buffy coats 

or from umbilical cord blood which was collected immediately following delivery. MDM 

were adherence purified for 7 days in RPMI with 10% human serum and non-adherent 

cells were washed off on days 2 and 5. MDM were treated with lactate (25mM) for 3 

hours prior to stimulation with Mtb (iH37Rv; MOI 1-10) or LPS (100 ng/ml). 24 hours 

after Mtb or LPS stimulation, the concentrations of IL-1β, TNF, IL-10 and IL-6 present in 

the supernatants were quantified by Meso Scale Discovery system ELISA.  

 

In keeping with the observation that lactate attenuated glycolysis in macrophages 

stimulated with Mtb, pre-treatment with lactate significantly reduced concentrations 

of IL-1β present in the supernatant of adult MDM 24 hours post stimulation with Mtb 

(P<0.01; Figure 5.21 A). Lactate significantly reduced TNF production in adult MDM 

stimulated with Mtb (P<0.05; Figure 5.21 B) but did not affect the concentrations of IL-

6 (Figure 5.21 C) or IL-10 (Figure 5.21 D). In cord blood MDM pretreated with lactate 

and subsequently stimulated with Mtb, there was a downward trend but not a 
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statistically significant decrease in both IL-1β (Figure 5.22 A) and TNF (Figure 5.22 B) 

production. There was no significant change in IL-6 (Figure 5.22 C)  or IL-10 (Figure 5.22 

D) production. 

 

No differences were observed in IL-1β production between lactate-treated and 

untreated adult MDM stimulated with LPS (Figure 5.23 A), as expected since there is no 

second signal to activate the inflammasome to produce mature IL-1β. There was also 

no significant difference in TNF, IL-6 and IL-10 (Figure 5.23 B-D). In cord blood MDM 

pre-treated with lactate and stimulated with LPS, there was no significant alteration in 

IL-1β, TNF or IL-6 (Figure 5.24 A-C). A small but statistically significant decrease in IL-10 

was observed (Figure 5.24 D). 

 

These data indicate that pre-treatment with lactate results in a reduction in secretion 

of pro-inflammatory cytokines TNF and IL-1β following Mtb stimulation in adult MDM. 

A similar trend is seen in cord blood MDM, however, the decrease in TNF and IL-1β 

production did not reach statistical significance. 
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Figure 5.21 Cytokine production in adult MDM pre-treated with lactate 24 hours after 
Mtb stimulation. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. Lactate (25mM) was added 3 hours prior to stimulation with Mtb 
(iH37Rv; MOI 1-10). 24 hours after stimulation the concentration of IL-1β (A), TNF (B), 
IL-6 (C) and IL-10 (D) in supernatant was measured by Mesoscale Discovery assay. 
Graphs illustrate collated data from adult MDM (n=4 ±SD). Statistical significance was 
determined using two-way ANOVA with Sidak’s multiple comparison test; ** P<0.01, 
*** P<0.001. 
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Figure 5.22 Cytokine production in cord blood MDM pre-treated with lactate 24 hours 
after Mtb stimulation. 
PBMC were isolated from umbilical cord blood samples taken immediately following 
delivery and cord blood MDM was adherence purified for 7 days in 10% human serum. 
Lactate (25mM) was added 3 hours prior to stimulation with Mtb (iH37Rv; MOI 1-10). 
24 hours after stimulation the concentration of IL-1β (A), TNF (B), IL-6 (C) and IL-10 (D) 
in supernatant was measured by Mesoscale Discovery assay. Graphs illustrate collated 
data from adult MDM (n=4 ±SD). Statistical significance was determined using two-way 
ANOVA with Sidak’s multiple comparison test; ** P<0.01, *** P<0.001. 
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Figure 5.23 Cytokine production in adult MDM pre-treated with lactate 24 hours after 
LPS stimulation. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. Lactate (25mM) was added 3 hours prior to stimulation with LPS 
(100 ng/ml). 24 hours after stimulation the concentration of IL-1β (A), TNF (B), IL-6 (C) 
and IL-10 (D) in supernatant was measured by Mesoscale Discovery assay. Graphs 
illustrate collated data from adult MDM (n=4 ±SD). Statistical significance was 
determined using two-way ANOVA with Sidak’s multiple comparison test. 
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Figure 5.24 Cytokine production in cord blood MDM pre-treated with lactate 24 hours 
after LPS stimulation. 
PBMC were isolated from umbilical cord blood samples taken immediately following 
delivery and cord blood MDM were adherence purified for 7 days in 10% human serum. 
Lactate (25mM) was added 3 hours prior to stimulation with LPS (100 ng/ml). 24 hours 
after stimulation the concentration of IL-1β (A), TNF (B), IL-6 (C) and IL-10 (D) in 
supernatant was measured by Mesoscale Discovery assay. Graphs illustrate collated 
data from cord blood MDM (n=4 ±SD). Statistical significance was determined using 
two-way ANOVA with Sidak’s multiple comparison test; ** P<0.01. 
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5.2.6 Lactate improved ability of adult MDM to kill Mtb. 

It has previously been reported that endogenous lactate production is increased in 

human MDM in response to infection with Mtb, indicative of increased flux through 

glycolysis188,235. Moreover, this shift towards aerobic glycolysis, coupled with increased 

lactate, was associated with bacillary killing188 This was attributed to the increased pro-

inflammatory function of the macrophage, including increased production of IL-1β. 

Having established herein that lactate exhibits a downregulatory effect on the ability of 

the cell to shift its metabolic function towards glycolysis and inhibits the early Warburg 

effect observed in human MDM stimulated with Mtb or LPS, the impact of lactate on 

bacillary clearance was next addressed. Since virulent Mtb is known to perturb host 

metabolism285, this project used live, attenuated, Mtb (H37Ra) to examine the effect of 

lactate on the ability of MDM to control an infection.  Due to limited cord blood donor 

availability, these experiments were only undertaken in adult MDM. In order to control 

for the possible effect of sodium ion in the Na-L-Lactate compound, NaCl at equimolar 

concentrations were assayed in parallel as a control. 

