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Abstract 

The mononuclear phagocyte system comprises three types of cells: monocytes, macrophages 

and dendritic cells (DC). The kinetics underlying their generation, differentiation and 

disappearance are critical to understanding how these cells maintain tissue homeostasis as well 

as orchestrating the immune response. Currently, the circulating kinetics of these cells remain 

unknown in humans. 

The kinetic profiles of circulating monocyte subsets (classical, intermediate and non-classical) 

and DC subsets (pDC, pre-DC, cDC1 and cDC2) were examined in humans for the first time using 

stable isotope labelling in the form of deuterated glucose. Monocyte subsets appeared 

sequentially in the circulation which was demonstrated to be due to a developmental 

relationship between these cells. Pre-DC and cDC appeared prior to monocytes whereas pDC 

were observed later.   

After establishing the turnover of circulating mononuclear phagocytes under steady 

physiological conditions, the kinetics were then examined following experimental human 

endotoxemia. A temporary loss of circulating mononuclear phagocytes was observed at early 

time points, classical monocytes were the first to re-appear within the circulation due to an early 

emergency release from the bone marrow. 

Finally, in a human model of local inflammation, the infiltrating kinetics of monocyte and DC 

subsets were examined in the skin. Particularly, pre-DC were observed at higher concentrations 

compared to the blood which also expressed co-stimulatory molecules (CD80 and CD86), 

suggestive of an effector cell phenotype. The infiltration of novel cDC2 subsets was also 

observed.  

In summary, this thesis illustrates the kinetic and developmental profiles of human mononuclear 

phagocytes under steady-state and experimental inflammation.  
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Impact Statement 
 

From an academic point of view, the work in this thesis takes advantage of cutting-edge science 

to explore the fundamental biology of human immune cells in vivo. Given the broad diversity of 

immune cells, a fundamental starting place for any scientist entering the field is understanding 

the basic biology of these cells i.e. the development, turnover and the inter-relationship of these 

cells. Although a simple question, answering this in the human setting can be challenging. The 

work in this thesis explores this foundational biology of human mononuclear phagocytes. 

Knowledge of the turnover and relationship of immune cells under inflammatory conditions may 

also open therapeutic avenues. These data might help explain the unsuccessful results seen in 

clinical trials targeting mononuclear phagocytes in chronic diseases. Knowledge concerning 

which subsets of mononuclear phagocyte drive the aetiology of disease will similarly help 

identify therapeutic approaches to target these cells. Knowing how often these cells are 

replenished from the bone marrow and their role in inflammation permits for the timely 

administration of drugs to target these cells and boost them when they are beneficial or reduce 

them when detrimental. 

Part of the work presented in this thesis has already been disseminated through publications 

and presentations at conferences. The impact of this to the scientific community can be 

appreciated where published work from this thesis has reached almost 200 citations over two 

years. A further final manuscript is currently in preparation.  
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ACK Ammonium-Chloride-Potassium 

AF Alexa Fluor 

AIC Akaike information criterion 

AIDS Acquired immune deficiency syndrome 

ANOVA Analysis of variance 

APC Allophycocyanin 

BTLA B- and T-lymphocyte attenuator 

BV Brilliant Violet 

CD Custer of differentiation 

cDC Classical Dendritic Cell 

cDC1 Classical Dendritic Cell type 1 

cDC2 Classical Dendritic Cell type 2 

CLEC9a C-type lectin domain family 9 member A 

CLP Common Lymphoid Progenitor 

CMP Common Myeloid Progenitor 

CSF1 Colony stimulating factor 1 

Cy7 Cyanine 7 

DAPI п Σс-diamidino-2-phenylindole 

DC Dendritic Cell 

DLL-1 Delta-like ligand 1 

DNA Deoxyribonucleic acid 

DNGR-1 Dendritic cell NK-lectin group receptor 1 

EDTA Ethylenediamine tetraacetic acid 

EMP Erythro-myeloid progenitors 

FACS Fluorescence Activated Cell Sorting 

FCS Fetal calf serum 

FITC Fluorescein Isothiocyanate 

FLT3 fms like tyrosine kinase 3  

FMO Fluorescence Minus One  

FSC Forward Scatter 

GC/MS Gas chromatographyςmass spectrometry 

GMP Granulocyte-macrophage progenitor 

HIV Human Immunodeficiency Virus 
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HLA Human Leukocyte Antigen 

HSC Hematopoietic stem cells 

HSCT Hematopoietic stem cell transplantation 

IFN Interferon 

IL Interleukin 

IRF Interferon-regulatory factor 

LFA-1 Lymphocyte function-associated antigen 1 

LPS Lipopolysaccharide 

M-CSF Macrophage colony-stimulating factor  

MDP Monocyte/dendritic cell precursor 

MHC Major histocompatibility complex 

MPS Mononuclear phagocyte system 

NK Natural Killer 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate-buffered saline  

PCR Polymerase chain reaction 

pDC Plasmacytoid dendritic cell 

PE Phycoerythrin 

PerCP/cy5.5 Peridinin-chlorophyll-protein Complex Cy5.5  

PSGL1 P-selectin glycoprotein ligand-1 

RNA Ribonucleic acid 

RPM Revolutions per minute 

RPMI Roswell Park Memorial Institute 

SD Standard deviation 

SLAN 6-Sulfo LacNAc  

SLE Systemic lupus erythematosus 

SSC Side scatter 

Th  T helper cell 

TLR Toll-like receptor 

¢bCʰ Tumour necrosis factor alpha 

Treg T regulatory cell 

UV Ultraviolet 
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1.1 The Immune Response  

ΨIf ever there was a romantic chapter in pathology, it has surely been that of the story of 

ǇƘŀƎƻŎȅǘƻǎƛǎΩ ς Sir Joseph Lister (1896) 

 

Inflammation has been recognised since the time of the ancient Egyptians where records of pus 

ŦƻǊƳŀǘƛƻƴǎ ǿŜǊŜ ŘŜǎŎǊƛōŜŘ ŀǎ ΨǘƘŜ ŘŜƳƻƴ ƻŦ ŘƛǎŜŀǎŜΩ. Aulus Cornelius Celsus characterised 

inflammation at the macroscopic level as a combination of heat (calor), pain (dolor), redness 

(rubor) and swelling (tumor). Loss of function was later recognised as the 5th cardinal sign of 

inflammation by Rudolph Virchow. Although these manifestations appear unpleasant, John 

Hunter recognised inflammation as a teleologically ΨǎŀƭǳǘŀǊȅ ǊŜŀŎǘƛƻƴΩ. The inflammatory 

reaction concerns the vascular, neurological, humoral and cellular responses, which all occur in 

a timely fashion. 

The majority of cellular responses during an inflammatory reaction arise from cells of the 

immune system. Broadly speaking, the immune system can be divided into innate and adaptive 

immunity. Innate immunity is viewed as a rapid non-specific response and does not possess 

immunological memory, although evidence regarding trained immunity may challenge this (Arts 

et al., 2018; Mitroulis et al., 2018; Quintin et al., 2012). On the other hand, adaptive immunity 

is slower in response but is advantageous to the host as immune memory allows a heightened 

and rapid response when re-encountering pathogens. These two arms of the immune system 

work in tandem to restore balance within the host following injury or infection.  

The actions of innate and adaptive immunity are owed to the function of white blood cells or 

leukocytes. Polymorphonuclear leukocytes (PMNs) are named due to their multi-lobed nucleus 

and comprise of predominantly neutrophils with the remainder including eosinophils, basophils 

and resident mast cells. These cells are also collectively referred to as granulocytes, owed to the 
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high density of cytoplasmic granules. Mononuclear leukocytes include lymphocytes, monocytes, 

macrophages and dendritic cells (DC). Peripheral blood also contains erythrocytes and platelets 

which can be clearly distinguished from leukocytes by the absence of a nucleus.  

This thesis focuses on a group of cells, termed mononuclear phagocytes which include 

monocytes, macrophages and DC.  

1.2 A Brief History of Mononuclear Phagocytes 

The origin of mononuclear phagocytes dates back to seminal studies in 1880. Aniline and 

cytological stains identified cells with a kidney bean-shaped nuclei which Paul Ehrlich termed 

ΨübergangsformenΩ (transitional/bridging cell), today known as monocytes (Guilliams et al., 

2018; Naegeli, 1908) (Figure 1.1). In 1882, Elie Metchnikoff first described ŎŜƭƭǎ ΨŜŀǘƛƴƎ ǘƻ ŘŜŦŜƴŘΩ 

during his eminent experiment in Messina, demonstrating starfish larvae engulfing a pierced 

rose thorn (Metchnikoff, 1893; Vikhanski, 2016). This pivotal observation laid the foundations 

ŦƻǊ ΨphagocytosisΩ, a term coined by Carl Claus and Metchnikoff himself  (Gordon, 2008). 

These phagocytic cells are distributed throughout the body in several organs and attempts were 

made to classify these cells into a system. Metchnikoff called these cells ΨƳŀŎǊƻǇƘŀƎŜǎΩ 

(meaning big eaters) to distinguish them from ΨƳƛŎǊƻǇƘŀƎŜǎΩ όƴƻǿ ƪƴƻǿƴ ŀǎ ǇƻƭȅƳƻǊǇƘƻƴǳŎƭŜŀǊ 

leukocytes) (Metchnikov, 1892) and led him to the ǘŜǊƳ ΨƳŀŎǊƻǇƘŀƎŜ ǎȅǎǘŜƳΩΦ  

In 1924, Aschoff expanded this definition to include several other cell types and designated the 

ǘŜǊƳ ΨǊŜǘƛŎǳƭƻŜƴŘƻǘƘŜƭƛŀƭ ǎȅǎǘŜƳΩ. This classification included cells thought to be capable of 

phagocytosis and share a common lineage (Aschoff, 1924). Later this concept was criticised, as 

Maximow showed that cells of the reticuloendothelial system are distinct from one another in 

terms of both morphology and function (Maximow, 1927). In addition, upon reviewing the 

methodology implemented by Aschoff, Ralph van Furth states the dyes were not restricted to 

phagocytosis and pinocytosis may have resulted in labelling of certain cells with minor 
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phagocytic function (van Furth et al., 1972). As a result, a better classification of these cells was 

required. 

 

Figure 1.1 Historical description of monocytes 

Various stains identified 1. Lymphocyten: lymphocyte, 2. Grosse mononukleäre Zellen: Great 

mononuclear cell, 3. Übergangsformen: transitional cell (monocyte), 4. Neutrophile: 

neutrophil, 5. Eosinophile: eosinophile, 6. Basophile (Mast) Leukocyten: basophil or mast cell 

(From Naegeli, 1908) 
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Attention soon turned to the origin of these macrophages, and one of the earliest in vivo studies 

established blood monocyte differentiation into macrophage-like cells upon extravasation into 

tissues (Ebert and Florey, 1939). This had been suggested from prior studies in vitro, where 

monocytes and macrophages exhibited a similar morphology when cultured and were regarded 

as Ψvariations of a single cell typeΩ (Carrel and Ebeling, 1926). Later experiments confirmed a 

likely bone marrow origin of macrophages in 1963 (Balner, 1963). Using mouse bone marrow 

chimeras and antibodies against donor bone marrow cells, host peritoneal macrophages were 

demonstrated to be of donor origin. Collectively, these studies led to the belief that these highly 

phagocytic mononuclear phagocytes are developmentally related. It was proposed 

mononuclear phagocytes originated from the bone marrow, travel to the tissues via the 

bloodstream where they become tissue macrophages. In 1969, Zanvil Alexander Cohn, Ralph 

van Furth and James Gerald Hirsch used this evidence to define ǘƘŜ ΨƳƻƴƻƴǳŎƭŜŀǊ ǇƘŀƎƻŎȅǘŜ 

ǎȅǎǘŜƳΩ όat{ύ (van Furth et al., 1972, 1970). 

In 1970, Emil R. Unanue introduced the idea of macrophages presenting antigen to lymphocytes 

(Unanue and Cerottini, 1970). Later, Ralph Steinman identified a novel cell type with a stellate 

morphology amongst adherent mononuclear phagocytes which he called dendritic cells 

(Steinman and Cohn, 1973). A series of papers describing and characterising these cells were 

published in the Journal of Experimental Medicine from 1973-1975. These cells were the unique 

potent activators of naïve T cells in comparison to other antigen presenting cells (Steinman and 

Witmer, 1978) ŀƴŘ ǿŜǊŜ ǊŜƎŀǊŘŜŘ ŀǎ ΨŀŎŎŜǎǎƻǊȅΩ ŎŜƭƭǎ that linked innate and adaptive immunity 

(Nussenzweig and Steinman, 1980; Steinman et al., 1983).  van Furth soon recognised these cells 

as a member of the MPS resulting in the current definition of mononuclear phagocytes to date. 
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1.3 Macrophages 

Following the Conference on Mononuclear Phagocytes in Leiden in 1969, Ralph van Furth and 

colleagues proposed ǘƘŀǘ ΨŦǊŜŜΩ ƻǊ ΨŦƛȄŜŘΩ macrophages are ΨǇǊƻōŀōƭȅ ƻŦ ƳƻƴƻŎȅǘƛŎ ƻǊƛƎƛƴΩ which 

Ψoriginate from precursor cells in the bone marrow, transported via the peripheral blood as 

monocytesΩ (van Furth et al., 1972). Studies have now challenged this current textbook definition 

and prompted the need to redefine the MPS. 

1.3.1 Macrophage nomenclature 

As the name suggests, tissue resident macrophages reside throughout the body in various 

organs. Macrophage nomenclature is primarily based on anatomical location or after the 

scientist who discovered the macrophage population e.g. microglia in the brain, Kuppfer cells in 

the liver, osteoclasts in the bone and Langerhans cells in the skin. Macrophages from specific 

tissues exhibit unique a gene expression profile dictated by their microenvironment (Lavin et al., 

2014). As a result, genes specific for various macrophage populations have been identified, sall1 

expression is specific to microglia (Buttgereit et al., 2016) while spi-c expression identifies splenic 

macrophages (Kohyama et al., 2009) and clec4f finds Kuppfer cells (Scott et al., 2016). 

1.3.2 Embryonic origin of macrophages 

It is a widely held view that monocytes are circulating precursors to tissue resident macrophages 

and DC. At the same time van Furth proposed the majority of macrophages are repopulated 

from monocytes (van Furth et al., 1972), studies observed macrophage development in the yolk 

sac prior to bone marrow haematopoiesis (Cline and Moore, 1972; Takahashi, 1989). Cline and 

Moore suggested these yolk sac macrophages develop via monocytes, however, with the 

introduction of electron microscopy, yolk sac macrophages were observed to appear one day 

prior to monocytes (Takahashi, 1989).  This was one of the earliest studies to report macrophage 

development independent of monocytes.  
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Haematopoiesis occurs in successive waves within the developing embryo, initially occurring in 

the extra-embryonic yolk sac before transferring to the fetal liver until birth where 

haematopoiesis is ultimately transferred to the bone marrow and spleen. Primitive 

haematopoiesis begins in the yolk sac, where erythromyeloid progenitors (EMP) give rise to 

erythrocytes, macrophages and mast cells (Palis et al., 1999). Recent studies have reported a 

pre-macrophage precursor downstream of the EMP, which arises in the yolk sac before 

colonising embryonic tissues around embryonic day 9.5 (E9.5) at the same time as 

organogenesis (Mass et al., 2016). Pre-macrophages are subjected to tissue-specific signals, 

which sculpt a specific tissue-resident macrophage phenotype (Lavin et al., 2014).  

The development of hematopoietic stem cell (HSC) lineages within the fetal liver marks the onset 

of definitive haematopoiesis. The distinction of yolk sac derived macrophages and fetal liver 

derived macrophages can be distinguished by the transcription factor, Myb, which is 

indispensable for HSC development (Schulz et al., 2012). In Myb-/ - mice, macrophages of yolk sac 

origin were still present in the skin, spleen, pancreas, kidney and lung, whereas HSC-derived cells 

were absent (Schulz et al., 2012), demonstrating the distinction between yolk sac derived 

macrophages and HSC derived cells. 

Genetic fate-mapping techniques have also supported the observation that the majority of 

tissue-resident macrophages are embryonically derived (Epelman et al., 2014; Ginhoux et al., 

2010; Hashimoto et al., 2013; Schulz et al., 2012; Yona et al., 2013). Ginhoux and colleagues 

established that microglia are exclusively yolk sac derived and are subsequently maintained 

during adulthood through longevity and self-renewal (Ginhoux et al., 2010) (Figure 1.2). This 

study took advantage of the runt-related transcription factor 1 (Runx1) where its expression is 

restricted to the yolk sac during E6.5 and E8 before the development of definitive 

haematopoiesis, therefore allowing the origin of yolk sac derived macrophages to be fate 

mapped. Interestingly, the origin of the Langerhans cells (the macrophages of the epidermal 

layer of skin) was also examined using Runx1CreER mouse model and shown to have a dual origin 
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from both yolk sac and fetal liver (Hoeffel et al., 2012). These embryonic macrophages can 

persist throughout life with very little or no monocyte input depending on the tissue 

compartment (Hashimoto et al., 2013; Liu et al., 2019; Yona et al., 2013).  

Examples from the human setting have also demonstrated the longevity of macrophages. 

Patients deficient in monocytes and other bone marrow-derived cells retain normal Langerhans 

cells and other tissue macrophage populations, suggesting that the development of these 

populations is independent of bone marrow-derived monocytes (Bigley et al., 2011). 

Interestingly, donor alveolar macrophages have been observed three and a half years later in 

patients with lung transplants (Nayak et al., 2016). Similar observations have been noted for 

Langerhans cells. Following human hand allograft, Langerhans cells remained of donor origin 

when examined ten years following transplantation (Kanitakis et al., 2011). 

These studies challenge the current view of the MPS as macrophages can arise and are 

independently maintained of monocytes, at least under steady-state. However, there are 

exceptions to this rule. Some embryonic macrophages are not maintained and are replaced by 

bone marrow derived monocytes where they rely on a continuous influx of these cells for 

replenishment (Bain et al., 2014; Epelman et al., 2014; Liu et al., 2019; Mossadegh-Keller et al., 

2017; Tamoutounour et al., 2013; Zigmond et al., 2012) (Figure 1.2). It is unclear why some 

embryonic macrophages persist in some tissues and are replaced in others. One hypothesis may 

be that low grade inflammation at the tissue is responsible for monocyte recruitment, as germ-

free mice exhibit reduced numbers of monocyte derived macrophages (Bain et al., 2014). 

Alternatively, tissue specific microenvironments could affect the competitive nature of 

monocytes vs macrophages, as fetal liver monocytes outcompete yolk sac derived macrophages 

and adult bone marrow monocytes when populating the alveolar macrophage compartment 

(van de Laar et al., 2016). This has led to the introduction of the macrophage niche theory, where 

monocytes can compete with self-renewing macrophages to fill a vacant position (Guilliams and 

Scott, 2017). Alternatively, these embryonic macrophages may only be necessary during 
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embryonic development after which they are replaced by monocytes which are more suitably 

adapted for adulthood (Machiels et al., 2017). Finally, it is possible that as organs grow and 

develop, more available niches are available which are readily filled by monocytes. 

 

Figure 1.2 Macrophage Ontogeny 

Tissue macrophage compartments can be composed of three major sources. Tissue resident 

macrophages are initially laid down by yolk sac progenitors. In some tissues (i.e. microglia of the 

brain), these macrophages persist. Following the onset of definitive haematopoiesis, fetal liver 

monocytes can compete and replace macrophages of yolk sac origin as observed for Langerhans 

of the skin and lung alveolar macrophages. Finally, embryonic macrophages can be replaced by 

adult bone marrow monocytes as observed for dermal CD14+ cells (From Patel and Yona, 2018).  



  Chapter 1 - Introduction 

27 
 

1.3.3 Macrophage function 

1.3.3.1 Homeostatic functions 

Given the distinction between the precursor-product relationship between macrophages and 

monocytes, attention soon focused on the function of embryonic macrophages. Aside from their 

role in immune defence, macrophages play a key role in tissue homeostasis and organogenesis 

(Mass et al., 2016). Microglia are vital in synaptic pruning during development, as their absence 

results in neurological disorders (Paolicelli et al., 2011). The role of macrophage colony-

stimulating factor (M-CSF) or colony-stimulating factor 1 (CSF1) in macrophage maintenance is 

appreciated in Csf1-/ - and Csfr1-/ - mice, otherwise known as osteopetrotic mice. As the name 

suggests, these mice lack osteoclasts resulting in skeletal deformities ultimately leading to 

osteopetrosis (Dai et al., 2002; Ryan et al., 2001). Splenic red pulp macrophages are necessary 

for phagocytosis of senescent red blood cells (Kohyama et al., 2009), similarly, alveolar 

macrophages play an important role in clearing surfactant, the build-up of which leads to 

pulmonary alveolar proteinosis (van de Laar et al., 2016). Perhaps a common function of all 

macrophages taken for granted is the continual clearance of apoptotic cells (Roberts et al., 

2017). Collectively these studies demonstrate the developmental and homeostatic functions of 

macrophages under steady physiological conditions.  

As macrophage ontogeny has gained a considerable amount of attention over the last few years, 

it is equally as important to know whether ontogeny dictates function. In the case of alveolar 

macrophages, yolk sac derived macrophages, fetal liver and bone marrow derived macrophages 

exhibited similar gene expression profiles and could clear surfactant to prevent alveolar 

proteinosis (van de Laar et al., 2016). On the other hand, it is possible embryonic macrophages 

cannot perform similar functions to monocyte-derived macrophages as others have found that 

monocyte derived alveolar macrophages could prevent allergy-induced asthma unlike those of 

embryonic origin (Machiels et al., 2017). It is possible that ontogeny alone does not dictate 

function, and the distinction in function may be appreciated during inflammation. 
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Macrophages are recognised as highly plastic cells. Consequently, it has been examined whether 

macrophages from one tissue can be re-programmed when placed into a different tissue site. 

The transfer of peritoneal macrophages into the lung resulted in a change of the gene expression 

profile closely resembling that of lung macrophages (Lavin et al., 2014). However, others have 

demonstrated that transferring peritoneal macrophages, Kupffer cells or colon macrophages 

into the lung did not clear surfactant as efficiently as bona fide alveolar macrophages (van de 

Laar et al., 2016), suggesting irreversible programming of tissue resident macrophage function. 

1.3.3.2 Inflammatory functions 

In addition to performing homeostatic functions, resident macrophages are located at tissue 

sites to detect infection and injury and contribute to the initiation of the immune response. The 

role of macrophages as sentinel cells can be appreciated following their depletion in a model of 

acute peritonitis which resulted in a blunted infiltration of polymorphonuclear cells (Cailhier et 

al., 2005). Interestingly, it has recently been shown following smaller microlesions that 

ƳŀŎǊƻǇƘŀƎŜǎ ΨŎƭƻŀƪΩ ǘƘŜǎŜ areas to prevent excess neutrophil-driven tissue damage leading to 

inflammation (Uderhardt et al., 2019). 

Surprisingly, following the initiation of the immune response, a reduction in macrophages 

occurs, a phenomenon known as the ΨƳŀŎǊƻǇƘŀƎŜ ŘƛǎŀǇǇŜŀǊŀƴŎŜ ǊŜŀŎǘƛƻƴΩ first described in 

1963 (Barth et al., 1995; Nelson, 1963). During zymosan-induced peritonitis, a reduced recovery 

of resident macrophages was reported (Davies et al., 2013; Zhang et al., 2019). This observation 

has been extended to other tissues, where fewer numbers of alveolar macrophages are found 

following influenza challenge (Lauder et al., 2011). The reason for the macrophage 

disappearance has recently been explored by Zhang and colleagues, where macrophages form 

clots and adhere to tissues resulting in reduced recovery of these cells (Zhang et al., 2019). 

Coagulation factors have been implicated as the use of anticoagulants and the knockout of 

coagulation factors do not result in macrophage disappearance. The fate of these macrophage 

clots remains unclear. During the resolution phase of inflammation, recovery of resident 
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macrophage numbers may occur by proliferation (Davies et al., 2011) or by repopulation of 

monocyte-derived cells as discussed below (Section 1.4.4). An exception to the macrophage 

disappearance paradigm can be observed in T helper cell (Th) type 2 immune response, where 

tissue resident macrophages proliferate in an interleukin (IL)-4 dependent manner to overcome 

helminth infections without the need of monocyte input (Jenkins et al., 2011).  

Controversially, macrophages have been categorised depending on their activation state, as 

either classically (M1) or alternatively (M2) activated, initially proposed by Charles Mills (Mills et 

al., 2000). Put simply, M1  macrophages have been referred to as ΨŦƛƎƘǘ ŀƴŘ ƪƛƭƭΩ ǿƘŜǊŜŀǎ aн 

ƳŀŎǊƻǇƘŀƎŜǎ ΨŦƛȄ ŀƴŘ ƘŜŀƭΩ (Mills, 2012). Since, Mantovani and colleagues have described 

further macrophages states (M2a, M2b, M2c) to account for the spectrum of activation 

observed from various stimuli (Mantovani et al., 2004). It is unlikely macrophages behave in this 

binary manner and are instead a heterogeneous group of cells that exist in various states in vivo. 

It has been demonstrated that genes associated with M2 macrophages induced by IL-4 or IL-13 

in vitro, were not identified in the in vivo setting and vice versa  (Hassanzadeh Ghassabeh et al., 

2006). Most importantly, the M1/M2 nomenclature system was initially proposed for bona fide 

macrophages isolated from murine tissue, however, for feasibility in humans, this has been 

extended to in vitro cultures of monocyte-derived cells. As described below (Section 1.4.4), 

functional differences exist between bona-fide macrophages and monocyte-derived cells during 

inflammation, therefore such nomenclature system proposed for macrophages has resulted in 

confusion within the field.  
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1.4 Determining myeloid fate 

In contrast to macrophages, monocytes and DC are continuously produced from bone marrow 

precursors. Definitive haematopoiesis is marked by the generation of HSC within the fetal liver 

up until birth where it is then transferred to the bone marrow. In a simplistic model, HSC give 

rise to progeny that progressively become more and more restricted towards a single lineage 

whilst losing their ability for self-renewal. The immediate successor to HSC are multipotential 

progenitors which at this stage develop down a myeloid or lymphoid route, via common myeloid 

progenitors (CMP) or common lymphoid progenitors (CLP), respectively (Akashi et al., 2000; 

Kondo et al., 1997). CLP give rise to lymphoid blood cells including T, B and natural killer (NK) 

cells but lack the ability to mature into myeloerythoid cells, whereas CMP give rise to 

megakaryocyte-erythroid progenitors or granulocyte and macrophage progenitors (GMP) 

(Iwasaki and Akashi, 2007). 

1.5 Monocytes 

1.5.1 Monocyte subsets 

¢ƘŜ ǘŜǊƳ ΨƳƻƴƻŎȅǘŜΩ was introduced as early as 1910 by Artur Pappenheim (Pappenheim and 

Ferrata, 1910). Following the initial recognition of monocytes by microscopy, with the advent of 

polychromatic flow cytometry, human monocytes were demonstrated to express high levels of 

the lipopolysaccharide (LPS) co-receptor, CD14 (Griffin et al., 1981). It was later identified in 

1989, that CD14+ monocytes, could be further ǎǳōŘƛǾƛŘŜŘ ōȅ ŘƛŦŦŜǊŜƴǘƛŀƭ ŜȄǇǊŜǎǎƛƻƴ ƻŦ /5мс όCŎʴ 

receptor III) (Passlick et al., 1989). This enabled the classification of three principal human 

monocyte subsets: CD14+ CD16- ƳƻƴƻŎȅǘŜǎΣ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨΨŎƭŀǎǎƛŎŀƭΩΩ ƳƻƴƻŎȅǘŜǎΣ /5мп+ 

CD16+ όάƛƴǘŜǊƳŜŘƛŀǘŜέύ ŀƴŘ /5мпlo CD16+ όΨΨƴƻƴ-ŎƭŀǎǎƛŎŀƭΩΩύ ƳƻƴƻŎȅǘŜǎΦ Monocyte heterogeneity 

also exists in other species, including, mice, rats, pigs and cows (Ziegler-Heitbrock, 2014).  

In mice, CX3CR1 expression in Cx3cr1gfp mice led to the identification of CX3CR1lo Ly6Chi classical 

and CX3CR1hi Ly6Clo non-classical monocytes (Geissmann et al., 2003). Since, additional markers 
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have been shown to be differentially expressed between human and mouse monocyte subsets 

(Cros et al., 2010; Damasceno et al., 2016; Ingersoll et al., 2010). 

While it is accepted that three human monocytes subsets exist, further subsets have been 

described. Human non-classical monocytes can be divided further by 6-sulfo LacNAc (SLAN) 

expression, which is a carbohydrate modification of P selectin glycoprotein ligand 1 (PSGL-1) 

(Cros et al., 2010; Schäkel et al., 2002, 1999, 1998). With advances in technology, the 

introduction of single cell RNA-sequencing has allowed for the unbiased identification of further 

heterogeneity within the intermediate population (Villani et al., 2017). Mass cytometry analysis 

of human monocytes has also resulted in the identification of eight monocyte subsets (Hamers 

et al., 2019). It now remains to be shown whether functional differences exist between these 

proposed subsets. In mice, heterogeneity has also been observed amongst classical monocytes 

(Menezes et al., 2016; Yáñez et al., 2017), where two developmental routes have been proposed 

which result in neutrophil-like and dendritic cell-like classical monocytes which are differentially 

generated depending on the microbial stimuli (Yáñez et al., 2017). However, phenotypic markers 

are lacking to distinguish the two populations within the pool of Ly6Chi classical monocytes. 

Similarly, a population of YM1+ Ly6Chi monocytes with immunoregulatory phenotype are greatly 

expanded in the bone marrow, blood and spleen of mice following intravenous challenge with 

LPS, which are not detected under steady-state conditions (Ikeda et al., 2018). Furthermore, 

during fibrosis, a novel Ly6Clo monocyte subset is present only under inflammatory conditions 

(Satoh et al., 2017). These segregated nucleus-containing atypical Ly6Clo (SatM) monocytes do 

not arise from the conventional monocyte/DC progenitor (MDP) differentiation route and do 

not arise from Ly6Chi progenitors. Collectively these studies suggest haematopoiesis under 

inflammatory conditions may deviate from the conventional pathway of monocyte development 

and warrants the need for further studies to investigate monocyte heterogeneity. 
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1.5.2 Ontogeny and Development 

The MDP gives rise to monocytes and DC but lacks neutrophil potential in mice (Bajaña et al., 

2012) and humans (Lee et al., 2015). The MDP is the predecessor to the common DC precursor 

(CDP) and the common monocyte progenitor (cMoP) (Figure 1.3). cMoP are restricted to the 

development of monocytes in mice (Hettinger et al., 2013) and humans (Kawamura et al., 2017). 

Commitment to monocyte development at the cMoP stage is dependent on the transcription 

factor, interferon-regulatory factor (IRF)8 (Sichien et al., 2016). This is consistent with the 

observation in patients bearing mutations in IRF8 who are also deficient of circulating 

monocytes (Hambleton et al., 2011). IRF8 is thought to regulate the Klf4 gene, indicated by the 

absence of Klf4 mRNA in Irf8-deficient mice and that Klf4-/ - fetal liver cells gave rise to very few 

classical monocytes (Alder et al., 2008), a phenotype reminiscent of Irf8-deficient mice. Upon 

the introduction of Klf4 mRNA into these mice, monocyte differentiation was partially rescued 

(Kurotaki et al., 2013). 

After the generation of bone marrow monocytes, these cells will eventually egress into the 

circulation. Recently, a transitional pre-monocyte population was described within the bone 

marrow defined by CXCR4 expression. CCR2lo CXCR4hi Ly6Chi classical monocytes arise from 

cMoP where CXCR4 prevents egression into the bone marrow (Chong et al., 2016; Jung et al., 

2015). These cells mature into CCR2hi CXCR4lo Ly6Chi monocytes before they are released into 

the circulation in a CCR2-dependent manner (Serbina and Pamer, 2006).  

Given the heterogeneity of monocyte subsets, their relationship to one another has been 

thoroughly investigated in mice. It is widely acknowledged Ly6Chi classical monocytes are 

precursor cells to Ly6Clo non-classical monocytes (Hettinger et al., 2013; Liu et al., 2019; Mildner 

et al., 2017; Varol et al., 2007; Yona et al., 2013). Adoptive transfer experiments confirmed the 

developmental relationship between these cells (Mildner et al., 2017; Varol et al., 2007). The 

generation of Ly6Clo non-classical monocytes is thought to occur both in the bone marrow and 

blood from classical monocytes (Yona et al., 2013). In humans, the relationship between 
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monocyte subsets has not been investigated, though it is hypothesised a similar relationship 

exists: a question this thesis aims to address.  

Studies have also investigated the signals which trigger this development. The maturation of 

classical monocytes into non-classical monocytes is partially facilitated via delta-like ligand 1 

(DLL-1) ligation with Notch2 (Gamrekelashvili et al., 2016). The expression of DLL-1 is enriched 

on endothelial cells found within vascular niches in the bone marrow and spleen 

(Gamrekelashvili et al., 2016), where classical monocytes in contact with these vessels are 

required for maturation into non-classical monocytes (Bianchini et al., 2019).  Studies have also 

identified transcription factors that are important in completing this conversion. Mildner and 

colleagues ƻōǎŜǊǾŜŘ ǘƘŀǘ /κ9.tʲ ŜȄǇǊŜǎǎƛƻƴ ƎǊŀŘǳŀƭƭȅ ƛƴŎǊŜŀǎŜǎ ŘǳǊƛƴƎ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ŦǊƻƳ 

Ly6Chi classical monocytes to Ly6Clo non-classical monocytes and also following the adoptive 

transfer of classical Ly6Chi monocytes (Mildner et al., 2017). Mice lacking this transcription factor 

are characterised by an absence of non-classical monocytes. Nr4a1 (Nur77) is one of the genes 

regulated by C/EBP̡ (Mildner et al., 2017), which is an essential survival factor of non-classical 

monocytes (Hanna et al., 2011). Nr4a1-deficient mice exhibit high rates of apoptosis of bone 

marrow non-classical monocytes and are therefore characterised by a strong reduction of this 

monocyte subset in the circulation (Hanna et al., 2011). While these experiments implicate a 

ǊƻƭŜ ŦƻǊ ǘƘŜ /κ9.tʲ-NR4A1 axis in non-classical monocyte development and survival, other 

studies have suggested additional pathways of Nr4a1 regulation. Klf2 has been demonstrated 

to regulate Nr4a1 expression via the enhancer 2 domain, which is specific for non-classical 

monocyte development (Thomas et al., 2016). Therefore, it appears that multiple non-

redundant mechanisms are required for the progression of monocyte development and 

maintenance. In humans, expression of NR4A1 and KLF2 have been detected in non-classical 

monocytes (Thomas et al., 2016), therefore, similar mechanisms of monocyte regulation may be 

conserved across species. 
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1.5.3 Homeostatic function of Monocytes 

Not all embryonic macrophages persist throughout adulthood, therefore these compartments 

rely on a constant replenishment. This role has been ascribed to classical monocytes (Bain et al., 

2014; Epelman et al., 2014; Kim et al., 2016; Liu et al., 2019; Mossadegh-Keller et al., 2017; 

Tamoutounour et al., 2013). Furthermore, others have also described the ability of classical 

monocytes to enter tissues where they can survey the tissues and recirculate to lymph nodes 

whilst maintaining their blood phenotype (Jakubzick et al., 2013). On the other hand, non-

classical monocytes reside within the circulation where they crawl along the endothelium in a 

lymphocyte function-associated antigen 1 (LFA-1) dependent manner surveying for damage 

(Auffray et al., 2007; Carlin et al., 2013), hence earning the name ΨǇŀǘǊƻƭƭƛƴƎΩ ƳƻƴƻŎȅǘŜǎΦ  

1.5.4 Inflammatory function of Monocytes 

As early as 1939, monocytes were observed to extravasate in response to tissue injury, where 

they mature into monocyte-derived cells (Ebert and Florey, 1939). Ly6Chi classical monocytes are 

typically rŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨƛƴŦƭŀƳƳŀǘƻǊȅΩ ƳƻƴƻŎȅǘŜs, as they preferentially home to inflamed 

tissues and mature into monocyte-derived cells (Geissmann et al., 2003). 