 

PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 

10% human serum. MDM were left untreated or treated with 6.25, 12.5 or 25 mM of 

lactate or NaCl for three hours prior to infection with Mtb (H37Ra) at a MOI of 30-40% 

infectivity, 1-5 mycobacteria per cell (as defined by auramine O staining). After 3 hours 

of infection, cells were washed and lysed (day 0), diluted in Middlebrook medium and 

plated onto Middlebrook 7H10 agar (supplemented with OADC). On D2 and D5, 

supernatants were removed and extracellular bacteria was pelleted by centrifugation. 

Cells were lysed and lysates were pooled with the bacterial pellets from the 
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supernatants. Lysates were diluted in Middlebrook medium and plated onto 

Middlebrook 7H10 agar (supplemented with OADC). CFU were enumerated 21 days 

after plating. The lactate time course graph (Figure 5.25 A) shows the CFU results at day 

0, 3 and 5 for each of the lactate concentrations. The differences in CFU growth for each 

concertation of lactate at the day 5 time point are graphed in Figure 5.25 B. Lactate 

caused a dose dependent reduction in CFU 5 days after infection, with a statistically 

significant decrease in CFU in MDM treated with 25 mM lactate compared with 

untreated controls (Figure 5.25 B, P<0.01). No statistically significant differences in CFU 

growth were seen with NaCl at equivalent molar concentrations (Figure 5.25 C, D). 

 

Lactate at 20mM has been previously been described to be optimal to support Mtb 

growth whereas growth was inhibited with 40mM lactate305. In this project, any 

extracellular Mtb is washed away three hours post infection. This reduces the likelihood 

that there would be any direct effects of lactate on Mtb growth early on. In order to 

assess the effect of lactate directly on Mtb growth, lactate was added to Mtb in axenic 

(cell-free) conditions and growth was determined using the BacT Alert automated 

microbial detection system. The concentration of Mtb was determined by adding equal 

volumes of Mtb corresponding to an MOI for an adult MDM infection for the CFU 

experiments, as described above. This volume of Mtb was added to 1 ml of Middlebrook 

7H9 Broth (supplemented with ADC) in the presence of 0, 6.25, 12.5 and 25 mM of 

lactate. After three days of mycobacterial propagation, culture medium (20% dilution) 

was added to BacT bottles. Time to positivity, as measured by the BacT Alert Analyser 

and was recorded for each condition. The fold change from the time for the bottle with 

no lactate to become positive is illustrated in Figure 5.26. Lactate did not cause and 
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statistically significant change in time to positivity at any concentration. These data 

suggest that lactate promotes bacillary killing through cell-mediated mechanisms. 

 

Autophagy is an essential protective strategy employed by the host, however, Mtb has 

been shown to disrupt autophagic flux306, although the impact of lactate on autophagy 

in human MDM is unknown. LC3 and p62 are cytosolic proteins that are recruited to the 

autophagosome upon initiation of autophagy and are degraded upon fusion of the 

autophagosome with the lysosome. Accumulation of LC3 and p62 after initiation of 

autophagy is indicative of a block in autophagic flux. 3-methyladenine (3MA) is a 

phosphoinositide 3-kinase (PI3K) inhibitor that has been shown to block autophagy307 

and increase Mycobacterium aurum growth in a THP-1 cell line308. 

 

In order to explore the hypothesis that induction of autophagy by lactate is the 

mechanism by which Mtb killing is increased, expression of LC3 and p62 in adult MDM 

infected with Mtb (H37Ra) in the presence or absence of lactate and in the presence or 

absence of 3MA (5mM, Sigma) was determined using Western blotting. As predicted, 

infection with Mtb increased the expression of p62 and LC3II, although the addition of 

lactate reversed this accumulation. The block in autophagy caused by 3MA was also 

reversed by lactate treatment. Shown is one representative donor (Figure 5.27 A). 

 

In order to determine if lactate promoted intracellular killing of Mtb through increased 

autophagic flux, 3MA was used to block autophagy in the presence or absence of 

lactate. PBMC were isolated from buffy coats and MDM were adherence purified for 7 

days in 10% human serum. MDM were left untreated or treated with 25 mM of lactate 
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for three hours prior to infection with Mtb (H37Ra) at a MOI of 30-40% infectivity, 1-5 

mycobacteria per cell (as defined by Auramine O staining). One hour prior to infection 

3MA (5mM) was added to the appropriate wells. After 3 hours of infection, cells were 

washed and lysed (day 0), diluted in Middlebrook medium and plated onto Middlebrook 

7H10 agar (supplemented with OADC). On day 5, supernatants were removed and 

extracellular bacteria was pelleted by centrifugation. Cells were lysed and lysates were 

pooled with the bacterial pellets from the supernatants. Lysates were diluted in 

Middlebrook medium and plated onto Middlebrook 7H10 agar (supplemented with 

OADC). CFU were enumerated 21 days after plating and are graphed in Figure 5.27 B. 

 

3MA caused a non-significant increase in CFU. The blocking of autophagy is the 

presumed mechanism of 3MA, thereby  promoting Mtb survival. The addition of lactate 

prior to Mtb infection improved MDM ability to kill Mtb whether 3MA was present or 

not, suggesting that lactate was able to overcome the block in autophagic flux by 3MA.  