CCR2-deficient mice lack circulating Ly6Chi classical monocytes and exhibit a reduction in Ly6Clo 

non-classical monocytes, therefore can be used examine the relevance of monocytes at sites of 

inflammation (Nahrendorf et al., 2007; Serbina and Pamer, 2006; Tsou et al., 2007). In the 

absence of CCR2+ monocytes, an increased burden of bacterial infection has been observed and 

these mice are unable to clear the infection (Kurihara et al., 1997; Serbina et al., 2003). While 

CCR2 is required for the bone marrow egression of monocytes, the question arises whether a 

similar mechanism occurs for blood to tissue infiltration. Studies suggest that the early 

infiltration of monocytes is CCR2-dependent whereas later stages are CCR2-independent 

(Serbina and Pamer, 2006; Swirski et al., 2009; Tsou et al., 2007; Zigmond et al., 2012). 
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It was initially proposed that monocytes infiltrate in a biphasic manner, initially by Ly6Chi 

monocytes and later by Ly6Clo monocytes into the myocardium after myocardial infarction 

(Nahrendorf et al., 2007). Later studies demonstrated the Ly6Clo phenotype was in fact due to 

in situ conversion from Ly6Chi monocyte-derived cells (Hilgendorf et al., 2014). Similar 

observations have been made in vivo during sterile hepatic injury (Dal-Secco et al., 2015). Once 

classical monocytes enter tissues they initially take on a proinflammatory phenotype and later 

mature into an anti-inflammatory phenotype (Arnold et al., 2007; Hilgendorf et al., 2014; 

Nahrendorf et al., 2007; Zigmond et al., 2012). In a model of skeletal injury, Arnold and 

colleagues have demonstrated pro-inflammatory monocytes derived cells express high levels of 

tumour necrosis factor alpha (TNFh ) and IL-1  ̡mRNA transcripts and later mature into cells that 

stimulate myogenesis and fibre growth to restore muscle structure (Arnold et al., 2007).  

As classical monocyte-derived cells downregulate Ly6C and upregulate CX3CR1 (Dal-Secco et al., 

2015; Zigmond et al., 2012), they are difficult to distinguish from non-classical monocytes and 

their progeny. However, the use of Nr4a1-deficient mice (Hanna et al., 2011), has allowed 

studies to examine the contribution of non-classical monocytes in inflammation. It has since 

been shown, Ly6Clo non-classical monocytes limit the accumulation of amyloid beta in 

!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (Michaud et al., 2013). Additionally, in the absence of non-classical 

monocytes, increase tumour metastasis to the lung was observed (Hanna et al., 2015), under 

normal conditions these cells would recruit and activate NK cells. Pro-inflammatory functions 

have also been attributed to non-classical monocytes where they drive the development of 

rheumatoid arthritis (Misharin et al., 2014). Specifically, following depletion of monocytes, 

transfer of non-classical monocytes led to an increase in ankle thickening and increased clinical 

score in these mice compared to classical monocytes. Of note, Nr4a1 is also expressed in 

macrophages (Hilgendorf et al., 2014), therefore Thomas and colleagues have generated mice 

with E2-domain deficiency of Nr4a1, allowing for the specific ablation of non-classical 
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monocytes while preserving the inhibitory effects of Nr4a1 on macrophage function (Thomas et 

al., 2016). 

Regarding the fate of monocyte-derived cells following inflammation, a number of studies have 

demonstrated engraftment into the long-lived macrophage pool. In models of peritonitis, it has 

been demonstrated monocyte derived cells persist in tissues up to 8 weeks, where their 

phenotype gradually changes into that of resident macrophages (Newson et al., 2014; Yona et 

al., 2013). Similar observations have been extended to the liver (Blériot et al., 2015) and lung 

(Machiels et al., 2017; Misharin et al., 2017). Expectedly, exceptions have been observed where 

following infection with influenza or LPS, recruited monocyte derived cells are cleared in a Fas-

dependent manner (Janssen et al., 2011). In addition, in mouse models of experimental allergic 

encephalomyelitis, monocyte-derived cells do not contribute to the resident microglia pool  

(Ajami et al., 2011). The macrophage niche theory proposes that a niche is filled by the 

competition between an embryonic macrophage or monocyte derived cell (Guilliams and Scott, 

2017), and the tissue specific microenvironment may dictate this result accounting for these 

discrepancies between tissues. 

In the above scenarios where monocyte derived cells persist, one can question whether 

monocyte-derived cells exhibit the same function as their embryonically derived counterparts. 

10 months following the engraftment of monocyte derived cells into the lung, these cells were 

very similar to alveolar macrophages and only exhibited a difference of 330 differentially 

expressed genes (Misharin et al., 2017). In a separate study, replacement of alveolar 

macrophages with monocyte-derived cells in response to herpesvirus resulted in protection 

against house dust mite induced asthma (Machiels et al., 2017). Whereas, mice exposed to only 

house dust mite developed allergic asthma. These studies demonstrate, in addition to ontogeny, 

the context in which monocytes are recruited and the type of stimuli may also shape the function 

of these cells.  
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Figure 1.3 Steady-state monocyte and dendritic cell development 

Monocyte and dendritic cells diverge at the monocyte/dendritic cell precursor (MDP) stage. The 

common monocyte progenitor (cMoP) give rise exclusively to monocytes and their derivatives. 

The common dendritic cell progenitor (CDP) produces cDC1, cDC2 and pDC, however these cells 

are thought to also have lymphoid contribution. Hematopoietic stem cell (HSC), common 

myeloid progenitor (CMP), common lymphoid progenitor (CLP), granulocytes/macrophage 

progenitor (GMP).  
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1.6 Dendritic Cells 

Following their discovery in the early 1970s, dendritic cells (DC) are now recognised for their 

ability to prime naïve T cells and are regarded as the bridging cell between innate and adaptive 

immunity. DC express high levels of major histocompatibility complex (MHC) I and II molecules, 

a key molecule needed to initiate T cell responses (Nussenzweig et al., 1980; Steinman et al., 

1979). Studies from Nussenzweig and Steinmann demonstrated that activation of T cells with 

DC was far more potent than any other antigen presenting cell or lymphoid cells (Nussenzweig 

et al., 1980). Consequently, this raises the question of why DC are more primed to activating T 

cells.  DC possess lower amounts of lysosomal proteases in comparison to macrophages 

(Delamarre et al., 2005) which may be reflected in the partial hydrolysis of proteins (Chain et al., 

1986), needed for efficient MHC presentation. In addition, differences in the pH of phagocytic 

vacuole between DC and monocyte-derived cells might consequently influence enzyme activity 

involved in antigen presentation (Foote et al., 2019). 

1.6.1 Murine DC subsets 

Following the identification of DC, splenic and thymic DC were demonstrated to be a 

heterogeneous population composed of multiple subsets that can be distinguished by CD4 and 

CD8 expression (Ardavin and Shortman, 1992; Vremec et al., 1992). To date, two major branches 

of DC have been described; classical DC (cDC) and plasmacytoid DC (pDC). In mice, cDC are 

composed of two subsets characterised by their expression of CD8h  and CD103 or CD11b 

expression depending on their location in lymphoid or nonlymphoid tissues (Table 1.1). Within 

the literature lymphoid DC are regarded as resident DC, whereas non-lymphoid DC are also 

known as migratory DC. To avoid confusion, DC subsets are divided into three major subsets 

pDC, cDC1 or cDC2 (Table 1.1). Of note, cDC2 heterogeneity has been noted, where Notch2-

dependent (Lewis et al., 2011; Satpathy et al., 2013) and Klf4-dependent (Tussiwand et al., 2015) 

subsets have been described. 
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 Human Mouse 

 Lymphoid tissue Nonlymphoid tissue 

cDC1 CD141+ CLEC9a+  CD8+  CD103+  

cDC2 CD1c+  CD11b+  CD11b+  

Table 1.1 Classical dendritic cell subsets 

Classical dendritic cell (cDC) are divided into cDC1 and cDC2 in humans and mice and can be 

identified by the expression of surface markers listed. 

 

1.6.2 Human DC subsets 

Circulating human DC were first identified in 1982 (Van Voorhis et al., 1982). Three major human 

DC subsets have been described: cDC1, cDC2 and pDC, which have been approved by the 

Nomenclature Committee of the International Union of Immunological Societies (Guilliams et 

al., 2016; Ziegler-Heitbrock et al., 2010) (Figure 1.3 and Table 1.1). Homology is conserved from 

mice to humans. Studies have aligned human blood and tissue CD141+ DC with that of lymphoid 

CD8h + and non-lymphoid CD103+ DC in mice (Bachem et al., 2010; Haniffa et al., 2012). Similarly, 

human CD1c+ DC lies in close alignment with murine CD11b+ DC (Haniffa et al., 2012; Schlitzer 

et al., 2013). Whereas cDC were first discovered in the mouse spleen (Steinman and Cohn, 1973), 

pDC were first described in humans as interferon (IFN) producing cells (Feldman and Fitzgerald-

Bocarsly, 1990; Perussia et al., 1985; Siegal et al., 1999) and later identified in mice (Asselin-

Paturel et al., 2001).   

Further heterogeneity exists within the human cDC2 and pDC compartment (Dutertre et al., 

2019; See et al., 2017; Villani et al., 2017). Recently, cDC2 have been shown to consist of four 

novel subsets (Dutertre et al., 2019), and the pDC population is composed of a bona fide pDC 

and a newly described pre-DC population capable of maturing into both cDC1 and cDC2 (See et 

al., 2017; Villani et al., 2017). The distinction between pre-DC and pDC can be appreciated in 

patients with Pitt-Hopkins syndrome who suffer from haploinsufficiency of TCF4 which encodes 
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the gene, E2-2,  specific for pDC development (Cisse et al., 2008; Ghosh et al., 2010). These 

patients have a significant reduction in circulating pDC yet pre-DC remain unaffected (See et al., 

2017), highlighting the distinct lineage of the two subsets. Given the recent identification of 

these cells, little is known regarding their fate and function. 

1.6.3 Ontogeny and Development 

DC development relies on fms-like tyrosine kinase 3 (Flt3) expression on HSC and DC precursors, 

as Flt3-deficient mice exhibit a reduction of pDC and cDC in secondary lymphoid organs while 

other myeloid cells are unaffected (Waskow et al., 2008). Whether DC are derived from 

lymphoid or myeloid progenitors remains unclear. Both lymphoid and myeloid precursors can 

give rise to DC as demonstrated by adoptive transfer of CMP and CLP (Manz et al., 2001; Traver 

et al., 2000). However, studies have demonstrated that CMP produced the majority of cDC 

subsets, as they are more abundant than CLP (Manz et al., 2001). Similarly, fate-mapping studies 

examining the origins of T cells, simultaneously demonstrated that approximately 10% of cDC 

were of lymphoid origin (Schlenner et al., 2010). In contrast, human CLP have been described to 

efficiently produce cDC1 in comparison to CMP, though no functional or gene differences were 

observed between the sources of cDC1 (Helft et al., 2017). It is possible that DC developmental 

cannot be categorised into the conventional myeloid or lymphoid pathway. 

A major breakthrough in understanding DC development stemmed from the discovery of the 

MDP that gives rise exclusively to monocytes and DC (Bajaña et al., 2012). However, it was the 

discovery of the CDP downstream of the MDP that gives rise exclusively to pDC and cDC but not 

monocytes (Lee et al., 2015; Liu et al., 2009; Onai et al., 2007) that established DC to have their 

own lineage. Intermediates between the CDP and cDC have been identified as the cDC precursor 

(pre-cDC)  which enter the circulation and develop into cDC upon entering the peripheral tissues 

(Donnenberg et al., 2001; Ginhoux et al., 2009; Liu et al., 2009; Naik et al., нллтΣ нллсΤ hΩYŜŜŦŦŜ 

et al., 2003). The commitment to a cDC1 or cDC2 has been proposed to occur within the bone 

marrow at the pre-DC stage, where pre-cDC1 and pre-cDC2 progenitors have been identified 
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(Cabeza-Cabrerizo et al., 2019; Grajales-Reyes et al., 2015; Naik et al., 2007, 2006; Schlitzer et 

al., 2015; Sichien et al., 2016). In humans, both pre-cDC and cDC coexist within the circulation 

(See et al., 2017; Villani et al., 2017), the contribution of both these populations to tissue cDC 

remains to be fully resolved. On the other hand, pDC are found as mature cells within the bone 

marrow (Onai et al., 2013; Rodrigues et al., 2018).  

1.6.3.1 pDC vs cDC commitment 

The discovery of the CDP and DC precursors demonstrated these cells were restricted to pDC 

and cDC lineages (Liu et al., 2009; Naik et al., 2007; Onai et al., 2007). Consequently, emphasis 

on myeloid origin was assumed for pDC and cDC which were believed to diverge at this stage.  

pDC highly express the transcription factor E2-2 in comparison to lymphocytes, monocytes and 

cDC (Cisse et al., 2008). Mice harbouring a mutation in the E2-2 gene show a significant reduction 

in pDC, whereas other cells remain unaffected supporting a role for E2-2 in pDC maintenance. 

E2-2 itself is regulated by various transcription factors including Id2 found in cDC, which prevents 

E2-2 binding to enhancer sequences (Cisse et al., 2008), thereby favouring the cDC 

developmental path. Further upstream, the transcription factor Zeb2 represses Id2, 

consequently allowing E2-2 to promote pDC development (Scott et al., 2016). Taken together, 

these studies highlight the roles of Zeb2, E2-2 and Id2 in pDC and cDC development. 

These studies may represent one branch of the pDC lineage. Akin to cDC, lymphoid origin of pDC 

has been described by several studies (Dress et al., 2019; Onai et al., 2013; Rodrigues et al., 

2018), where over 80% of pDC have been observed to be lymphoid derived (Schlenner et al., 

2010). Amongst the bone marrow Flt3+ population, an IL-7Rh + population has been described as 

the major source of pDC in comparison to myeloid CDP route (Dress et al., 2019; Onai et al., 

2013; Rodrigues et al., 2018). Similarly, DNGR-1 fate mapping demonstrated successful labelling 

along the CDP-cDC axis but labelled pDC to a lesser extent (Schraml et al., 2013).  
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Evidence for the dual origin of pDC can be appreciated where lymphoid derived pDC express 

recombination-activation genes and therefore demonstrate DH-JH recombination, whereas CDP-

derived pDC lack this enzyme and consequently no gene rearrangement was observed (Onai et 

al., 2013; Pelayo et al., 2005). Collectively, these studies demonstrated that pDC are 

predominantly lymphoid derived yet are still considered as DC for the time being.  

1.6.3.2 cDC1 development 

In mice, the development of cDC1 is regulated by numerous transcription factors including Id2, 

Irf8, Batf3 and Nfil3 (Aliberti et al., 2003; Ginhoux et al., 2009; Hacker et al., 2003; Kashiwada et 

al., 2011; Sichien et al., 2016). The transition from MDP to CDP is Irf8 dependent (Sichien et al., 

2016), therefore essential for DC subsets. However, after this stage Irf8 is dispensable for pDC 

and cDC2 development but is necessary for cDC1 development (Sichien et al., 2016), 

consequently cDC1 are referred to as Irf8+ DC. In line with these observations in mice, human 

mutations in IRF8 (K108E), results in an autosomal recessive immunodeficiency characterised by 

a loss of circulating monocytes, pDC and cDC (Hambleton et al., 2011), suggesting IRF8 also acts 

at early stages to specify DC and monocyte development. An elegant study performed by 

Jackson et al., purified cDC1 subsets and their precursors and identified the sequential 

requirement of Irf8 followed by Id2 then Batf3 (Jackson et al., 2011). Id2-deficient and Batf3-

deficient mice exhibit a similar phenotype to Irf8-deficient mice with the absence of CD103+ cDC 

and reduced numbers of CD8+ cDC in the spleen under steady-state (Hildner et al., 2008; 

Kusunoki et al., 2003). 

1.6.3.3 cDC2 development  

CD11b+ DC are the predominant DC subset in lymphoid organs. This subset of DC has been 

previously referred to as Irf4+ DC as Irf4 is required for their development (Suzuki et al., 2004); 

however, further subdivisions such as Notch2- and Klf4-dependent cDC2 populations have been 

described (Lewis et al., 2011; Satpathy et al., 2013; Tussiwand et al., 2015). In humans, an IRF8 
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mutation (T80A) results in a selective loss of cDC2 (Hambleton et al., 2011). Therefore, whilst in 

mice, Irf8 is specific to cDC1 development this may not be the case in the human setting. 

1.6.4 DC Function 

DC function can be appreciated from CD11c-diphtheria toxin receptor mice (Jung et al., 2002). 

In these mice, diphtheria toxin receptor is expressed under the promoter for CD11c, resulting in 

the depletion of CD11c+ cells which include DC upon diphtheria toxin administration. As a result, 

these mice lack cytotoxic T cell responses in response to Listeria monocytogenes (Jung et al., 

2002), highlighting the importance of DC in bridging the innate and adaptive immune response. 

However, CD11c expression is not restricted to DC and can be found on monocyte-derived cells, 

tissue resident macrophages and a population of NK cells. New models have since been 

generated to probe the function of individual DC subsets.  

1.6.4.1 cDC1 function 

In mice, cDC1 are viewed as the key DC subset capable of cross presentation, a process where 

exogenous antigen can be presented to CD8+ T cells via MHC I molecules (den Haan et al., 2000; 

Haniffa et al., 2012; Pooley et al., 2001). Batf3-deficient mice are characterised by a loss cDC1, 

as a result, these mice lack CD8+ T cell response to viral infections and tumours (Hildner et al., 

2008), highlighting the importance of cross presentation associated with this subset. Of note, 

human cDC2 have been observed to cross present antigen to cytotoxic CD8+ T cells (Yu et al., 

2013), therefore this function may not be unique to cDC1, at least in humans. 

cDC1 exhibit specialised functions owed to an array of receptors expressed by this subset. Toll-

like receptor (TLR) 3 is expressed by cDC1 in both mice (Davey et al., 2010) and humans (Hémont 

et al., 2013) and recognises double stranded ribonucleic acid (RNA), key for priming antiviral 

cytotoxic T cell responses (Davey et al., 2010). C-type lectin domain family 9 member A (CLEC9a) 

is also highly specific to cDC1 and facilitates the cross presentation of antigens from necrotic 

cells to CD8+ T cells (Sancho et al., 2009). Finally, following CD8+ T cell recognition, XCL1 is 
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secreted from T cells and interacts with XCR1 on cDC1 to stabilise DC-T cell interactions eliciting 

the production of IFN-  ɹand cytotoxic T cell responses (Dorner et al., 2009).  

1.6.4.2 cDC2 function  

Whilst murine models exist to study the specific functions of cDC1, models with a specific 

deletion of cDC2 are lacking. In addition, given cDC2 are a heterogeneous population, models 

are needed targeting these individual subsets. Klf4+ cDC2 are found within several lymphoid and 

peripheral tissues. They are implicated in directing Th2 immunity as mice lacking this subset of 

DC exhibit lower rates of survival with Schistosoma mansoni infection (Tussiwand et al., 2015). 

On the other hand, Notch2+ cDC2 have been acknowledged in Th17 immunity (Lewis et al., 2011) 

and a source of IL-23 which is required for survival in mice infected with Citrobacter rodentium 

(Satpathy et al., 2013). In comparison to cDC1, cDC2 appear to better at mounting CD4+ T cell 

responses (Pooley et al., 2001), likely due to increased expression of proteins relating to MHC II 

presentation (Dudziak et al., 2007). Furthermore, where human cDC1 express a limited number 

of TLR ligands (TLR1, 3, 6 and 10), cDC2 express a broader range of TLR ligands (TLR 1, 2, 4, 5, 6, 

8 and 10) (Hémont et al., 2013), and may play a more significant role in sensing pathogens.  

1.6.4.3 pDC function 

In 1957, IFNs were first recognised as mediators which could restrict viral infection (Isaacs and 

Lindenmann, 1957). Studies investigated the identity of these natural IFN producing cells, which 

in 1999 were shown to be overlap with pDC (Siegal et al., 1999). pDC are consequently 

recognised as potent producers of type 1 IFN in response to viral infections, which is likely owed 

to their high expression of TLR7 and TLR9 (Hémont et al., 2013).  

E2-2 deficient mice are devoid of pDC, therefore, it came as no surprise that IFNh  ǿŀǎ 

undetected following stimulation with CpG in these mice (Cisse et al., 2008). These observations 

are reflected in patients with PittςHopkins syndrome who are haploinsufficient for the gene  
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E2-2 and present with few circulating pDC that are also unable to elicit a response to CpG (Cisse 

et al., 2008). 

As pDC have been described to arise from multiple lineages (Onai et al., 2013; Rodrigues et al., 

2018), the question arises whether functional differences have been attributed. Both lymphoid 

and myeloid derived pDC were capable of producing IFN-  hproduction in response to CpG-A, 

however myeloid derived pDC were more capable of inducing T cell proliferation and IFN-  ɹ

production from T cells (Pelayo et al., 2005; Rodrigues et al., 2018). Similarly human pDC have 

been reported to induce proliferation of naïve CD4+ T cells (Matsui et al., 2009), however this 

likely due to contaminating pre-cDC rather than two functionally distinct lineages of human pDC 

(See et al., 2017; Villani et al., 2017). 

1.6.4.4 Central and peripheral tolerance 

In addition to the activation of T cells, DC also play a key immunoregulatory role to prevent 

hyperactivation of the immune system.  

Thymic resident cDC1, migratory cDC2 and pDC all play a key role in the elimination of 

autoreactive T cells. The role of DC in central tolerance can be appreciated in CD11c-Cre mice 

lacking DC, which exhibit an increased frequency of CD4+ thymocytes and autoimmune features 

which could be reversed following reconstitution with wild-type bone marrow. (Ohnmacht et 

al., 2009). The efficiency of DC in removing self-reactive T cells can be observed from studies 

where DC expressing MHC II I-E molecules resulted in the negative selection of CD4+ T cells that 

were reactive against I-E (Brocker, 1999). The deletion of thymocytes constitutes one 

mechanism of DC induced tolerance. Thymic cDC1 and cDC2 can also induce T regulatory (Treg) 

cells (Coquet et al., 2013; Proietto et al., 2008), although via differing mechanisms. Resident 

cDC1 can induce Treg cells via CD70 expression and their ability to do so was hindered in CD70-

deficient mice, however, cDC2 were unaffected (Coquet et al., 2013), suggesting an alternate 

mechanism for this subset. Additionally, thymic pDC can prime positively selected CD4+ CD8+ 
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thymocytes into Treg cells (Martín-Gayo et al., 2010), although to a lesser extent compared to 

cDC (Coquet et al., 2013; Proietto et al., 2008). 

In the case that central tolerance is not a completely effective mechanism, peripheral tolerance 

serves an additional layer of protection against self-reactivity occurring in the periphery. 

Successful DC presentation to T cells requires the presence of co-stimulatory molecules. DC 

presentation of antigen alone to T cells led to a dramatic reduction in T cells and the remaining 

T cells became unresponsive to further antigen challenge (Hawiger et al., 2001). However, in the 

presence of CD40 activation, prolonged T cell activation was observed, demonstrating in the 

absence of additional co-stimulatory molecules, T cell deletion and anergy is induced. In 

addition, splenic and lung tissue cDC1 can phagocytose apoptotic cells and cross present antigen 

to CD8+ T cells, resulting in the deletion of these cells (Desch et al., 2011; Liu et al., 2002; Qiu et 

al., 2009). In the absence of cDC1, cross presentation to CD8+ T cells was consequently affected 

and these mice failed to induce tolerance against antigens presented by apoptotic cells (Qiu et 

al., 2009). Peripheral tolerance can also take place in the form of Treg cell induction. Jones and 

colleagues demonstrated that DC expressing BTLA govern Treg cell conversion, moreover this 

mechanism was restricted to cDC1 (Jones et al., 2016). Nevertheless, cDC2 can induce the 

developmental of Treg cells via retinoic acid, which is owed to their increased expression of a 

retinal dehydrogenase (Coombes et al., 2007; Guilliams et al., 2010). The production of retinoic 

acid is key to the development of Foxp3+ Treg cells, as DC which do not normally induce Foxp3 

expression, are capable to do so in the presence of retinoic acid (Coombes et al., 2007).  

  



  Chapter 1 - Introduction 

47 
 

1.7 Turnover and kinetics of mononuclear phagocytes 

Studies continue to refine the mononuclear phagocyte heterogeneity and elucidate their 

function under steady physiological conditions and during inflammation. Alongside function, 

understanding the homeostatic kinetic profiles and turnover which govern the generation, 

maturation and disappearance of these cells are key to the fundamental biology of these cells. 

To preserve this state of wellbeing, the body must adapt to environmental changes including 

infection and injury. To understand the adaptation of the immune response, the cellular kinetics 

of the inflammatory response is of great importance.  

1.7.1 Macrophages 

Investigations into the kinetics of monocytes and macrophages started at early as 1968 by van 

Furth and Cohn (van Furth and Cohn, 1968). Using stable isotope-labelled thymidine, it was 

shown that peritoneal macrophages exhibit very low labelling rates in comparison to highly 

labelled blood monocytes. Unaware at the time, these data supported the maintenance of 

macrophage populations independent of monocytes. van Furth later recognised that several 

studies demonstrated a low percentage of local macrophage proliferation. He proposed that the 

turnover of macrophages relies on the influx monocytes, local proliferation and the death of 

macrophages (van Furth, 1989). 

Since our understanding that most macrophages are embryonically derived, studies have 

examined whether these embryonic macrophages are replaced with time and if so at what rate. 

Recently, an elegant study by Liu and colleagues identified a fate-mapping model where almost 

100% labelling was observed in monocytes (Liu et al., 2019). As a result, the contribution of 

monocytes to tissue resident macrophages could be examined. Lung alveolar macrophages, 

splenic macrophages, peritoneal macrophages and dermal macrophages had a steady 

contribution from monocytes over time (Figure 1.4), however, the rates were not calculated. In 

tissues such as the brain, epidermis and liver, very little to no contribution was observed in the 
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microglia, Langerhans cells and Kuppfer cells. Interestingly, patients that have undergone lung 

transplantation retain donor alveolar macrophages up to three and a half years post 

transplantation (Nayak et al., 2016). Langerhans cells also remained of donor origin when 

examined ten years following human hand allograft (Kanitakis et al., 2011). An interesting study 

by Réu and colleagues took advantage of atmospheric 14C and demonstrated that human 

microglia have a life-span of approximately 4.2 years and renew at a rate of 28% per year (Réu 

et al., 2017). 

Collectively, these studies support the idea of minimal monocyte contribution to some tissue 

macrophage compartments and some, where there is a higher rate replacement by monocytes 

over time. 

 

Figure 1.4 Macrophage Kinetics  

Embryonic tissue macrophages are replaced by bone marrow-derived monocytes throughout 

life in some tissues such as the gut, peritoneum and dermis. However, the rates of 

replacement are tissue-specific. 
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1.7.2 Monocytes 

Initially, studies investigating the turnover of monocytes in mice, suggested a circulating half-

life of 22 hours, resulting in an average circulating lifespan of 32 hours (van Furth and Cohn, 

1968). In addition, labelling kinetics of bone marrow monocyte precursors allowed for the 

approximation of 1 hour as the minimum time required for cells to enter circulation from the 

last mitotic division in mice. It was proposed that 40% of the monocyte pool are replaced each 

day. van Furth also performed studies examining monocyte turnover under inflammatory 

conditions (Van Furth et al., 1973). Following intraperitoneal challenge with fetal calf serum, 

labelled monocytes were seen earlier in the circulation in comparison to control mice and at 

much higher numbers. It was proposed, the maturation period between the promonocyte to 

monocyte stage was shorter during inflammation to allow for the increased monocyte 

production.  

More recently, Yona and colleagues have previously demonstrated the turnover of monocyte 

subsets using BrdU (Yona et al., 2013). BrdU was initially observed in classical monocytes and 

later in non-classical monocytes. The half-life of these cells was estimated at 20 hours and 2.2 

days, respectively. 

In human patients undergoing hematopoietic stem cell transplantation (HSCT), preconditioning 

resulted in monocytopenia followed by repopulation of CD14+ monocytes and 2 days later by 

CD16+ monocytes (McGovern et al., 2014). Studies have looked at the turnover of human 

monocytes as a total population, where the half-life of CD14+ monocytes has been proposed to 

be 2.2 days (Mohri et al., 2001) or a lifespan of 4.25 days in a separate study (Whitelaw, 1972). 

Whitelaw also calculated that monocytes leave the bone marrow after a maturation period of 

16-26 hours. However, the turnover of individual subsets remains to be elucidated.  
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1.7.3 Dendritic cells  

The turnover of tissue DC subsets has been widely investigated in mice. Initial studies suggested 

10% of splenic DC turnover each day (Steinman et al., 1974), however, this was later corrected 

to a much shorter turnover time of 1.1 hours (unpublished data discussed in van Furth, 1989). 

Later studies using BrdU, demonstrated splenic DC subsets were rapidly labelled, which was 

thought to be attributed to the rapid replenishment from circulating DC precursors (Kamath et 

al., 2002). However, splenic DC are also proliferative therefore the labelling is likely to represent 

a combination of in situ proliferation and blood derivation (Liu et al., 2007). Parabiosis 

experiments have examined the decay of parabiont-derived DC in the lymphoid and non-

lymphoid organs and were demonstrated to be cleared within 10-14 days (half-life 5-7 days) (Liu 

et al., 2007). Taking into consideration, DC replenishment from blood precursors, DC division 

and DC death, this study also calculated that lymphoid organ cDC are replenished at a rate of 

4,300 cells per hour. Of note, pDC have a much slower turnover in comparison to cDC όhΩYŜŜŦŦŜ 

et al., 2002), which is reflected in their lower rates of production in the bone marrow (Pelayo et 

al., 2005). 

Following HSCT, human dermal DC were replaced by donor origin within 40 days (Haniffa et al., 

2009), and in separate study, approximately 94% were donor derived within 18-56 days post 

HSCT (Auffermann-Gretzinger et al., 2006). 

As circulating DC are present at low levels in mice, their kinetics have not been examined. 

Nevertheless, studies performed in macaques have demonstrated DC kinetics are distinct from 

that of monocytes (Sugimoto et al., 2015). Specifically, cDC2 were observed prior to monocytes 

whereas pDC appeared at much later time points. However, studies have not yet extended these 

observations to the human setting.  
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1.8 Ontogeny based approach of the mononuclear phagocyte 

system 

As discussed above, mononuclear phagocytes exhibit broad functions. Nevertheless, cells are 

categorised as either monocyte, macrophage or DC based primarily on functional attributes. 

Such classification has become confusing due to overlapping roles between different cells of the 

MPS. A cell with a potent ability to stimulate naïve T cells may be defined as a DC, whereas the 

same cell may also have a high phagocytic ability and may be regarded as a macrophage. For 

ŜȄŀƳǇƭŜΣ ƛƴ ǘƘŜ ŘŜǊƳƛǎΣ ǘƘŜ ǘŜǊƳ Ψ/5мп+ 5/Ω Ƙŀǎ ōŜŜƴ ǿƛŘŜƭȅ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōe a population of 

cells capable of priming T cells (Haniffa et al., 2012; Klechevsky et al., 2008; Nestle et al., 1993). 

A more recent study has shown these cells to be more transcriptionally related to macrophages 

yet are derived from monocytes (McGovern et al., 2014). Similarly, SLAN+ cells have been 

described as potent activators of naïve T cells (Schäkel et al., 1999, 1998), therefore allowing 

these cells to be called SLAN+ DC. However, in regards to the expression of surface membrane 

markers, these cells are akin to monocytes (Cros et al., 2010). Consequently, it was recently 

proposed whether classification primarily by ontogeny may provide a more robust definition of 

these cells (Figure 1.5). Where the origin of the mononuclear phagocyte is known, the cell can 

be identified as either a macrophage, monocyte-derived cell or a DC.  
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Figure 1.5 An ontogeny based approach to classify mononuclear phagocytes 

Classification of mononuclear phagocytes by function can lead to a confusing nomenclature for 

cells of the mononuclear phagocyte system (MPS). It was proposed, cells be defined initially by 

origin. Mononuclear phagocytes of embryonic origin are regarded as bona fide macrophages, 

those that arise from monocytes should be termed monocyte-derived cells. Finally, cell derived 

from a common dendritic cell precursor (CDP) should be classed as a dendritic cell (DC), which 

can be further subdivided into cDC1, cDC2 or pDC depending on transcription factors expressed. 

(Image from Guilliams et al., 2014). 
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1.9 Hypothesis and Aims 

The MPS has gained a considerable amount of attention, particularly regarding the origin and 

development of cells. Whilst studies in rodents and non-human primates have explored the 

kinetic turnover of circulating mononuclear phagocytes, in humans, the kinetic profiles 

underlying the generation, maturation and disappearance of these cells remains unknown.  

1.9.1 General Hypothesis  

Blood mononuclear phagocytes circulate in a homoeostatic dynamic equilibrium where each 

subset has a defined kinetic profile that is consequently impacted during inflammation. 

1.9.2 Aims 

¶ Generate a comprehensive gating strategy to identify monocyte and DC subsets 

¶ Examine the in vivo kinetics of circulating human monocyte and DC subsets using stable 

isotope labelling 

¶ Demonstrate how experimental systemic inflammation impacts on the profile of 

monocyte and DC subsets 

¶ Examine the infiltration of monocyte and DC subsets in response to local inflammation 



 

 

 

 

 

/ƘŀǇǘŜǊ н 

aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 2 ς Materials and Methods 

55 
 

2.1 Blood Collection 

2.1.1 Subjects 

The studies performed in this thesis were performed in human volunteers (unless specified 

otherwise). I am grateful to all volunteers who consented to take part in these studies. 

2.1.1.1 Ethical approval 

All volunteers gave written informed consent and all studies were conducted according to the 

principles of the declaration of Helsinki after approval by the relevant institutional review 

boards. For deuterium and steady-state experiments, NRES Committee West London 

[10/H0803/102] and University College London Research Ethics Committee [8081/001] and 

[8081/002]. For the endotoxemia study, University College London Research Ethics Committee 

[5060/001]. Intradermal injection of ultraviolet (UV)-killed Escherichia coli (E. coli) was also 

approved by the University College London Research Ethics Committee [10527/001] and 

[1309/005]. Newcastle and North Tyneside Research Ethics Committee approved the bone 

marrow biopsy (REC 14/NE/113) and hip (REC 14/NE/1212) procedures.  

2.1.1.2 Inclusion and exclusion criteria 

All subjects in this study were healthy, young (18-50 years), non-smoking consented individuals. 

Volunteers taking medication were excluded from the study. Those enrolled were asked to 

refrain from alcohol consumption 48 hours prior to the onset of the study.  

Prior to deuterium administration, intravenous endotoxin challenge and intradermal challenge 

with UV-killed E. coli, volunteers were screened to ensure eligibility for the study.  

2.1.2 PBMC Isolation  

All consented volunteers were bled from the median cubital vein using a 20 gauge butterfly 

needle and aseptic non-touch technique. Blood was collected in sodium heparin treated 

vacutainers (Greiner Bio-One Biosciences, Kremsmünster, Austria), inverted several times and 

ŘƛƭǳǘŜŘ ǿƛǘƘ ŀƴ Ŝǉǳŀƭ ŀƳƻǳƴǘ ƻŦ 5ǳƭōŜŎŎƻΩǎ tƘƻǎǇƘŀǘŜ-Buffered Saline (PBS) (Corning, 
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Flintshire, UK). Diluted blood was carefully layered over 15 ml of density gradient media (Ficoll-

Paque Plusã, GE Healthcare, Little Chalfont, Buckinghamshire, UK) to avoid mixing in a 50 ml 

centrifuge tube (Corning, Flintshire, UK). The sample was centrifuged at 1000 x g for 20 minutes 

at 20°C with no brake and low acceleration in an Eppendorf centrifuge 5810 (Eppendorf, 

Stevenage, UK). The cloudy interphase layer/peripheral blood mononuclear cells (PBMC) was 

transferred to a clean centrifuge tube using a sterile Pasteur pipette. An equivalent volume of 

PBS was added to the mononuclear cells. The centrifuge tube was gently inverted, centrifuged 

at 300 x g for 10 minutes at 4°C (with brake and acceleration on) and the supernatant was 

discarded. The cell pellet was then resuspended in the appropriate media for downstream 

application. 