Taken together, the evidence indicating that lactate reduced p62 and LC3-II 

accumulation during Mtb infection and abrogated the inhibition of autophagy caused 

by 3MA suggests that lactate mediates its bactericidal effects, at least in part, through 

enhancing autophagic flux.  
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Figure 5.25 Lactate improved ability of adult MDM to kill Mtb. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were left untreated or treated with 6.25, 12.5 or 25 mM of 
lactate for three hours prior to infection with Mtb (H37Ra) at a MOI of 30-40% infectivity, 
1-5 mycobacteria per cell (as defined by auramine O staining) and were then lysed on 
day 0 (3 hours post-infection), day 2 and day 5 and plated on Middlebrook 7H10 agar 
(+OADC). CFU were enumerated 21 days after plating. The time course graph (A) shows 
the CFU results at day 0, 3 and 5 for each of the lactate concentrations (n=5± SD). The 
differences in CFU growth for each concertation of lactate at the day 5 time point are 
graphed in B (n=5 ± SD). The NaCl time course graph (C) shows the CFU results at day 0, 
3 and 5 for each of the NaCl concentrations (n=3± SD). The differences in CFU growth 
for each concertation of NaCl at the day 5 time point are graphed in D (n=5 ± SD).  
Statistical significance was determined using one-way ANOVA with Tukey’s comparison 
test; ** P< 0.01. 
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Figure 5.26 Lactate does not affect Mtb growth in axenic conditions. 
A volume of Mtb (H37Ra) corresponding with the volume of Mtb required to elicit an 
MOI of 30-40% infectivity and 1-5 bacteria per cell in an adult MDM infection, was added 
to 1ml of Middlebrook 7H9 Broth (supplemented with ADC) in the presence of 0, 6.25, 
12.5 and 25mM of sodium-lactate. After three days of mycobacterial propagation, a 20% 
dilution of each treatment condition was added to BacT bottles and placed in the BacT 
Alert Analyser. Time to positivity was recorded for each condition and the fold change 
was calculated by comparison with the time to positivity for the sample with no lactate 
(n=2 ± SEM).  Statistical significance was determined using one-way ANOVA with 
Tukey’s comparison test. 
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Figure 5.27 Lactate overcomes the autophagic block caused by Mtb and 3MA. 
PBMC were isolated from buffy coats and MDM were adherence purified for 7 days in 
10% human serum. MDM were left untreated or treated with 25 mM of lactate for three 
hours prior to infection with Mtb (H37Ra) at a MOI of 30-40% infectivity, 1-5 
mycobacteria per cell (as defined by auramine O staining). One hour prior to infection 
3MA (5mM) was added to the indicated wells. 24 hours after infection whole cell lysates 
were prepared and analysed for the presence of LC3II and p62 by immunoblotting (A). 
Shown is one representative donor. On day 5, infected cells  were lysed and plated on 
Middlebrook 7H10 agar (+OADC). CFU were enumerated 21 days after plating and are 
graphed in B (n=2 ± SD). 
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5.3 Discussion 

The data generated in this project shows that lactate has an immediate effect on human 

macrophage metabolism, reducing glycolysis and increasing oxidative phosphorylation, 

a reverse of the Warburg effect. Lactate also alters macrophage function by decreasing 

pro-inflammatory IL-1β and TNF cytokine secretion following stimulation with either 

Mtb or LPS. Furthermore, lactate augments the ability of human macrophages to kill 

Mtb.  

 

Previous studies have reported that lactate inhibits glycolysis in PBMC, monocytes and 

mast cells212,214,286,309. These data are in keeping with published findings, showing that 

lactate causes a rapid and significant reduction in glycolysis in differentiated human 

macrophages but does not prevent the glycolytic shift following stimulation with Mtb 

or LPS. While lactate reduces the peak of glycolysis following stimulation, this is due to 

lactate reducing the glycolytic rate prior to stimulation. Interestingly, lactate increased 

oxidative phosphorylation in resting macrophages and blocked the reduction in oxygen 

consumption observed early after stimulation with Mtb or LPS. Taken together, lactate 

attenuated glycolytic metabolism, and concomitantly maintained oxygen consumption; 

in effect, blocking the early shift to Warburg metabolism observed in human 

macrophages immediately after stimulation. The data generated in Chapter 3 is the first 

to report that human macrophages undergo early Warburg metabolism in response to 

Mtb or LPS stimulation276 and the importance of this early metabolic switch in human 

immune cells is still poorly understood. These data indicate that lactate, the product of 

increased glycolysis, has a negative feedback effect on bystander macrophages; 

inhibiting further Warburg metabolism but maintaining the ability to shift towards 
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glycolytic metabolism, albeit attenuated, and more energetic than glycolytic as shown 

by the phenogram. This suggests that the early decrease in oxidative phosphorylation 

may be a critical regulatory node in the activation of proinflammatory macrophage 

responses.  

 

In the context of an active ongoing infection, this negative feedback mechanism may 

have multiple purposes including downregulating inflammation to limit collateral tissue 

damage, promoting resolution and a return to homeostasis, or may be a mechanism by 

which bystander macrophage glucose consumption is restricted to support the nutrient 

needs of neighbouring infected macrophages that are producing the lactate. This is in 

keeping with published observations showing that the metabolic function of one 

immune cell can be regulated by increased demand on nutrients from another immune 

cell in the environment310.  

 

A previous study in human monocytes found that the metabolic effects of lactate were 

mostly short lived with only an increase in SRC noted286 at 24 hours. These data indicate 

that 24 hours after stimulation with Mtb, a reduction in OCR is seen when cells were 

pretreated with lactate. The effect on glycolysis, seen immediately after lactate 

administration had resolved. ATP linked respiration and proton leak were both 

significantly reduced in MDM stimulated with Mtb when pre-treated with lactate. 