2.1.3 Whole Blood Erythrocyte Lysis 

Blood was collected in K2-Ethylenediamine tetraacetic acid (EDTA) treated vacutainers (BD 

Biosciences, Wokingham, UK). Blood was mixed with ammonium-chloride-potassium (ACK) 

lysing buffer (NH4Cl 8,024 mg/L, KHCO3 1,001 mg/L, EDTA.Na2·2H2O 3.722 mg/L) (Lonza, 

Berkshire, UK) in a 1:9 ratio and allowed to stand until transparent (approximately 5 minutes) at 

room temperature (20°C) before centrifuged at 300 x g for 5 minutes at 20°C. The supernatant 

was discarded and the cell pellet was washed with 5 ml PBS and centrifuged at 300 x g for 5 

minutes at 4°C and then resuspended in the appropriate media for downstream application. 

2.1.4 Plasma collection 

Blood was collected in sodium heparin treated vacutainers and centrifuged at 2500 x g, 10 

minutes at room temperature with brake and acceleration on. Plasma was aliquoted in protein 

LoBind eppendorfs (Eppendorf, Stevenage, UK) and stored at -80°C.  

2.1.5 Serum collection 

Blood was collected in serum-separating tubes (BD Biosciences, Wokingham, UK) and allowed 

to clot for 30 minutes at room temperature. Tubes were centrifuged at 2000 x g, 10 minutes at 
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20°C. Serum was aliquoted into protein LoBind eppendorfs and placed in a heat block for 45 

minutes at 56°C to heat inactivate proteins.  

2.1.6 Finger prick samples 

±ƻƭǳƴǘŜŜǊΩǎ ŦƛƴƎŜǊǘƛǇǎ ǿŜǊŜ disinfected with 70% isopropyl alcohol wipes (Universal, Middlesex, 

UK). After puncturing the fingertip with a blood lancet, the first drop of blood was wiped with a 

clean tissue. Blood was gently squeezed onto a clean filter paper and allowed to air dry. Samples 

were stored at 4°C.  

2.2 Flow Cytometry 

Flow cytometry is a widely used method for quantitative analysis of cell protein expression 

(intracellular and surface), function and cell profiling. This technique enables cells to be 

distinguished according to their size, granularity and protein expression. Protein expression is 

detected by measuring the fluorescence intensity emitted from fluorochromes attached to 

antibodies to detect proteins of interest. As cells enter the flow cytometer, they are accelerated 

past various lasers emitting different wavelengths of light. Fluorochromes are excited by these 

lasers and in turn, emit light at wavelengths which are detected. These resulting signals are 

measured and relayed as mean fluorescence intensity (MFI). 

2.2.1 Cell surface staining 

Freshly isolated PBMC were isolated from blood (Section 2.1.2). Up to 1x107 cells/100µl FACS 

Buffer (PBS, 2mM EDTA, 5% fetal calf serum (FCS)) were stained. A list of the antibodies used in 

this thesis can be found in Table 2.1. Cells were stained for 30 minutes at 4°C in the dark. Prior 

to the addition of antibodies, Human TruStain FcX (Biolegend, London, UK) was added to prevent 

non-specific binding at Fc receptors for 15 minutes. If two or more Brilliant dyes were used 

together, Brilliant Stain buffer (BD Biosciences) was also added to the antibody cocktail to 

prevent cross-reactivity of Brilliant fluorescent polymer dyes. For blister samples, UV excited cell 

viability dye (Invitrogen, Paisley, UK) was used at 1:1000 to gate out dead cells. Following 
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staining, cells were washed and resuspended in FACS buffer ready for flow cytometry analysis 

or washed in PBS if intracellular staining was also to be performed.  

2.2.2 Intracellular staining 

Following membrane surface staining (Section 2.2.1), up to 3-5 x106 cells were washed in PBS 

and resuspend in 200µl/well of Fixation Buffer (4% Paraformaldehyde) (Biolegend, London, UK) 

in a 96-well conical bottom polypropylene plate (Thermo Fisher, Paisley, UK). Cells were fully 

resuspended and incubated in the dark at 4°/ ŦƻǊ ол ƳƛƴǳǘŜǎΦ CƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions, cells were washed with permeabilisation buffer (0.5% Saponin) (Biolegend, London, 

UK) and centrifuged at 300 x g for 5 minutes at 4°C with brake and acceleration on. The cell 

pellet was resuspended in 100 µl permeabilisation buffer with the working intracellular antibody 

concentration (Table 2.1). Cells were stained for 30 minutes in the dark at 4°, then washed with 

200 µl permeabilisation buffer, centrifuged at 300 x g at 4°C for 5 minutes and finally 

resuspended in FACS buffer ready for flow cytometry analysis.  

To perform intranuclear staining, the same protocol was followed, except using a 

Foxp3/transcription factor staining buffer kit (Invitrogen, Paisley, UK). 
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2.2.3 Fluorescence Activated Cell Sorting (FACS) 

2.2.3.1 Cell preparation 

PBMC were isolated as described in Section 2.1.2. To minimise sorting time, pre-enrichment for 

CD3- cells was performed by removing CD3+ cells. Prior to membrane staining, up to 107 

PBMC/80µl FACS buffer was stained with 20 µl of CD3 MicroBeads (Miltenyi Biotech, Surrey, 

UK). Cells were incubated for 15 minutes in the refrigerator (4°C), washed with FACS buffer and 

centrifuged at 300 x g for 5 minutes at 4°C with brake and acceleration. Up to 108 cells were 

resuspended in 500 µl FACS buffer and scaled up accordingly for higher cell numbers. LS 

separation columns (Miltenyi Biotech, Surrey, UK) were attached to a QuadroMACS separator 

(Miltenyi Biotech, Surrey, UK) and washed with 3 ml of FACS buffer. The cell suspension was 

loaded into the column and the unlabelled CD3- cell fraction was collected into a 15 ml centrifuge 

tube. The column was washed a further three times with 3 ml of FACS buffer. The CD3- PBMC 

fraction was counted (Section 2.3.1) and centrifuged at 300 x g for 5 minutes at 4°C, with brake 

and acceleration, before surface staining was performed (Section 2.2.1). 

2.2.3.2 Cell sorting 
 

Cells of interest were bulk sorted into round-bottom polypropylene tubes (Fisher Scientific, 

Loughborough, UK) containing 100% FCS (Gibco, Paisley, UK). Sorted cell counts were obtained 

and purity was also analysed when feasible. Cells were centrifuged at 300 x g for 5 minutes at 

4°C, with brake and acceleration and resuspended in the appropriate media for downstream 

application. 

For single cell RNA sequencing, cells were sorted into 96-well polymerase chain reaction (PCR) 

plates (Bio-Rad, Hertfordshire, UK) containing 2 µl of 1mg/ml UltraPure bovine serum albumin 

(Thermo Fisher, Paisley, UK) and 1 µl of 10mM deoxyribonucleotide triphosphate (New England 

Biolabs, Hitchin, UK). Plates were sealed with a PCR plate sealing film (Bio-Rad, Hertfordshire, 

UK) and stored at -80°C.  
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All cell sorting was performed by Mr. Jamie Evans or Dr. Simon Yona. Single cell RNA sequencing 

analysis was performed in collaboration with Dr. Florent Ginhoux and Dr. Charles-Antoine 

Dutertre at A*STAR, Singapore Immunology Network.  

2.2.4 Isotype controls and FMOs 

Non-specific binding of antibodies can occur via the Fc region of antibodies. When measuring 

surface membrane marker or intracellular protein expression, isotype controls were 

implemented to control for non-specific binding. Isotype controls were matched to the antibody 

for host species, immunoglobulin class, light chain and fluorochrome. The same quantity of 

isotype was added to the cell sample as was with the primary antibody. Fluorescence Minus One 

(FMO) controls were used to demonstrate background fluorescence in a particular channel of 

interest to ensure the positive population was properly identified. For example, Figure 2.1 

demonstrates how an FMO identifies the background fluorescence in the BV605 channel. Non-

specific binding can be observed by the shift in fluorescence between the isotype control and 

the FMO control. These controls allow the true staining of the CD34 primary antibody to be 

appreciated. 

 

Figure 2.1 Isotype controls and FMOs 

Pre-DC were identified within the PBMC fraction by flow cytometry. CD34 expression was 

analysed (right) in conjunction with the corresponding isotype control (middle) and FMO (left).  
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2.2.5 Compensation controls 

Single colour compensation controls are necessary for multi-colour flow cytometry to account 

for spectral overlap between fluorochromes. UltraComp eBeads compensation beads 

(Invitrogen, Paisley, UK) contain positive beads that bind antibodies and negative beads that 

serve as a baseline fluorescence. One drop (50 µl) of compensation beads was stained with each 

fluorochrome. Beads were incubated for 30 minutes at 4°C in the dark, then washed with FACS 

buffer at 1000 x g for 3 minutes at 4°C before resuspended in 500 µl of FACS buffer. 

2.2.6 Sample recording and analysis 

Cell samples were analysed using LSR Fortessa X-20 (BD Biosciences) or FACS Aria II (BD 

Biosciences). FlowJo software (Tree Star Inc.) and Cytobank (Cytobank, Inc.) were used to 

analyse flow cytometry data. 
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2.2.7 Antibody Table 

Marker Target Fluorochrome Clone Company Dilution 

AXL Human APC #108724 R&D 1:20 

CCR2 Human PE-Cy7 K036C2 Biolegend 1:50 

CD100 Human Biotin REA316 Miltenyi Biotec 1:10 

CD11b Human PerCP/Cy5.5 ICRF44 Biolegend 1:50 

CD11c Human BV421 B-ly6 BD 1:50 

CD11c Human BV785 B-ly6 BD 1:50 

CD11c Human PE-Cy7 B-ly6 BD 1:50 

CD11c Human V450 B-ly6 BD 1:50 

CD123 Human BUV395 7G3 BD 1:100 

CD123 Human PerCP/Cy5.5 7G3 BD 1:100 

CD14 Human BUV805 M5E2 BD 1:100 

CD14 Human APC-Cy7 M5E2 Biolegend 1:50 

CD14 Human FITC M5E2 Biolegend 1:50 

CD14 Human PE M5E2 Biolegend 1:50 

CD141 Human BV711 1A4 BD 1:50 

CD141 Human PE-Dazzle M80 Biolegend 1:50 

CD141 Human PE-Cy7 M80 Biolegend 1:50 

CD141 Human PerCP/Cy5.5 M80 Biolegend 1:50 

CD16 Human AF700 3G8 Biolegend 1:50 

CD16 Human APC 3G8 Biolegend 1:50 

CD16 Human APC-Cy7 3G8 Biolegend 1:50 

CD16 Human BV711 3G8 Biolegend 1:50 

CD16 Human PE-Cy7 3G8 Biolegend 1:50 

CD16 Human FITC 3G8 Biolegend 1:50 

CD163 Human BV785 GHI/61 Biolegend 1:50 

CD19 Human PE-Dazzle HIB19 Biolegend 1:50 

CD19 Human FITC HIB19 Biolegend 1:50 

CD1c Human APC-Cy7 L161 Biolegend 1:50 

CD1c Human BV421 L161 Biolegend 1:50 

CD1c Human BV510 L161 Biolegend 1:50 

CD1c Human BV605 L161 Biolegend 1:50 

CD1c Human PE L161 Biolegend 1:50 

CD1c Human PE-Cy7 L161 Biolegend 1:50 

CD2 Human PE-Cy7 RPA-2.10 Biolegend 1:50 

CD20 Human PE-Dazzle 2H7 Biolegend 1:50 

CD20 Human FITC 2H7 Biolegend 1:50 

CD203c Human PE FR3-16A11 Miltenyi Biotec 1:50 

CD3 Human FITC HIT3a Biolegend 1:50 

CD3 Human PE-Dazzle HIT3a Biolegend 1:50 
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CD303 Human BV711 201A Biolegend 1:50 

CD33 Human BV605 P67.6 Biolegend 1:50 

CD33 Human BV711 P67.6 Biolegend 1:50 

CD34 Human BV605 581 Biolegend 1:50 

CD34 Human BV785 581 Biolegend 1:50 

CD36 Human APC-Cy7 5-271 Biolegend 1:50 

CD39 Human PE-Cy7 A1 Biolegend 1:50 

CD45 Human AF700 2D1 Biolegend 1:50 

CD45 Mouse AF700 30F11 Biolegend 1:50 

CD45RA Human BV711 HI100 Biolegend 1:50 

CD5 Human BV605 L17F12 Biolegend 1:50 

CD5 Human PE UCHT2 Biolegend 1:100 

CD56 Human PE-Dazzle QA17A16 Biolegend 1:50 

CD56 Human FITC QA17A16 Biolegend 1:50 

CD62L Human PerCP/Cy5.5 DREG-56 Biolegend 1:50 

CD64 Human BV605 10.1 Biolegend 1:50 

CD66b Human AF700 G10F5 Biolegend 1:50 

CD66b Human PE-Dazzle G10F5 Biolegend 1:50 

CD66b Human FITC G10F5 Biolegend 1:50 

CD80 Human BV605 L307.4 BD 1:50 

CD86 Human AF700 
2331 (FUN-

1) 
BD 1:50 

CD88 Human FITC S5/1 Biolegend 1:50 

CD89 Human FITC A59 Biolegend 1:50 

CLEC9a Human BV421 3A4 BD 1:50 

CLEC9a Human PE 8F9 Biolegend 1:50 

CLEC9a Human APC 8F9 Miltenyi Biotec 1:50 

CX3CR1 Human PE 2A9-1 Biolegend 1:50 

CX3CR1 Human PerCP/Cy5.5 2A9-1 Biolegend 1:50 

Fcʁ R1h  Human PE-Dazzle AER-37 Biolegend 1:50 

HLA-DR Human V500 G46-6 BD 1:50 

HLA-DR Human BV510 L243 Biolegend 1:40 

IRF4 Human PerCP/Cy5.5 IRF4.3E3 Biolegend 1:100 

IRF8 Human PE REA516 Miltenyi Biotec 1:100 

Ki67 Human PE-Cy7 20Raj1 eBioscience 1:100 

Siglec6 Human FITC REA852 Miltenyi Biotec 1:100 

Siglec6 Human PE REA852 Miltenyi Biotec 1:50 

SLAN Human APC DD-1 Miltenyi Biotec 1:20 

Streptavidin Human BUV737 - BD 1:20 

 

Table 2.1 List of antibodies used for flow cytometry 
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These dilutions were used when staining 1ml of ACK lysed blood (or approximately 3-5 x106
 cells) 

(Section 2.1.3). Of note, staining was performed in FACS buffer in a final staining volume of        

100 µl. When staining larger numbers of cells for FACS, the recommended amount of antibody 

ǿŀǎ ǳǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

2.2.8 Clone Comparisons 

Several antibody clones exist for detecting a particular antigen. Due to the limitations of 

fluorochrome conjugates available, more than one antibody clone was sometimes used. To 

assess clone quality, ACK lysed blood was stained with each clone for comparison and analysed 

by flow cytometry.  

2.2.8.1 CD11c 

CD11c expression was primarily used to identify classical dendritic cells. The clone, B-ly6, 

resulted in a better resolution of the CD11c+ population than the 3.9 clone (Figure 2.2). The B-

ly6 clone was used in this thesis. 

 

Figure 2.2 CD11c clone comparison 

Expression profile of CD11c clones (B-ly6 and 3.9) on Lin- HLA-DR+ cells.  
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2.2.8.2 CD141 and CLEC9a 

CD141 was predominantly used to identify CD141+ CLEC9a+ DC. Both CD141 clones (1A4 and 

M80) identified similar percentages of cells that were also CLEC9a+ (Figure 2.3) and were used 

in this thesis. 

 

Figure 2.3 CD141 clone comparison 

Expression profiles of CD141 clones (1A4 and M80) on Lin- HLA-DR+ cells. The percentage of 

CD141+ CLEC9a+ DC was assessed with each CD141 clone.  

 

In addition, two clones of CLEC9a (8F9 and 3A4) were compared (Figure 2.4) and identified a 

similar percentage of CD141+ CLEC9a+ DC.  

 

Figure 2.4 CLEC9a clone comparison 

Expression profiles of CLEC9a clones (8F9 and 3A4) on Lin- HLA-DR+ cells. The percentage of 

CD141+ CLEC9a+ DC was assessed with each clone. 
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2.2.8.3 CD5 

CD5 clones (L17F12 and UCHT2) stained a similar percentage of cells (Figure 2.5) and were 

used interchangeably throughout this thesis. 

 

Figure 2.5 CD5 clone comparison 

Expression profiles of CD5 clones (L17F12 and UCHT2) on all white blood cells. The percentage 

of CD5+ cells was assessed with each clone. 

 

2.2.8.4 HLA-DR 

Human Leukocyte Antigen (HLA)-DR clones (L243 and G46-6) stained a similar percentage of 

Lineage- cells, although the G46-6 clone provided better resolution (Figure 2.6) and was the 

preferred choice.  

 

Figure 2.6 HLA-DR clone comparison 

Expression profiles of HLA-DR clones (L243 and G46-6) are shown on PBMCs. The percentage of 

Lin- HLA-DR+ cells were assessed with each clone. 
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2.2.8.5 Siglec6 

Siglec6 clones (767329 and REA852) were stained separately in conjunction with AXL, to identify 

Siglec6+ AXL+ DC. The 767329 clones did not clearly identify these cells whereas this cell 

population was clear with the REA852 clone (Figure 2.7) The latter clone was used throughout 

this thesis.  

 

 

Figure 2.7 Siglec6 clone comparison 

Expression profiles of AXL and Siglec6 clones (767329 and REA852) are shown on Lin- HLA-DR+
.  

 

2.3 Cell Counts 

2.3.1 Automated Cell Counter 

Approximate cell counts to numerate cells for staining were performed using a Countess 

automated cell counter (#C10277) (Invitrogen, Paisley, UK). 10 µl of cell solution was 

resuspended with 10 µl of trypan blue (0.4%) (Invitrogen, Paisley, UK). 10 µl of this mix was 

added to Countess cell counting slides (Invitrogen, Paisley, UK) to be counted. Values were 

reported as a concentration and then scaled to the original volume the cell sample to calculate 

total cell count.  
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2.3.2 Counting Beads 

Flow cytometry CountBright cell counting beads (Invitrogen, Paisley, UK) were used to calculate 

the absolute numbers of cells in blood and blister samples. Beads were used at room 

temperature, vortexed for 30 seconds and 25 µl was immediately added to a stained sample in 

300 µl prior to flow cytometry analysis. After running the sample on the flow cytometer, the 

beads could be identified as high side scatter (SSC) and low forward scatter (FSC), and further 

identified as they fluoresce in all channels due their broad excitation wavelength range (Figure 

2.8). 

 

Figure 2.8 Counting bead gating strategy 

Flow cytometry CountBright counting beads were added to cell samples. Beads were identified 
as high SSC and low FSC and count be further identified by their high fluorescence in other 
channels.  

With the recorded bead event, total cell event and the total number of beads added in 25 µl, 

the number of cells in the sample could be calculated using the following equation: 

ὲόάὦὩὶ έὪ ὧὩὰὰ ὩὺὩὲὸί

ὲόάὦὩὶ έὪ ὦὩὥὨ ὩὺὩὲὸί
 ὲόάὦὩὶ έὪ ὦὩὥὨί ὥὨὨὩὨ ὸέὸὥὰ ὲόάὦὩὶ έὪ ὧὩὰὰί  

 

2.3.3 Clinical Blood Report 

EDTA treated blood samplŜǎ ǿŜǊŜ ǎŜƴǘ ǘƻ ¢ƘŜ 5ƻŎǘƻǊΩǎ [ŀōƻǊŀǘƻǊȅ ό[ƻƴŘƻƴΣ ¦YύΣ ǿƘŜǊŜ Ŧǳƭƭ 

clinical blood counts were obtained. Major cell populations were identified using size and 

granularity measurements.  
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2.4 Human bone marrow biopsy 

Human bone marrow biopsy samples were obtained from hematopoietic stem cell donors or 

femoral heads following total hip replacement. Samples were processed and analysed by flow 

cytometry in collaboration with Dr. Venetia Bigley at Newcastle University.  

2.5 Cell Cycle Profiling 

Cells express Ki67 in all stages of the cell cycle (G1, S phase, G2 and mitosis) except G0 (Gerdes et 

al., 1984). The deoxyribonucleic acid (DNA) content of cells in G0 and G1 Ŏŀƴ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ΨƴΩΣ 

cells in S phase in the process of replicating their DNA and by the G2 phase have double the DNA 

ŎƻƴǘŜƴǘ όнƴύΦ п Σс-diamidino-2-phenylindole (DAPI) binds to DNA and can be used to quantify 

DNA content. Cells with double DNA content (i.e. divided cells) can be identified as they will have 

double the fluorescence (Pozarowski and Darzynkiewicz, 2004). Using DAPI in conjunction with 

Ki67, different stages of the cell cycles were analysed.  

2.5.1 Sample preparation 

Surface staining was performed on PBMC as in Section 2.2.1. Cells were fixed and permeabilised 

with FoxP3/transcription factor staining buffer set (Section 2.2.2). Cells were intracellularly 

stained with Ki67 (1:100) and 0.5 ug/ml DAPI with 200 µg/ml RNase A and 500U/ml RNase T1 

(Thermo Fisher, Paisley, UK) for 30 minutes, in the dark at room temperature. RNAse treatment 

was necessary as DAPI can also bind to RNA. Cells were washed with permeabilisation buffer, 

centrifuged at 300 x g at 4°C for 5 minutes with brake and acceleration and finally resuspended 

in FACS buffer ready for flow cytometry analysis.  
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2.5.2 Analysis 

To examine the cell cycle status of cells by flow cytometry, cells of interest were first identified. 

As an example, PBMC were examined for Ki67 and DAPI expression (Figure 2.9). Ki67- DAPIlo 

were regarded as cells in G0, Ki67+ DAPIlo as G1 and Ki67+ DAPIint/hi were identified as S phase, G2 

and mitotic cells. Of note, Ki67- DAPIhi
 cells were thought to be contaminating doublets. 

 

Figure 2.9 Cell Cycle Analysis 

PBMC were analysed for Ki67 and DAPI expression. Ki67+ cells were defined using an isotype 

control. Cells were divided into Ki67- DAPIlow, Ki67+ DAPIlow and Ki67+ DAPIint/hi cells, 

corresponding to G0, G1 and S phase, G2 or M phase, respectively. 

 

Image cytometry operates in a similar fashion to flow cytometry. In addition to measuring 

protein expression, the localisation of the protein can be visualised in/on the cell itself. As cell 

images are recorded, this technique was implemented to visualise the different stages of the 

cell cycle by gating on the populations defined by Ki67 and DAPI (Figure 2.10). Ki67- DAPIlo cells 

were single cells representative of G0 cells. Cells in G1 were similar to those in G0 except they can 

be observed to express Ki67. Ki67+ DAPIhi cells represent cells in S phase, G2 and mitosis. Often a 

single cell with double nuclei could be observed and sometimes two cells could be observed.  

Finally, Ki67- DAPIhi cells were also imaged. All cells in this gate consisted of two adjacent cells. It 
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was unclear whether these cells represent doublets or cells which have just left telophase, as 

decreased Ki67 expression has been observed towards the end of mitosis (Braun et al., 1988). 

Imaging cytometry was performed on ImageStreamX Mk2 (Amnis) and analysed using IDEAS 

v6.2 (Amnis). 
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Figure 2.10 Cell Cycle Imaging 

PBMC were stained with lineage (CD3, CD19, CD20, CD56, CD66b) (green), HLA-DR (pink; last 

column), Ki67 (pink; 3rd column) and DAPI (purple). Cells were identified as either a) Ki67- DAPIlo, 

b) Ki67+ DAPIlo, c) Ki67+ DAPIhi or d) Ki67- DAPIhi. Representative of n=2 individual experiments. 
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2.6 In vitro monocyte culture 

PBMC were stained (Section 2.2.1) and classical monocytes were isolated by FACS (Section 

2.2.3). 96-well Nunc UpCell flat-bottom plates (Thermo Fisher, Paisley, UK) were coated with or 

without 1 µg Delta-like ligand 1 (DLL-1) (AdipoGen Life Sciences, Switzerland) in 100 µl PBS 

overnight at 4°C as previously described (Murata et al., 2010). Wells were washed with PBS and 

1 x105 classical monocytes was seeded in 200 µl/well Roswell Park Memorial Institute (RPMI) 

1640 (Thermo Fisher, Paisley, UK) supplemented with 10% autologous serum, macrophage 

colony-stimulating factor (M-CSF) (10ng/ml) (Invitrogen, Paisley, UK), thrombopoietin (20ng/ml) 

(Invitrogen, Paisley, UK), stem-cell factor (10ng/ml) (Invitrogen, Paisley, UK), insulin-like growth 

factor 2 (20ng/ml) (Invitrogen, Paisley, UK) and fibroblast growth factor-1 (10 ng/ml) (Invitrogen, 

Paisley, UK) and Heparin (25U/ml). Cells were harvested with cold PBS containing 10mM EDTA 

and 4mg/ml lidocaine (Sigma Aldrich, Dorset, UK). Cells were washed with PBS and resuspended 

in FACS buffer, before stained and analysed by flow cytometry. 

2.7 Cytospins 

Cells were resuspended at 5 x105/ml in PBS (+10% FCS). 200 µl was added to a cuvette attached 

to a slide and a filter card which was bound with a metal holder. Cells were spun at 800 

revolutions per minute (RPM) for 8 minutes using a Shandon Cytospin 2, slides were carefully 

detached from the cuvette and filter card and air dried for 30 minutes. Slides were dipped five 

times in fixation solution (Thermo Fisher), dried for another 30 minutes, dipped 8 times in Eosin 

solution (Thermo Fisher) and 4 times in Methylene Blue solution (Thermo Fisher), then washed 

in tap water. Once dried, DPX was applied to the slides and covered with a coverslip. Cells were 

analysed using a Nanazoom Digital Pathology (NDP) (Hamamatsu) and images were analysed 

using NDP.view2 software (Hamamatsu). 
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2.8 Human in vivo deuterium labelling 

In vivo deuterium labelling was performed in collaboration with Prof. Derek Macallan and Dr. 

¸ŀƴ ½ƘŀƴƎ ŀǘ {ǘΦ DŜƻǊƎŜΩǎΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ [ƻƴŘƻƴΦ /ƻƴǎŜƴǘŜŘ ƘŜŀƭǘƘȅ ƳŀƭŜ ǾƻƭǳƴǘŜŜǊǎ ǿŜǊŜ 

orally administered 20 g of deuterated glucose (6,6-D2) (Cambridge Isotope Laboratories Inc., 

Massachusetts, United States) dissolved in 100 ml of bottled still water (Highland Spring) over 

a 3 hour period (Table 2.2). In addition, finger prick blood samples (Section 2.1.6) were taken 

at several time points. 

Time Time elapsed from 
1st dose (mins) 

Dose 
(ml) 

Finger prick 
blood sample 

09:00 0 40 Yes 
 

09:30 30 10 Yes 

10:00 60 10 Yes 

10:30 90 10 
 

11:00 120 10 Yes 
 

11:30 150 10 
 

12:00 180 10 Yes 
 

12:30 210 
 

Yes 

13:00 240 
 

Yes 

15:00 360 
 

Yes 
 

17:00 480 
 

Yes 
 

09:00 24 hours 
 

Yes 
 

 

Table 2.2 Deuterated glucose dosing schedule 

Dosing regimen for oral administration 20g of deuterated glucose resuspended in 100 ml of 

drinking water. Following an initial 40 ml priming dose, 10 ml was administered every 30 minutes 

thereafter. 

 

Volunteers were asked to fast on the day as an increased turnover of glucose is observed during 

the postprandial state, resulting in increased enrichment of deuterated glucose when 

administered. To measure plasma enrichment of deuterated glucose, finger prick blood samples 

were analysed by gas chromatography-mass spectroscopy (GC/MS). 80 ml venous blood was 

drawn a selected time points, and cells of interested were sorted by FACS (Figure 2.11). Cell 

pellets were stored in protein LoBind eppendorfs at -80°C until ready for analysis by GC/MS. 

5ŜǳǘŜǊƛǳƳ ŜƴǊƛŎƘƳŜƴǘ ǿŀǎ ƳŜŀǎǳǊŜŘ ōȅ 5ǊΦ ¸ŀƴ ½ƘŀƴƎ ŀǘ {ǘΦ DŜƻǊƎŜΩǎ IƻǎǇƛǘŀƭΦ  
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Figure 2.11 Schematic illustration of deuterium labelling 

An overview of deuterium labelling divided into labelling, sampling and analysis stages. 

Volunteers were administered deuterated glucose during which plasma enrichment was 

measured. Venous blood samples were taken over a period of 30 days, where cells of interest 

were isolated by FACS. Cells were analysed for deuterium enrichment by gas 

chromatography/mass spectroscopy (Image modified from Macallan et al.,). 

 

2.9 Mathematical Modelling   

Mathematical models were applied to deuterium labelling kinetic data to estimate unknown 

parameters such as the delay, rates and lifespan of these cells. Mathematical modelling was 

performed in collaboration with Dr. Becca Asquith and Dr. Lies Boelen at Imperial College 

London. R packages modFit and dede were used to fit the model to the observed values of 

deuterium enrichment. The algorithm minimizes the sum of squared residuals between the 

modelled curves and observed values. The sum of squared residuals were corrected for a small 



  Chapter 2 ς Materials and Methods 

76 
 

sample size using an Akaike information criterion, which also allowed for comparisons between 

models. 

2.9.1 Human Monocyte Model 

Based on the kinetic profiles of human monocyte subsets and bone marrow composition, a likely 

biological scenario was proposed. This scenario provided the basis for the model (Figure 2.12). 

In addition to proposing this model, Tak et al., proposed intermediate monocytes convert to 

non-classical monocytes outside the circulation (Tak et al., 2017a). This model was tested by 

incorporating a delay parameter (ɲ3). 

 

Figure 2.12 Human Monocyte Mathematical Model 

Based on a likely biological scenario, a mathematical model was implemented to estimate the 

proliferation rates, lifespan, delay periods regarding human monocyte subsets. Bone marrow 

progenitors proliferate (p) and give rise to classical monocytes in the bone marrow which reside 

in this compartment (ɲ1) before released into the circulation at a rate of r1. A proportion of 

circulating classical monocytes (2h) will mature into intermediate monocytes at a rate of r2. It 

was ŀǎǎǳƳŜŘ ŎƭŀǎǎƛŎŀƭ ƳƻƴƻŎȅǘŜǎ ǘƘŀǘ ŘƻƴΩǘ ƳŀǘǳǊŜ ƛƴǘƻ ƛƴǘŜǊƳŜŘƛŀǘŜ ƳƻƴƻŎȅǘŜǎ όм- 2h) leave 

the circulation also at a rate of r2. Similarly, a fraction of intermediate monocytes mature into 

non-classical monocytes (h3) at a rate of r3 and a the remaining (1- 3h) will leave at the same rate 

(r3). In addition, a delay parameter (ɲ3) between intermediate and non-classical monocyte 

differentiation was tested.  
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N was denoted as the number of bone marrow classical monocytes, B1 as blood classical 

monocytes, B2 as the number of blood intermediate monocytes and B3 as the number of blood 

non-classical monocytes. It was assumed that all compartments are in steady-state. The size of 

the blood compartments were taken from flow cytometry data.  

The dynamics of these four compartments could be described by the following equations: 

Ὠὔ
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It is assumed that all the compartments are in steady state. The relative sizes of B1, B2, and B3 

were taken from flow cytometry data for each individual. From these equations, the dynamics 

of the fraction of labelled cells in each compartment can be derived: FN for the bone marrow 

and Fx for blood compartments Bx: 
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U(t) is the precursor enrichment (plasma glucose) at time t, described empirically as a plateau 

function with exponential decay. 
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2.10 Human Endotoxin Model 

2.10.1 Endotoxin Challenge  

2ng/kg Clinical Centre Reference Endotoxin (CCRE, E. coli O:113 EC-6, NIH, Bethesda, United 

States) was administered intravenously (I.V.) to consented healthy male volunteers by Dr. James 

Fullerton, as previously described (Fullerton et al., 2016). Participants were asked to refrain 

consuming food from midnight prior to I.V. endotoxin administration and coffee and alcohol 48 

hours before. After administering I.V. endotoxin, blood samples were taken at baseline, 2, 4, 6, 

8, 24, 48, 72 and 96 hours and 7 days post challenge and analysed by flow cytometry in addition 

ǘƻ ¢ƘŜ 5ƻŎǘƻǊΩǎ [ŀōƻǊŀǘƻǊȅ ŦƻǊ Ŧǳƭƭ ōƭƻƻŘ Ŏƻǳƴǘǎ ό{ŜŎǘƛƻƴ нΦоΦоύ. 

2.10.2 Endotoxin Challenge with Deuterium labelling 

In order to assess the origin of monocytes during endotoxin challenge, subjects received 

deuterated glucose 20 hours prior to endotoxin administration (Figure 2.13). Monocyte subsets 

were sorted by FACS at baseline, 8, 24, 48, 72 hours and 7 days post challenge and labelling 

kinetics were analysed as described (Section 2.8). 

 

 

Figure 2.13 Endotoxin Protocol Outline 

Volunteers were administered 20g of deuterated glucose 20 hours prior to endotoxin challenge. 

Monocyte subsets were isolated by FACS at 8, 24, 48, 72 hours and 7 days post endotoxin 

challenge and analysed for deuterium labelled DNA by GC/MS.   
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2.11 UV-killed E. coli human blister model  

2.11.1 Administration of UV-killed E. coli and sample collection 

Escherichia coli (E. coli)  (Strain: NCTC 10418, Public Health England, UK) were grown and killed 

by UV light, as previously described (Motwani et al., 2016). Bacterial counts were determined 

by optical density and resuspended to a count of 1.5 x 108/ml in sterile saline where non-viability 

was confirmed by UCLH Microbiology department. Following screening and consent of healthy 

male volunteers, 1.5 x 107 UV-killed E. coli in 100 µl saline was intradermally injected using a 30 

gauge needle into each forearm approximately 7 cm from the cubital fossa by clinicians (Dr. 

Alexander Maini and Dr. James Glanville). A 10 mm diameter suction blister was induced at 

either 6, 24, 48 or 96 hours post-challenge over the challenged site by a negative pressure 

instrument (NP-4, Electronic diversities Ltd., Maryland, United States). After placing the suction 

chamber over the site, negative pressure was gradually applied from 2 to 10 inches of Mercury 

(Hg) (Table 2.3). If a blister formed before maximum pressure, the pressure was maintained at 

that level until the blister was fully formed. 

 

Pressure (Hg) Time (minutes) 

2 1 

3 1 

4 1 

5 5 

6 5 

7 10 

8 10 

9 Until blister forms 

 

Table 2.3 Blister formation  

A suction chamber was placed over the injected site and negative pressure was gradually 

applied from 2 to 9 Hg periodically.  
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Once a blister was formed, the pressure was gradually reduced by 1 Hg every minute and 

aspirated immediately using a 23 gauge needle. All exudate was collected using a pipette into a 

96-well plate containing 50 µl of 3% sodium citrate in PBS. The blistered site was then sterilised 

with antiseptic spray and covered with an adhesive surgical dressing. 