Lactate also increased the maximal respiration and SRC of the unstimulated MDM.  No 

differences were seen in LPS stimulated MDM at 24 hours, highlighting the different 

immunometabolic responses with different stimuli. At 24 hours, no difference in M1 or 

M2 associated cell surface activation markers were seen. 
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The production of mature IL-1β is linked to Warburg metabolism in mice187 and to the 

ability of human macrophages to increase glycolysis in response to infection with 

Mtb188,226,227,235. Significantly reduced concentrations of IL-1β in Mtb-stimulated adult 

MDM pre-treated with lactate compared with control was observed. This suggests that 

the maximal rate of glycolysis and not the degree of change, is an important factor in 

production of IL-1β in human MDM. Significantly reduced concentrations of TNF in Mtb-

stimulated adult MDM pre-treated with lactate compared with control was also 

observed. Studies with murine macrophages in vitro show that modulating glycolysis 

has no effect on TNF production187,311 but inhibiting glycolysis in an in vivo mouse model 

of Mtb infection results in reduced TNF production from macrophages147. Promoting 

glycolysis in human macrophages during Mtb infection results in increased TNF 

production226,227.  Furthermore, the data from Chapter 3 shows that umbilical cord 

blood macrophages fail to reduce oxidative phosphorylation upon stimulation, and also 

produce less TNF specifically in response to Mtb infection but not LPS-stimulation 

compared with adult macrophages. Cumulatively, these findings suggesting that there 

may be a metabolic link to TNF production in macrophages in the context of Mtb 

infection that requires further elucidation. It is likely that metabolic shifts can influence 

TNF production but only as one part of a multi-factorial system, unlike in IL-1β 

production which appears to be dependent on glycolysis. 

 

Lactate bore a similar effect on the metabolic flux of macrophages stimulated with LPS 

compared to those stimulated with Mtb. In contrast, lactate did not reduce the 

concentrations of TNF produced by LPS stimulated macrophages. This is in keeping with 

published work showing that lactate did not reduce TNF production in LPS-stimulated 
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human monocytes286. These findings highlight stimulation-specific downstream effects 

of metabolic manipulation on macrophage effector function. Lactate may have a direct 

impact on Mtb stimulated cytokine pathways independent of metabolic shifts or LPS 

may have more redundancy in its activation pathway. 

 

Lactate promoted Mtb killing in human MDM despite reducing IL-1β and TNF 

production. This somewhat counterintuitive finding indicates that the metabolic switch 

that occurs in human macrophages upon stimulation causing increased flux through 

glycolysis promotes bacillary clearance (at least in part) via the production of lactate. 

Lactate can function as a carbon source for Mtb and thus promote bacterial growth but, 

at high concentrations, can inhibit growth in axenic conditions312. The data herein 

suggests that the effects of lactate on bacillary clearance are cell mediated because of 

the dose-dependent effect observed on bacterial growth and the evidence indicating 

that lactate promotes autophagy. In addition, the infection model protocol used in this 

project removes extracellular bacteria 3 hours post infection by thoroughly washing and 

no differences are observed in the number of live bacteria phagocytosed by MDM 

during this timeframe (as evidenced by CFU counts at day 0 and confirmed by Auramine 

O staining). Lactate may mediate bacillary clearance by increasing autophagic flux and 

this would be consistent with studies showing that lactate promotes autophagy in 

cancer cells313. The possibility that lactate promotes autophagy may be independent of 

its effect on metabolic function, however these pathways are intrinsically linked 

because nutrient stress in the environment triggers autophagy and modulates 

metabolic function314. Furthermore, both glycolysis and autophagy are regulated by 

mTOR signaling315 indicating that these processes may be linked in macrophages316.  
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5.4 Conclusions 

Exogenous lactate causes an immediate decrease in glycolysis and increase in oxidative 

phosphorylation in resting human macrophages. The presence of lactate blocks the 

early Warburg effect in macrophages stimulated with Mtb or LPS. Furthermore, lactate 

reduced IL-1β and TNF production and increased bacillary killing in human macrophages 

infected with Mtb.  

 

Put in the context of Mtb infection in vivo, an accumulation of lactate in the extracellular 

milieu, caused by infected macrophages, has an immediate negative feedback effect on 

bystander unstimulated macrophages; causing them to downregulate glycolysis and 

upregulate oxidative phosphorylation. The reasons for this could be to limit 

inappropriate pathological inflammation and promote resolution or it may also serve to 

prevent resting macrophages competing for glucose resources when in the presence of 

other highly glycolytic cells. Since this anti-inflammatory effect is also, somewhat 

counterintuitively, associated with increased ability to kill the bacteria, it is postulated 

that the previously described association between glycolysis and bacillary clearance 

may, at least in part, be mediated by the effects of lactate, the end-product of 

glycolysis41,188,235.  
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Chapter 6 General Discussion and Future Work 

6.1 General Discussion 

The field of immunometabolism is rapidly expanding as the importance of underlying 

metabolic pathways for appropriate immune function is realised182,246,317,318. The aim of 

this research was to define the immunometabolic response of human macrophages to 

pathogenic stimuli and to polarising cytokines, to explore if underlying metabolic 

differences underpinned the differences in adult and neonatal immune responses, and 

to examine the effect of lactate on macrophage immunometabolism. 

 

The paucity of immunometabolic research in human macrophages is well recognised, 

with the majority of work to date performed in murine models153,196. This study provides 

evidence for the first time that the Warburg effect, with increasing glycolysis and 

decreased OXPHOS, occurs in human macrophages276 following stimulation with LPS or 

Mtb. The data highlights the importance of timing when looking at immunometabolic 

responses. As predicted, based on observations in peak metabolite levels after 

stimulation in other studies219, the metabolic response occurs rapidly in human MDM. 