2.11.2 Sample preparation 

After collecting the blister sample, 96-well plates were centrifuged at 1000 x g, for 5 minutes at 

4°C. Blister fluid was aliquoted into protein LoBind eppendorfs and stored at -80°C. Eppendorfs 

were weighed with and without blister fluid to estimate the volume of blister fluid and 0.05 g 

was further subtracted to account for the 50 µl of sodium citrate. The blister cell pellet was 

resuspended in FACS buffer, stained and prepared as described in Section 2.2.1. Cells were 

analysed by flow cytometry or single cell sorted by FACS into 96-well plates (Section 2.2.3). 

2.11.3 Laser Doppler Imaging  

Non-invasive blood flow measurements were also taken at the challenged site. To measure 

blood flow at the site of inflammation, Laser Doppler imaging was implemented. Red and 

infrared wavelengths of light are emitted at the site, the laser light is then scattered by red blood 

cells, where the scatter is proportional to both the concentration and speed of red blood cells. 

A flux image was generated and indicates areas of high and low blood flow. Measurements were 

made using a moorLDI2 Laser Doppler imager (Moor Instruments Ltd, Axminster, UK) and images 

were analysed by moor LDI software v5.2. 

2.12 Mice  

2.12.1 MISTRG mice 

10-week-old MISTRG mice were used for adoptive transfer experiments. MISTRG mice express 

human knock-in genes encoding M-CSF, IL-3, GM-CSF, SIRPh and TPO in RAG2-/ - IL-2Rg-/ - mice 

(Rongvaux et al., 2014). Mice were maintained under specific pathogen-free conditions and 

handled under protocols approved by the Yale Institutional Animal Care and Use Committee. 
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These experiments were performed by Dr. Simon Yona, UCL in collaboration with Prof. Richard 

Flavell and Dr. Anthony Rongvaux at Yale University. 

2.12.2 Adoptive Transfer 

Human blood was collected from healthy volunteers and classical monocytes were isolated by 

FACS (Section 2.2.3). 1 x106 human classical monocytes were adoptively transferred 

intravenously into MISTRG mice. Peripheral murine blood was collected by cardiac puncture 

under terminal anaesthesia at 10 minutes, 24, 72 and 96 hours post adoptive transfer and 

erythrocytes were lysed. Cells were stained with mouse CD45, human CD45, HLA-DR, CD33, CD3, 

CD19, CD20, CD56, CD66b, CD14 and CD16 and analysed by flow cytometry at each time point. 

2.13 Statistical analysis 

Prism v8 (GraphPad) software was used to perform statistical analysis. Statistical tests used are 

reported in the figure legends. 
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3.1 Introduction and Aims 

3.1.1 Introduction 

Monocytes and dendritic cells (DC) make-up the circulating mononuclear phagocyte pool in 

humans. Based on an approved classification of mononuclear phagocytes (Ziegler-Heitbrock et 

al., 2010), human monocytes are defined as either classical, intermediate or non-classical 

subsets depending on their expression of CD14 and CD16 (Passlick et al., 1989). However, 

various strategies have been implemented within the literature to identify monocytes by flow 

cytometry.  

Blood DC can be divided into two conventional (cDC) subsets and plasmacytoid (pDC) subsets. 

However, since this classification, two independent groups have recently identified several DC 

populations by single-cell RNA sequencing (See et al., 2017; Villani et al., 2017), which will be 

discussed in this chapter.  

3.1.2 Aims 

Identify and characterise monocytes and newly described DC subsets by flow cytometry under 

steady physiological conditions, laying the foundations for the remainder of this thesis. 
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3.2 Identification of blood monocyte subsets 

3.2.1 Classification of circulating human monocyte subsets 

In 1989, Passlick et al., demonstrated monocytes express both CD14 and CD16 antigens (Passlick 

et al., 1989), leading to the recognition of human monocyte subsets. To date, CD14 and CD16 

remain as the two conventional markers to identify human monocytes. Nevertheless, these two 

markers alone are not enough to identify monocytes from whole blood, as they are also 

expressed on other leukocyte populations such as T cells (CD3), B cells (CD19 and CD20) NK cells 

(CD56) and neutrophils (CD66b) (Figure 3.1). 

A rigorous gating strategy was implemented where T cells, B cells, NK cells and neutrophils were 

excluded and within the lineage (Lin)- population, HLA-DR+ cells were gated to identify 

monocytes (Figure 3.2). Monocytes form a continuum due to the nature of their CD14 and CD16 

expression and can be divided into three recognised subsets. Classical monocytes are classified 

as CD14+ CD16- cells, intermediate monocytes as CD14+ CD16+ and non-classical monocytes as 

CD14lo/- CD16+ cells.  Due to the nature of this continuum, box gating strategy was utilised to 

allow for strict identification of monocyte subsets rather than using quadrant gating where 

imprecision may occur. Of note, the CD14- CD16- subset contains circulating DC subsets which 

are discussed further in Section 3.3.  

Classical monocytes are often defined as CD16- within the literature, however as can be 

observed from Figure 3.2, it would be more accurate to define this dense population as          

CD16-/lo. 
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Figure 3.1 CD14 and CD16 expression on leukocyte subsets 

ACK lysed blood was stained with CD3, CD19, CD20, CD56 or CD66b and HLA-DR. Cells expressing 
these lineage markers were analysed for CD14 and CD16 expression. Representative of n=3 
individual experiments.  



 

 

 

Figure 3.2 Identification of human blood monocyte subsets  

PBMC were isolated and stained for flow cytometry analysis. Monocytes are found within the Lin (CD3, CD19, CD20, CD56, CD66b)- HLA-DR+ fraction of PBMC. 
Classical monocytes are identified as CD14+ CD16-/lo cells (black), intermediate monocytes as CD14+ CD16+ cells (grey) and non-classical monocytes as CD14lo/- CD16+ 
(red). CD14- CD16- cells harbour dendritic cell subsets. Haematoxylin and eosin stains for monocyte subsets are shown below (scale bar, 25µm).  Representative of 
n=15 healthy volunteers.
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Haematoxylin and eosin cytospin stains confirmed the mononuclear morphology of these cells 

with the typical kidney bean-shaped nucleus as historically ascribed to monocytes (Figure 3.2).  

3.2.2 Circulating monocyte count 

Within the literature, monocyte subsets have been identified using quadrant gating or box 

gating. The latter is a stricter strategy which allows for the exclusion of monocytes that prove 

difficult to classify. Previous studies in mice have demonstrated a developmental between 

monocyte subsets (Gamrekelashvili et al., 2016; Mildner et al., 2017; Sunderkötter et al., 2004; 

Varol et al., 2007; Yona et al., 2013). It was hypothesised that human monocytes are also 

developmentally related, a question this thesis will aim to address. As a result, box gating will 

be adopted throughout this thesis (unless stated otherwise) to ensure bona fide classical, 

intermediate and non-ŎƭŀǎǎƛŎŀƭ ƳƻƴƻŎȅǘŜǎ ŀǊŜ ŀƴŀƭȅǎŜŘ ŀƴŘ ƴƻǘ ǘƘŜ ǇƻǘŜƴǘƛŀƭƭȅ ΨǘǊŀƴǎƛǘƛƻƴƛƴƎΩ 

monocytes which lie in between (Figure 3.3a). Significant differences were found in neither the 

percentage nor absolute count of monocyte subsets between the two strategies (Figure 3.3b), 

suggesting either method can be used for enumeration of monocyte subsets under steady-state.  

Monocytes make up approximately 5% of CD45+ circulating leukocytes (Figure 3.3b). Of total 

monocytes, classical monocytes make up 86.0 (± 5.2) %, intermediate monocytes 5.5 (± 2.7) % 

and non-classical monocytes 8.4 (± 3.25) % (Figure 3.3b). Counting beads were used to 

enumerate the absolute count of monocyte subsets in blood. Classical monocytes are found at 

a concentration of approximately 195,000 (± 51,000) cells/ml blood. Whilst intermediate and 

non-classical monocytes are found at similar concentrations of 12,800 (± 7,500) cells/ml and 

20,700 (± 13,300) cells/ml blood, respectively. The total monocyte count falls within the clinical 

reference range of 0.2 ς 1.0 x106κƳƭ ōƭƻƻŘ ό¢ƘŜ 5ƻŎǘƻǊΩǎ [ŀōƻǊŀǘƻǊȅύΦ 
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Classical monocytes 

(ml/blood) 
Intermediate 

monocytes (ml/blood) 
Non-classical 

monocytes (ml/blood) 

Box Gating 195,000 ± 51,000 12,800 ± 7,500 20,700 ± 13,300 

Quadrant Gating 201,000 ± 55,400 19,200 ± 12,000 25,200 ± 16,200 

 

Figure 3.3 Proportion and count of monocyte subsets  

To investigate differences in strategies used to define monocyte subsets, a) monocytes were 

gated using box gating (left) or quadrant gating (right). b) Classical (black), intermediate (grey) 

and non-classical (red) monocytes were expressed as a percentage of total monocytes (left) and 

absolute count (right) enumerated by box and quadrant gating. No significant differences were 

observed between the type of gating strategy used. Average count/ml of blood and standard 

deviation (SD) are shown in the table below for each subset and gating strategy. Analysed by 

two-way ANOVA and Bonferroni multiple comparisons tests. Bars represent mean ± SD. n=8 

individual experiments.  
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3.2.3 Characterisation of human monocyte subsets 

3.2.3.1 Cell membrane marker expression 

In mice, Ly6C expression is used to define monocyte subsets, whilst in rats and pigs, CD43 and 

CD163 are used, respectively (Geissmann et al., 2003; Ziegler-Heitbrock, 2014). To examine 

whether human subsets resemble those in mice, markers known to be differentially expressed 

between mouse monocyte subsets were measured on human monocyte subsets and shown as 

histograms (Figure 3.4) which were quantified by calculating the gMFI (Figure 3.5). In addition 

to showing the expression on discrete monocyte subsets, viSNE analysis examined marker 

expression across the monocyte continuum (Figure 3.6). 

The chemokine receptors, CCR2 and CX3CR1 are often used in murine studies to further classify 

monocytes subsets (Geissmann et al., 2003). Like murine monocytes, classical monocytes 

expressed higher levels of CCR2 yet lower level of CX3CR1, whilst the converse was true for non-

classical monocytes (Figure 3.4, Figure 3.5, Figure 3.6). Additional markers measured were also 

differentially expressed between human monocyte subsets. Some markers (CD141, CD123) 

were observed to gradually increase from classical to intermediate to non-classical monocytes, 

whilst others progressively decreased in expression (CD64, CD62L, CD36). However, CD11b, 

CD1c, CD11c and HLA-DR expression did not follow the gradual trend and the highest expression 

was found on intermediate monocytes (Figure 3.5). 
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Figure 3.4 Qualitative surface membrane expression on circulating monocyte subsets 

Monocyte subsets were identified by flow cytometry as in Figure 3.2. CCR2, CD11b, CD64, 
CD141, CD1c, CD62L, SLAN, CD36, CD123, CD11c, and CX3CR1 expression was measured on 
classical (black), intermediate (grey) and non-classical (red) monocytes and shown as 
histograms. Isotype controls are shown in light grey. Representative of n=6 individuals.   
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Figure 3.5 Quantitative surface membrane expression on circulating monocyte subsets  

gMFI values of CCR2, CD11b, CD64, CD141, CD1c, CD62L, SLAN, CD36, CD123, CD11c, CX3CR1 
and HLA-DR expression on classical, intermediate and non-classical monocytes. Analysed by 
one-way ANOVA , followed by post-hoc Tukey multiple comparisons test. **** p < 0.0001, *** 
p < 0.001, ** p < 0.01, * p < 0.05. Bars represent mean ± SD. n=6-8  individual experiments. 
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Figure 3.6 viSNE analysis of membrane expression on monocytes 

Membrane surface marker expression was analysed on monocytes by viSNE analysis. Monocytes 

were identified as Lin- HLA-DR+ cells. Markers were analysed across the monocyte continuum 

defined by CD14 and CD16 and expression is shown as a heatmap. Representative of n=6 

individual experiments. 
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Interestingly, markers associated with DC identity such as CD11c, CD1c, CD141 and CD123 were 

also expressed on monocyte subsets. CD141, CD123 and CD11c were highly expressed on 

intermediate and non-classical monocytes in comparison to classical monocytes. Whereas, CD1c 

was more highly expressed on classical and intermediate monocytes. However, DC 

contamination was unlikely as DC are defined by their lack of CD14 and CD16 expression (Haniffa 

et al., 2012). 

viSNE analysis allowed changes to be observed along the monocyte continuum but also 

demonstrated differences in marker expression within each subset, that would normally be 

masked by a histogram representation. For example, whilst CD11c and CD11b histograms 

appear to have uniform peaks on classical monocytes (Figure 3.4), viSNE analysis showed 

gradual changes in expression within this subset (Figure 3.6). 

3.2.3.2 Non-classical monocyte heterogeneity  

Non-classical monocytes were shown to be heterogeneous in terms of SLAN and CD36 

expression (Figure 3.4). As previously documented (Cros et al., 2010; Schäkel et al., 2002), 

SLAN- and SLAN+ non-classical populations could be identified, where the SLAN+ population 

constitutes approximately 36.7 (± 13.43) % of non-classical monocytes (Figure 3.7).  
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Figure 3.7 Non-classical monocyte heterogeneity 

SLAN surface marker expression on classical (black), intermediate (grey) and non-classical (red) 
monocytes. Percentage of SLAN+ and SLAN- non-classical monocytes. n=8 individual 
experiments. * P < 0.05 (Paired t-test). 

 

Marker expression was analysed between SLAN+ and SLAN- populations, all markers appeared 

to have the same level of expression, except CD36. To assess this heterogeneity, non-classical 

monocytes were divided by SLAN and CD36. Interestingly, all four possible populations could be 

identified within non-classical monocytes: SLAN- CD36-, SLAN- CD36+, SLAN+ CD36- and SLAN+ 

CD36+ (Figure 3.8).  
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Figure 3.8 Characterisation of SLAN+ and SLAN- non-classical monocytes  

Membrane marker expression was analysed on SLAN+ and SLAN- non-classical monocytes. a) 
CCR2, CD11b, CD64, CD141, CD1c, CD62L, CD36, CD123, CD11c, CX3CR1, HLA-DR expression was 
measured on both non-classical monocyte subsets. b) Non-classical monocyte heterogeneity 
defined by SLAN and CD36 expression. Representative of n=5 individual experiments. 
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3.3 Characterisation of blood dendritic cell subsets 

3.3.1 Identification of blood dendritic cell subsets 

3.3.1.1 Initial gating strategy  

In humans, DC can be found within the circulation unlike in mice. These cells have their own 

distinct ontogeny from that of monocytes (Lee et al., 2015; Liu et al., 2009; Onai et al., 2007) 

and can be broadly classified into two groups: Plasmacytoid DC (pDC) and Conventional/Classical 

DC (cDC) which are further divided into cDC1 and cDC2. As mentioned in Section 3.2.1, Lin- HLA-

DR+ CD14- CD16- gate includes bona fide DC. pDC can be identified within this fraction as CD123+ 

CD11c- cells, whilst cDC are taken as CD123- CD11c+ cells which are further split into cDC1 and 

cDC2 as CD141+ CD1c- and CD141- CD1c+ cells, respectively (Figure 3.9). 

 

 

Figure 3.9 Identification of circulating human dendritic cells  

Isolated PBMC were analysed by flow cytometry to identify DC subsets. Dendritic cells are 
defined as Lin- HLA-DR+ CD14- CD16- cells. Plasmacytoid DC (pDC) are identified as CD123+ CD11c- 

(orange), conventional DC (cDC) as CD123- CD11c+ which can be further subdivided into cDC1 
and cDC2 as CD141+ CD1c- cells (red) and CD141lo/- CD1c+ cells (blue), respectively. 
Representative of n=10.  
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3.3.1.2 Revised gating strategies 

Until recently, human circulating DC have been identified as described in Figure 3.9. During the 

course of this study, it has since been demonstrated by single cell RNA sequencing analysis that 

further heterogeneity exists within DC subsets (See et al., 2017; Villani et al., 2017), where up to 

seven DC subsets have been described. 

Both strategies will be discussed individually before compared with one another to form a 

unified DC gating strategy.  

Using the same markers and gating strategy defined by Villani et al., the 7 DC populations 

described within human blood were reproduced (Figure 3.10a). cDC1 were still identified using 

CD141, cDC2 by CD1c but could now be divided into a CD1chi and CD1clo subset and pDC were 

recognised by CD123 expression. Two novel DC subsets were identified: an AXL+ Siglec6+ (AS+ DC) 

population and CD100+ CD34int DC progenitors. The AS+ DC were further divided into a CD123+ 

CD11c- subset and a CD123- CD11c+ subset. The 7th DC subset was described as CD1c- 

CD141- CD11c- yet CD16+, however, it has since been demonstrated that this DC subset overlaps 

with non-classical monocytes (Calzetti et al., 2018; Günther et al., 2019) and is no longer 

considered a DC. 

See and colleagues, also identified heterogeneity within the CD123+ DC fraction, namely a 

CD123+ CX3CR1+ CD2+ ǇƻǇǳƭŀǘƛƻƴ ǘŜǊƳŜŘ ΨǇǊŜ-5/Ω ŀƴŘ ŀ /5мно+ CX3CR1- CD2+/lo pDC population 

(Figure 3.10b).  
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Figure 3.10 Villani et al., and See et al., proposed DC strategy 

The DC strategies described by Villani et al., and See et al., were replicated. DC were identified 
as Lin (CD3, CD19, CD20, CD56, CD66b, CD16)- CD14- HLA-DR+ cells. a) Villani et al., gating 
strategy identified cDC1 (red), Siglec6+ AXL+ DC (purple), pDC (orange), CD1chi cDC2 (dark blue), 
CD1clo cDC2 (light blue) and CD100+CD34int DC progenitors (green). b) See et al., gating method 
identified cDC1 (red), cDC2 (blue), pre-DC (purple) and pDC (orange). Representative n=5 
individual experiments. 