In a study examining polarisation of murine BMDM193, a similar live analysis experiment 

is undertaken as is demonstrated here in human MDM. LPS induces a rapid change in 

glycolysis as measured by a 50% increase in ECAR with a slower decrease in OCR, which 

is decreased by approximately 20% after 4 hours. This is in stark contrast to the data 

presented in this study, with a peak ECAR increase of approximately 250%, 150 minutes 

after LPS stimulation. A similar decrease of 20% is seen in OCR but this has resolved by 

4 hours. The established murine metabolic phenotype shows an increase in glycolysis 

and a decrease in OXPHOS 24 hours after LPS stimulation. In contrast, the findings 
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presented in this study show an increase in both glycolysis and OXPHOS at this later 

time point in human MDM. These kinetic differences may offer insight into the 

differential production of nitric oxide (NO) in human MDM and mouse BMDM; there is 

controversy over whether or not human macrophages can produce NO as there is a 

general lack of evidence showing NO production in humans190,319. From these findings 

in humans demonstrating that OXPHOS rapidly decreases in response to stimulation 

then resolves, it may be reasonable to postulate that NO production could follow similar 

kinetics;  potentially being rapidly produced but short lived in humans. The decrease in 

OXPHOS in murine models after LPS stimulation has been associated with increased 

succinate, citrate and itaconate levels in murine BMDM187,273,288,320,321. In murine 

models, these metabolites are shown to have downstream impact on immune function. 

Succinate stabilises HIF-1α, increasing expression of glycolytic enzymes; citrate fuels 

fatty acid synthesis and itaconate has anti-inflammatory properties by acting through 

NRF-2 and even has bactericidal properties at high concentrations249,320. Whether the 

short lived OXPHOS decrease seen in human MDM after LPS stimulation results in 

similar accumulation of these metabolites, and determining if the subsequent increase 

in OXPHOS further alters their concentrations, will require time specific metabolomic 

experiments to be undertaken and further highlight differences in murine and human 

macrophage immunology.  

 
Understanding the role of OXPHOS in human MDM immune responses is also required 

in order to expand on a novel finding in umbilical cord blood MDM that is revealed in 

this work. The OXPHOS in umbilical cord MDM neither decreases at the early time point, 

nor increases at 24 hours when compared to adult MDM after LPS stimulation. Whether 
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the differences in oxygen consumption seen in adult and cord blood MDM relates 

directly to differences in immunologically active substrates such as itaconate and 

succinate is an area for future study. In addition, the benefit of this stabilised OXPHOS 

in neonatal macrophages may help to shed light on the process of immune 

development in these early days and weeks.  

Human variation in cellular immunology is common and evident in these assays. For 

example, a variety of responses are seen between individual donors during the live 

stimulation of human MDM in the Seahorse XFe Analyzer. Although the decrease in OCR 

in adult MDM is statistically significant 2.5 hours post stimulation, 2 of the 7 donors do 

not alter their OXPHOS. In the cord blood MDM, 2 out of 6 donors slightly decrease 

OXPHOS, but there are no significant changes seen in the collated data. Whether or not 

changes in OXPHOS are associated with potential immune vulnerability seen more 

commonly in umbilical cord blood MDM than adult remains to be determined. Evidence 

to causally link differential metabolic function in cord blood and adult macrophages to 

infection outcomes, such as the intracellular growth of Mtb, are unexplored but this 

work supports the hypothesis that differences in immunometabolic function may leave 

infants uniquely susceptible to TB.  

 

The importance of the decrease in OXPHOS observed in adult MDM post stimulation is 

further highlighted by the changes induced by IL-4 or lactate treatment, which are newly 

described in this research. Pre-treatment with either IL-4 or lactate prevents the 

decrease in OXPHOS seen following Mtb or LPS stimulation, however the increase in 

OXPHOS at baseline seen with lactate treatment was not seen with IL-4.  Lactate has 

previously been shown to induce a M2 like phenotype in a THP-1 cell line290. While a 
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similar abrogation in glycolysis was seen after lactate treatment as with IL-4, it did not 

alter any of the cell surface markers in contrast to IL-4 treatment. This suggests that 

whilst lactate shifted MDM towards a more anti-inflammatory phenotype, this 

phenotype did not exactly replicate the M2 macrophage seen by polarising with IL-4. 

This adds further evidence that macrophage function and phenotype represents a 

spectrum of cell functions and behaviours rather than the simplified M1/M2 dichotomy. 

 

Pre-treatment with lactate or IL-4 also decreased production of IL-1β after Mtb 

stimulation, which has previously been linked to glycolysis. Studies in both human MDM 

and murine BMDM have shown that blocking glycolysis with 2DG decreases IL-1β 

production187,188. Interestingly, pre-treatment with IL-4 or lactate resulted in a decrease 

in the baseline ECAR but the glycolytic switch remained intact, with the ECAR having a 

similar fold change to the untreated MDM following Mtb or LPS stimulation. The 

subsequent decrease in Mtb induced IL-1β production seen after lactate or IL-4 

treatment is perhaps a reflection of the decreased maximal rate of glycolysis, a novel 

finding that will require further exploration. The fact that pre-treatment with IFN-γ 

increases maximal glycolysis in Mtb stimulated adult MDM but not cord blood MDM, 

with a subsequent increase in IL-1β  production in adult but not cord blood MDM, lends 

further credence to this theory. When adult and umbilical cord blood MDM are  pre-

treated with IFN-γ, the ECAR % increase from baseline after LPS stimulation is 

significantly reduced. This may indicate that the MDM have a maximal glycolytic 

capacity whose threshold is reached by the combined action of these pro-inflammatory 

stimuli. The significance of this glycolytic ceiling in perhaps acting as a checkpoint and 
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limiting pro-inflammatory signaling from activated macrophages will require further 

exploration. 

 

This observation, that IFN-γ and LPS are individually significant drivers of metabolic 

shifts, raises the issue of combining these powerful immunomodulatory agents to 

polarise human MDM. IFN-γ was initially used to create a M1 phenotype but the 

addition of LPS appears to now be a standard methodology in human MDM work, 

carried over from murine BMDM research150,157. The data presented in this project 

illustrate 5 distinct M1 phenotypes with IFN-γ, Mtb or LPS alone, and IFN-γ combined 

with Mtb or LPS. These data also highlight the differential immunometabolic phenotype 

following Mtb or LPS stimulation, underscoring that findings based on TLR agonists are 

not generalisable to all infectious disease states. The published literature on human 

macrophage polarisation is inconsistent. This is in part due to the various methodologies 

utilised to differentiate macrophages from monocytes. GM-CSF and MCSF partially 

polarise towards M1 or M2 phenotype respectively and are commonly used in 

macrophage differentiation162. The method in this project, of differentiating 

macrophages in the presence of human serum results in a high purity of a neutral 

macrophage phenotype, as evidenced by the resting phenotype which can easily be 

shifted depending on the signals it receives. This work could act as a benchmark for 

future research as it systematically describes distinct immunometabolic phenotypes 

across the spectrum of macrophage activation and polarisation. These data are 

highlighted in Figure 6.1. 
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The published data on the umbilical cord blood MDM phenotype are equally 

incoherent. Previous studies have been contradictory with most published work 

describing relatively similar expression of cell surface markers between adult and cord 

blood MDM, except for HLA-DR, which is replicated herein259,322,323. A novel finding of 

decreased TNF production in umbilical cord blood MDM compared to adult MDM 

following Mtb stimulation is described276. IFN-γ increases baseline ECAR in both adult 

and umbilical cord blood MDM. In contrast to one previous published study, which 

showed that umbilical cord blood MDM did not undergo glycolysis during a glycolysis 

stress test after IFN-γ, these data illustrate that cord blood MDM respond to both LPS 

and Mtb by increasing glycolysis even after the pre-treatment with IFN-γ or IL-4. 

Interestingly, the addition of IFN-γ enhanced TNF production and HLA-DR expression in 

umbilical cord blood, thereby overcoming the ‘defects’ seen in cord blood MDM 

immune responses. It is well recognised that IFN-γ concentration is reduced in cord 

blood and it has been postulated as a cause of reduced TNF production126,132,281. 

However, the underlying defect in production of TNF in this research is apparent in the 

absence of IFN-γ, indicating an inherent defect in TNF production in umbilical cord MDM 

which occurs specifically in the context of stimulation with Mtb, and not LPS. The 

changes in OXPHOS seen in adult MDM, with a decrease seen early in response to 

stimulation, resulting in an inflammatory Warburg effect followed by a return to 

baseline and then an increase in OXPHOS at 24 hours after LPS stimulation or IFN-γ 

treatment, is not replicated in cord blood MDM. This may reflect an inherent inability 

of umbilical cord blood MDM to alter OXPHOS. Whether these metabolic differences 

are linked to the functional defects seen in umbilical cord MDM will require further 

mechanistic research. 
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A distinct immunometabolic phenotype has been described herein for cord blood MDM 

despite the fact that both adult and cord MDM are allowed to differentiate using the 

same methodology in the presence of adult human serum for one week. This system 

negates the impact of any potential immunological mediators present in cord blood 

such as adenosine137. These findings need to be taken in the context of the ontogeny of 

immunity in early life. Neonates are more prone to intra and extra cellular infections 

due to impaired Th1 and Th17 responses respectively324. The immunometabolism of 

neonates has been linked to their susceptibility to sepsis325, although detailed work on 

metabolic differences in individual cell types in neonates is lacking.  Most of the 

vulnerability to infection has resolved after the first 5 years of life326,327. Whether this 

immune maturation, resulting in better immune defence from infancy into childhood, 

is associated with alterations in the immunometabolic phenotype as the infant ages is 

a key knowledge gap that will be of great interest to both the scientific and clinical 

community. The nuances of the effects of differential metabolic responses on functional 

outcomes requires further work in different age groups to appropriately answer these 

questions. This work may also inform research into immunosenescence, where 

metabolic defects are linked to immune vulnerabilities in the elderly328. In order to fully 

appreciate the importance of metabolic shifts throughout the human life span, mapping 

of the immunometabolic responses from birth to old age is required. 

 

The data in chapters 3 and 4 illustrate the glycolytic shift in human macrophage 

activation and the subsequent increase in lactate production. The importance of lactate 

as a carbohydrate shuttle and immune modulator is increasingly being realised329,330. 
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The data presented herein corroborate previously published literature in monocytes 

demonstrating that lactate has an immunosuppressive effect214,286.  As with all in vitro 

work, the environment in which the experiment is undertaken does not replicate the in 

vivo milieu. The acidification of the extracellular environment by increased lactic acid 

production is not addressed in this work. However, the fact that sodium lactate at 

physiological pH induces these changes makes it a more viable therapeutic candidate. 

The prospect of using inhalable, aerosolised sodium lactate in the scenario of active 

pulmonary TB disease, where there is both ongoing mycobacterial replication and 

destruction of pulmonary tissue due to an unchecked pro-inflammatory response is of 

great appeal. Lactate may also play a role in early disease clearance where the 

improvement in mycobacterial clearance would be of benefit, however, the abrogation 

of IL-1β and TNF may not be of benefit to the host at this stage of the disease. Mtb 

blocks autophagic flux as a method of subverting host defence331,332 and preliminary 

work has been shown to indicate that induction of autophagy may be the mechanism 

by which lactate promotes Mtb killing in MDM. Autophagy also plays a role in a wide 

range of other disease states such as Crohn’s disease, cancer and heart disease333, 

indicating that lactate may hold therapeutic potential in many disease settings. 
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Figure 6.1 Macrophage activation states in human MDM. 
This schematic represents the different macrophage activation states in human MDM 
24 hours after stimulation with LPS (100 ng/ml) or Mtb (iH37Rv; MOI 1-10) or treatment 
with IFN-γ (10ng/ml), IL-4 (10ng/ml) or Lactate (25mM) as determined by cytokine 
analysis with MSD, flow cytometry for cell surface markers, SeahorseXFe24 Analyzer for 
metabolic flux analysis, Western blotting for protein analysis and CFU for mycobacterial 
killing. Novel discoveries described in this thesis are highlighted in red. 
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6.2 Study limitations and newly identified research gaps  

Although human macrophages undergo early Warburg metabolism, the importance of 

this mechanism in a human system is yet to be fully understood. Inhibition of glycolysis 

is known to inhibit IL-1β production, but the downstream effect of the decreased 

oxidative phosphorylation on macrophage activation remains elusive. This work has 

shown that both increased glycolysis and concomitantly decreased OXPHOS occurs 

early in adult macrophages stimulated with Mtb whereas cord blood macrophages have 

stable rates of OXPHOS. This has uncovered a key knowledge gap and raises the 

research questions of how changes to OXPHOS may contribute to control of bacterial 

growth or macrophage effector function. Future research targeting OXPHOS in infant 

macrophages to replicate the adult metabolic response may reveal the purpose of this 

metabolic shift, particularly if this intervention also aligns the infant immune response 

to the adult phenotype and would then hold potential as a host directed therapy. 

 

Numerous mechanisms for metabolic activation following immune stimuli have been 

described including the stabilisation of HIF-1α  by succinate, upregulation of glycolytic 

enzymes and alteration of mitochondrial potential216,237,249. The immediate metabolic 

response to Mtb or LPS stimulation suggests other mechanisms that may be triggered 

by PRRs. Glucose transport through monocarboxylate transporters have the potential 

to be rapidly switched on and may upregulate glycolysis. Alternatively, enzymatic 

control of glycolysis may be rapidly manipulated causing an influx of glucose. The 

dynamic processes of early metabolic shifts in human cells and their importance on 

subsequent immune responses will require further research. 
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The data generated in this research on the impact of lactate on MDM metabolism and 

potentially on autophagy open many avenues of research. A cell surface receptor for 

lactate called GPR81 has been found to have multiple roles including in angiogenesis 

and lipolysis, but the data are primarily generated in mice334,335. The effect of GPR81 

activation on autophagy has yet to be explored. GPR81 antagonists are being developed 

which will assist in answering this question336. The addition of exogenous lactate used 

in this experimental model causes a rapid reduction in ECAR and an increase in OCR. 

Lactate may act in a negative feedback loop on LDH, preventing the transition of 

pyruvate to lactate. LDH inhibitors have been shown to increase Mtb killing in human 

macrophages337. Exogenous lactate may alter glucose uptake, subsequently leading to 

less activity of glycolysis and reduction in ECAR. Glycolysis and pyruvate production may 

continue unchanged however, with lactate signaling causing a shift in glucose utilisation 

to OXPHOS. Carbon labelling experiments will be key in determining the impact of 

exogeneous lactate on glucose fate.  

 

These data focus solely on MDM, therefore the effects observed need to be 

recapitulated in cellular systems encompassing multiple cells types or in vivo in humans. 

Since cytokines in the microenvironment, produced by T cells for example, can impact 

the polarisation status of macrophages, further work is required to establish a more 

robust picture of the metabolic function of human macrophages in different contexts, 

including on other metabolic pathways, such as fatty acid oxidation and the pentose 

phosphate pathway. 
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In order to fully explore the impact of immunometabolism in the context of Mtb, 

infection with live, replicating mycobacteria will be required. This model focuses on the 

host response to infection, which live Mtb has been shown to subvert. For this reason, 

irradiated H37Rv was used to assess the metabolic response of the host independent of 

bacterial evasion strategies. However, since different strains of live Mtb have been 

shown to differentially manipulate immunometabolic responses41, future translational 

research will need to take this into account. It is also recognised that while neonatal 

immune responses to Mtb may be insufficient and therefore result in disseminated 

disease with increased severity and mortality, strategies to boost immune responses 

may be detrimental in certain context of active TB disease where pathology may be 

immune mediated.  

 

Neonatal and paediatric research is limited by small blood donation volumes, so using 

umbilical cord blood overcomes this issue. However, a knowledge gap exists around 

how closely cord blood recapitulates neonatal immune responses in early life. 

Furthermore, the mode of delivery can impact the immune responsiveness of cord 

blood338. By using umbilical cord blood from planned Caesarean sections only and by 

differentiating the monocytes in vitro with the same adult human serum used to 

differentiate adult MDM for 7 days, some of the confounding unknowns in this model 

are overcome and this increases the comparability of MDM from adult and cord blood.  
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6.3 Conclusions 

The goal of improving the understanding of the human immunometabolic response to 

Mtb infection is to identify potential targets for host directed therapy. The majority of 

people exposed to Mtb do not get active disease. By identifying and targeting the 

immunometabolic vulnerabilities of those who succumb to the mycobacteria, 

improvements could be made to disease outcomes or in preventing active disease 

following exposure. The data presented in this study increases our fundamental 

understanding of human MDM immunometabolism, both in adults and neonates, 

highlighting the differences between the established murine model of macrophage 

metabolism and builds a platform for future research in TB and other disease states. 

This new paradigm of human MDM immunometabolic phenotype after LPS or Mtb 

stimulation or treatment with IFN-γ or IL-4 is summarised in Figure 6.1. Lactate has been 

identified as a potential host-directed therapy as it both decreases the potentially 

damaging pro-inflammatory cytokine response and it improves the ability of human 

MDM to kill Mtb. The first steps in identifying autophagy as the potential mechanism 

for this exciting treatment opportunity have been taken.  
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Trinity Translational Medicine Institute
Institiuid Míochaine Aistritheach Choláiste na Tríonóide

Patient Information Leaflet

Study Title:
Looking at newborn babies immune systems and how infection affects it
(Paediatric macrophage immunometabolism during mycobacterial infection)

You are being invited to take part in a research study. This information sheet will help
you understand why we are undertaking the research and what we would like you to
do. Please ask us if there is anything that is not clear to you or if you would like more
information. Thank you for reading this.

Purpose of the Research Study
The purpose of this study is to examine how a baby’s immune system works. We
know that small babies are more prone to certain types of infection. We can look at a
baby’s immune system by doing experiments on the umbilical cord blood that is left
behind after the baby is born. We hope to identify ways of improving newborn’s
response to infection or to vaccination.

Why as a Participant/Respondent have I been asked to take part in this study?
You have been asked to take part because you are about to have a baby and we
need to use samples taken immediately after birth.

What does the research involve for me and my child?
We will take a blood sample from the placental umbilical cord after the baby is born,
the placenta is delivered and the umbilical cord is cut. Sometimes a blood sample
from the placenta is required for routine care; if so we will only take research
samples after this has been completed. Neither you nor the baby will undergo any
procedures as part of this study. We will also collect some anonymised data about
you and the baby.

Do I have to take part?

Institiuid Míochaine Aistritheach Choláiste na
Tríonóide,
Ionad Choláiste na Tríonóide do na hEolaíochtaí Sláinte,
Coláiste na Tríonóide, Baile Átha Cliath, Ollscoil Átha
Cliath,
Ospidéal San Séamas
Baile Átha Cliath 8, Éire.

Trinity Translational Medicine Institute,
Trinity Centre for Health Sciences,
Trinity College Dublin, the University of Dublin,
St. James’s Hospital,
Dublin 8,
Ireland.

T: +353 1 896 3268
E: ttmi@tcd.ie

W: www.tcd.ie/ttmi
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Trinity Translational Medicine Institute
Institiuid Míochaine Aistritheach Choláiste na Tríonóide

No. It is entirely up to you to decide whether or not to take part. If you do decide to
take part, you will be given this information sheet to keep and we will ask you to sign
a consent form. If you do decide to take part you are still free to withdraw at any time
and without giving a reason. A decision not to take part or to withdraw at any time
will in no way affect the standard of clinical care you receive.

Will my taking part in this study be kept confidential?
Yes. All information collected about you or your child during the research will be
anonymised and strictly confidential. The samples will be analysed in the Trinity
Translational Medicine Institute on St James campus.

What will happen to the results of the study?
We plan to publish our results in an international scientific journal and in international
meetings.

Who is organising and funding the research?
The research is being organised as part of a PhD study by Dr Cilian Ó
Maoldomhnaigh who is a paediatrician. The research is being funded by the National
Children’s Research Centre.

Is there any payment for taking part?
No, we are not paying patients to take part in the study.

Who has reviewed this study?
The Rotunda Hospital Ethics and Research committee has reviewed and approved
this study.

Who should I contact about enquiries or complaints?
Please contact Dr Cilian Ó Maoldomhnaigh omaoldoc@tcd.ie if you have any
questions or concerns regarding the study.

Institiuid Míochaine Aistritheach Choláiste na
Tríonóide,
Ionad Choláiste na Tríonóide do na hEolaíochtaí Sláinte,
Coláiste na Tríonóide, Baile Átha Cliath, Ollscoil Átha
Cliath,
Ospidéal San Séamas
Baile Átha Cliath 8, Éire.
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Trinity Centre for Health Sciences,
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St. James’s Hospital,
Dublin 8,
Ireland.

T: +353 1 896 3268
E: ttmi@tcd.ie

W: www.tcd.ie/ttmi
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Trinity Translational Medicine Institute
Institiuid Míochaine Aistritheach Choláiste na Tríonóide

CONSENT FORM
Looking at newborn babies immune systems and how tuberculosis infection
affects it - (Paediatric macrophage immunometabolism during mycobacterial

infection)

Researcher: Dr. Cilian Ó Maoldomhnaigh Tel: 0868398601 Email: omaoldoc@tcd.ie

DECLARATION by participant: Please tick (✔) and provide your initials

1. I have read the information leaflet for this research study
and I understand the contents.

Yes [     ] No [     ] initials [            ]

2. I have had the opportunity to ask questions and all my
questions have been answered to my satisfaction.

Yes [     ] No [     ] initials [            ]

3. I fully understand that my/my babies’ participation is
completely voluntary and that I am free to withdraw from
the study at any time (prior to anonymisation/publication)
without giving a reason and that this will not affect my
care/my babies care in any way.

Yes [     ] No [     ] initials [            ]

4. I agree to an umbilical cord blood sample being taken and
used for research as part of this study

Yes [     ] No [     ] initials [            ]

5. I understand that the researchers undertaking this
research will hold in confidence and securely all collected
data and other relevant information.

Yes [     ] No [     ] initials [            ]

6. I freely and voluntarily consent to participating/allowing
my baby participate in this research study.

Yes [     ] No [     ] initials [            ]

Institiuid Míochaine Aistritheach Choláiste na
Tríonóide,
Ionad Choláiste na Tríonóide do na hEolaíochtaí Sláinte,
Coláiste na Tríonóide, Baile Átha Cliath, Ollscoil Átha
Cliath,
Ospidéal San Séamas
Baile Átha Cliath 8, Éire.

Trinity Translational Medicine Institute,
Trinity Centre for Health Sciences,
Trinity College Dublin, the University of Dublin,
St. James’s Hospital,
Dublin 8,
Ireland.

T: +353 1 896 3268
E: ttmi@tcd.ie

W: www.tcd.ie/ttmi



 257 

  

Trinity Translational Medicine Institute
Institiuid Míochaine Aistritheach Choláiste na Tríonóide
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Researcher: ………………………….…. Signature: ……………………………….. Date:…….……
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