 

3.3.2 Comparison of revised gating strategies   

With the aim to design a unified DC gating strategy for further studies, both strategies were 

compared for similarities and differences. The two strategies identified cDC1, cDC2 and pDC, 

although different markers and gating strategies were applied. In addition, similarities may exist 

in the newly described populations as the CD123+ CX3CR1+ CD2+  pre-DC subset also expresses 

Siglec6 and AXL (See et al., 2017), which are markers used by Villani and colleagues to identify 

AS+ DC. A unified panel comprising of markers from both strategies was developed and marker 

expression was analysed for discrepancies between the subsets described (Figure 3.11). 

3.3.2.1 pDC comparison 

The original CD123+ pDC population described in Figure 3.9, has now been demonstrated to 

harbour multiple populations; pDC, pre-DC, and CD123+ AS+ DC. When comparing the revised 

bona fide pDC population defined by both strategies, a HLA-DRlo CD45RA- CD33+ contaminant 

was observed in the Villani et al., method (Figure 3.11). This population was not described by 

either group, however, based on the markers expressed, these cells are likely to be basophils as 

confirmed by the expression of CD203c. 

3.3.2.2 cDC2 comparison 

Comparison of the cDC2 subset revealed an AXL+ subset using the See et al., strategy. This can 

be explained by the fact that Villani et al., gate out AXL+ cells prior to gating cDC2, where the 

AXL+ cDC2 cells can be found. See and colleagues regard the AXL+ cDC2 population as committed 

pre-cDC2 (See et al., 2017). 
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3.3.2.3 cDC1 comparison 

cDC1 were shown to harbour a CD123+ CD45RA+ CD2+ AXL+ population according to Villani et al., 

(Figure 3.11).  As these cells are gated prior to AS+ DC (Figure 3.10a), this explains the expression 

of AXL within this population. Interestingly this population expresses markers that would be 

considered a pre-DC by See et al.,. Furthermore, the lack of CLEC9a expression on these cells, 

confirms these cells are not cDC1. 

3.3.2.4 AXL+ Siglec6+ DC comparison  

Finally, both studies described a new subset that expressed AXL and Siglec6. Villani et al., take 

all AXL+ Siglec6+ cells and divide them further into a CD123+ CD11c- and a CD123- CD11c+ 

population (Figure 3.10a). The CD123+ AS+ DC subset mirror the See et al., CD123+ pre-DC 

population (Figure 3.11). The remaining CD11c+ AS+ cells are found in See et al., cDC2 fraction as 

mentioned above (Section 3.3.2.2). 

 



 

 

 

Figure 3.11 Comparison of See et al., and Villani et al., DC subsets  

pDC, cDC2, cDC1, pre-DC and AS+ DC from See et al., (blue) and Villani et al., (red) were compared for differences in expression of HLA-DR, CD141, CD11c, CD123, 
CD33, CD45RA, CX3CR1, CD2, AXL and CD1c. CD203c expression was measured on pDC population to identify the CD45RA- population and CLEC9a expression on 
cDC1 to identify the CD123+ population.  Representative of n=4 individual experiments.



  Chapter 3 ς Monocyte and DC Characterisation 

102 
 

3.3.3 Refined DC gating strategy  

3.3.3.1 Redefining pre-DC 

Pre-DC have been documented to express CX3CR1 (See et al., 2017). However, CX3CR1lo/- cells 

were observed within the pre-DC gate (Figure 3.10b). These cells are reminiscent of pDC which 

may have contaminated the pre-DC population as CD33 does not discriminate well between 

these two populations. Therefore, further characterisation was necessary of the CD33int CD2+ 

CX3CR1- population to correctly identify these cells.  

Pre-DC also express AXL (See et al., 2017), therefore CD33int CD123+  CD45RA+ cells were gated 

by AXL or CX3CR1 against CD2 (Figure 3.12). 41.5% of the CD33int CD123+ CD45RA+ CD2+ 

population were CX3CR1+ and 74.0% were AXL+. All CX3CR1+ cells were also AXL+ (98.8%), 

however not all AXL+ were CX3CR1+ (48.6%). While CX3CR1 and AXL expression are reported to 

define pre-DC (See et al., 2017), these data demonstrate otherwise.  

 

Figure 3.12 AXL and CX3CR1 expression on pre-DC 

To assess whether AXL and CX3CR1 can both identify pre-DC, CD33int CD123+ CD45RA+ cells were 
gated on CD2 and CX3CR1 (top left) or AXL (top right) expression. CD2+ CX3CR1+ cells were 
analysed for AXL expression (bottom left) and CD2+ AXL+ cells were analysed for CX3CR1 
expression (bottom right). Representative of n=3 individual experiments.  
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Figure 3.13 Pre-DC optimisation 

It was investigated whether CD2+ CX3CR1lo cells are pre-DC or pDC. Within the Lin- HLA-DR+ CD14- 
CD16- CD34- CD123+ fraction of PBMC, CD45RA+ CD123+ cells were divided into CD2- CX3CR1- 

AXL- (orange), CD2+ CX3CR1- AXL- (grey), CD2+ CX3CR1- AXL+ (blue) and CD2+ CX3CR1+ AXL+ (purple) 
populations. CD33, CD303, Siglec6 and CD5 expression was measured on each population. 
Representative of n=3 individual experiments.  

As CD33 poorly discriminates between pre-DC and pDC, all CD45RA+ CD123+ cells were analysed 

regardless of CD33 expression (Figure 3.13). Cell were divided into CD2+ and CD2- fraction. CD2+ 

cells were further divided using CX3CR1 and AXL into CD2+ CX3CR1+ AXL+ (which can be regarded 

as bona fide pre-DC), CD2+ CX3CR1- AXL- (pDC) and CD2+ CX3CR1- AXL+ cells. Of note, CD2- CX3CR1- 

AXL- population are the remaining pDC.  

CD33, CD303, Siglec6 and CD5 are differentially expressed between pre-DC and pDC (See et al., 

2017) and were measured on these four populations to help define them. The CD2+ CX3CR1- AXL+ 

(blue) displayed similar marker expression profiles to bona fide pre-DC (purple). As expected, 

the CD2+ CX3CR1- AXL- (grey) pDC mirrored their CD2- counterparts (orange).  
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In summary, the CX3CR1lo/- cells can be regarded as pre-DC and AXL expression serves as a better 

discriminator of pre-DC than CX3CR1.  

3.3.3.2 CD34+ progenitors  

See et al., exclude CD34+ cells (Figure 3.10b) which harbour the CD100+ CD34int progenitors 

identified by Villani et al.,. CD34+ progenitors are regarded as multipotent stem cells that may 

have the ability to differentiate into several types of leukocytes. While Villani et al., demonstrate 

the CD100+CD34int cells have the potential to give rise to cDC1 and cDC2, it was not shown 

whether these cells have the potential to give rise to other lineages. Furthermore, common DC 

markers, FLT3 and granulocyte-macrophage colony-stimulating factor are expressed on all DC 

subsets, including pre-DC, except CD100+CD34int progenitors (See et al., 2017; Villani et al., 

2017), suggesting these cells have a more primitive phenotype. As a result, these cells require 

further characterisation to be correctly defined as restricted DC progenitors and are not 

analysed further in this thesis. 

The CD34+ cells gated by See et al., do not express DC markers (CD123, CD11c, CD141, CD1c and 

AXL) (Figure 3.14). As a result, it was unnecessary to stain for CD34 as these cells would not fall 

into DC gates.  

 

Figure 3.14 Surface membrane protein expression on CD34+ cells 

Lin- HLA-DR+ CD14- CD16- CD34+ cells were analysed for expression of DC markers. CD123, CD11c, 
CD141, CD1c and AXL expression was assessed on this population. Representative of n=3 
individual experiments.  
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3.3.3.3 Proposed DC gating strategy 

A new gating strategy for defining DC was designed taking into consideration the two proposed 

strategies (Figure 3.15). Given the heterogeneity observed in pDC and cDC1 gated by Villani et 

al., (Figure 3.11), these subsets were gated using the See et al., strategy. cDC2 were also initially 

gated as in See et al., however, this subset was divided into an AXL+ and AXL- cDC2 subset, the 

AXL- subset was further divided into a CD1chi and CD1clo subset. Finally, as AXL resulted in better 

discrimination of pre-DC than CX3CR1, this marker was used alongside CD2 to identify pre-DC 

from pDC. Figure 3.13 also demonstrates CD33 as a redundant marker for distinguishing pre-DC 

from pDC and was omitted from the final strategy (Figure 3.15). 

 

 

Figure 3.15 Unified DC gating strategy 

DC were identified within PBMC as Lin (CD3, CD19, CD20, CD56, CD66b, CD16)- CD14- HLA-DR+. 
pDC (orange) and pre-DC (purple) were identified using AXL and CD2 within the CD123+ CD45RA+ 
population. CD123- CD11c+ cDC population were further subdivided in CD141+ CD1c- cDC1 (red), 
CD141- CD1c+ AXL+ cDC2 (green), CD141- CD1clo AXL- cDC2 (light blue) and CD141- CD1chi AXL- cDC2 

(dark blue). Representative of n=5 individual experiments. 
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Haematoxylin and eosin staining showed that all subsets had indented nuclei like that of 

monocytes, except pDC which exhibited a more rounded nucleus. After dividing CD123+ cells 

into pre-DC and pDC, the distinct morphology of pre-DC could be appreciated (Figure 3.16), 

which would have otherwise been masked by the abundant pDC population. 

 

Figure 3.16 DC morphology 

H&E staining of human DC subsets. AXL+ cDC2, AXL- cDC2, cDC1, pDC and pre-DC were sorted by 
FACS from PBMC and stained with H&E. (Scale bar, 25µm). Representative n=3 individual 
experiments. 

 

3.3.4 Circulating DC Count  

After establishing a finalised strategy to identify DC subsets, the abundance of these cells were 

enumerated in blood. In relation to monocytes, total DC are found at lower concentrations in 

blood, at approximately 1.7 x104/ml of blood (Figure 3.17). pDC and AXL- cDC2 subsets are the 

most abundant, followed by cDC1, AXL+ cDC2 and finally pre-DC which were found at 

approximately 300 cells/ml of blood. 
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Mean count 
(ml/blood) 

6659 332 648 380 5708 3504 

SD 3892 145 309 337 2687 2104 

 

Figure 3.17 Circulating DC count 

Circulating human DC subsets and live CD45+ cells were enumerated in healthy individuals by 
flow cytometry. pDC (orange), pre-DC (purple), cDC1 (red), AXL+ cDC2 (green), AXL- CD1chi cDC2 
(dark blue) and AXL- CD1clo cDC2 (light blue) counts were numerated per ml blood. Table shows 
the mean count and SD for each DC subset. Bars represent mean ± SD. n=8 individual 
experiments.  

 

3.3.5 Protein marker expression on human dendritic cell subsets 

Next, these newly defined DC subsets were characterised in terms of marker expression (Figure 

3.18). Typical DC markers were examined on the six DC subsets. CD80 was absent on all subsets, 

whereas CD86 was expressed on all DC subsets except pre-DC. Although CD34+ cells were 

excluded, pre-DC expressed the highest level of CD34, in line with their role as precursors to 

cDC1 and cDC2. IRF8 was highly expressed in cDC1, pre-DC and pDC whereas IRF4 was solely 

expressed in cDC2, pre-DC and pDC. CD303 was solely expressed on pDC, similarly, CLEC9a was 

only found on cDC1. 
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Figure 3.18 Human DC protein expression 

DC subsets were defined by flow cytometry (Figure 3.15). Surface membrane and intracellular 
protein expression was measured on cDC1 (red), AXL- CD1chi cDC2 (dark blue), AXL- CD1clo cDC2 
(light blue), AXL+ cDC2 (green), pre-DC (purple) and pDC (orange). Isotype controls are shown in 
grey. Representative of n=6 individual experiments. 

 

CD33 was highly expressed on all DC subsets except pDC (Figure 3.18). As this marker has been 

identified as a myeloid marker (Andrews et al., 1983), CD33 expression was also analysed on 

lymphocytes (T cell, B cells and NK cells) and monocyte subsets (Figure 3.19). Whilst CD33 was 

highly expressed on monocyte subsets, cDC1, cDC2 and pre-DC, almost no expression was 

observed on pDC and lymphocytes. 

 

Figure 3.19 CD33 expression 

CD33 expression was analysed on pDC (orange), lymphocytes (gated as Lin+) (green) and 

monocyte subsets (black, blue and red). Isotype controls are shown in grey. Representative of 

n=3 individual experiments. 
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3.4 Discussion  

3.4.1 Monocyte subset gating strategy 

In 2010, the Nomenclature Committee of the International Union of Immunological Societies 

approved the classification of three monocyte and three DC subsets (Ziegler-Heitbrock et al., 

2010).  Within the literature, monocytes have been identified by flow cytometry in various ways, 

either by FSC and SSC alone, or in conjunction with CD14 and CD16, or after the exclusion of 

other major cell types. Though CD14 is thought to exclusively define monocytes, here it was 

shown that CD14 and CD16 were expressed on other major leukocyte subsets. As a result, it was 

important to exclude these cells which could contaminate monocyte populations. In addition to 

excluding these cell lineages, further exclusion of non-mononuclear phagocytes was achieved 

by gating on HLA-DR+ cells. Additional gating strategies for identification of human monocyte 

subsets have since been proposed (Abeles et al., 2012; Ong et al., 2019; Thomas et al., 2017), 

and closely resemble that in Figure 3.2. 

Monocyte subsets are not distinct populations, rather they consist of a group of cells with 

varying CD14 and CD16 expression. Within the literature classical monocytes are defined as 

CD16-, however, these data demonstrate classical monocytes express minimal amounts CD16 in 

relation to the DC gate, which can be regarded as CD16-.  

In mice, classical monocytes give rise to non-classical monocytes (Sunderkötter et al., 2004; 

Varol et al., 2007; Yona et al., 2013). With the hypothesis in mind that the human monocyte 

continuum represents a developmental transition, the use of box gating allows for analysis of 

ΨƳŀǘǳǊŜΩ ƳƻƴƻŎȅǘŜ ǎǳōǎŜǘǎ ŀƴŘ ŜȄŎƭǳŘŜǎ ǘǊŀƴǎƛǘƛƻƴƛƴƎ ƳƻƴƻŎȅǘŜǎ ƻŦ ƳƛȄŜŘ ǇƘŜƴƻǘȅǇŜǎΦ  

At the time of performing these experiments, the cells that lie between classical monocytes and 

DC (CD14int CD16-) have not previously been studied and were not defined as classical monocytes 

or DC. However, recently it has been suggested these cells may represent a novel CD14+ cDC2 

population (Dutertre et al., 2019), which are further examined in Chapter 5. 
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As shown by other studies (Passlick et al., 1989; Wong et al., 2011), classical monocytes are the 

most abundant circulating mononuclear phagocyte, making up approximately 86% of total 

monocytes, with the remainder made up by intermediate and non-classical monocytes. Reasons 

for the differences in monocyte composition are unclear but may reflect the function/fate of 

these cells. In mice, Ly6Chi classical monocytes repopulate tissue mononuclear phagocyte 

compartments under steady-state where embryonic macrophages do not persist (Bain et al., 

2014; Mossadegh-Keller et al., 2017; Tamoutounour et al., 2013; Zigmond et al., 2012). In 

humans, it is also possible a large demand for classical monocytes is required to repopulate 

tissue mononuclear phagocytes, as has been documented for the dermis (McGovern et al., 

2014). 

In addition to varying CD14 and CD16 expression, additional surface markers are differentially 

expressed amongst monocyte subsets. Concordant with previous studies (Ingersoll et al., 2010; 

Wong et al., 2011), CD62L, CD11c, CD36 and CD64 expression on human monocytes were 

comparable to profiles seen in mouse monocyte subsets. CCR2 and CX3CR1 expression on human 

monocyte subsets also mirrored observations in mice (Geissmann et al., 2003; Ingersoll et al., 

2010). CCR2 was highly expressed on classical monocytes and in mice is necessary for bone 

marrow egression. It is likely similar mechanisms exist in humans, as CCR2 antagonism resulted 

in a decrease in peripheral monocyte counts in patients with rheumatoid arthritis (Vergunst et 

al., 2008). Although unpublished, the authors also mention similar observations were previously 

seen in healthy volunteers. Meanwhile, CX3CR1 has been implicated in non-classical monocyte 

retention to the endothelium (Auffray et al., 2007; Carlin et al., 2013; Collison et al., 2015) and 

survival of monocytes, as supplementation of CX3CL1 was enough to rescue induced cell death 

(Landsman et al., 2009). In humans, both classical and non-classical monocytes exhibit 

endothelium crawling in vitro, however, antagonism of CX3CR1 only reduced this behaviour in 

non-classical monocytes (Collison et al., 2015).  
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SLAN expression on non-classical monocytes was in agreement with previous work (Cros et al., 

2010; Hofer et al., 2015). Functional differences have been reported between SLAN+ and 

SLAN- subsets, such as the differences in their ability to efferocytose (removal of dying/dead 

cells) (Hamers et al., 2019), pro-inflammatory cytokine production in both human 

immunodeficiency virus (HIV) infected patients (Dutertre et al., 2012) and psoriasis patients 

(Hänsel et al., 2011). The frequency of SLAN+ monocytes also correlates with coronary artery 

disease severity, where it was suggested these cells are induced to play an atheroprotective role 

to restore vascular homeostasis (Hamers et al., 2019). These studies imply the distinct role of 

these subpopulations can be appreciated during inflammation. Here, CD36 was also variably 

expressed within non-classical monocytes which at the time of performing these experiments 

had not been previously documented. Alongside SLAN expression, it was shown that non-

classical monocytes can be further subdivided into four further subsets (Figure 3.8). Recently, 

Hamers et al., has demonstrated that 3 non-classical monocytes could be identified by mass 

cytometry; SLAN-, CD36+ SLAN+, CD36- SLAN+ monocytes (Hamers et al., 2019), however, 

heterogeneity was not observed within the SLAN- population. Whilst Hamers and colleagues 

implicated a role of SLAN+ monocytes in coronary artery disease, CD36 has also been 

demonstrated as a requirement for non-classical monocyte patrolling in early atherogenesis in 

mice (Marcovecchio et al., 2017). Therefore, it is possible that the SLAN+ CD36+ non-classical 

subset is specifically implicated in this setting. Whilst various non-classical monocytes 

phenotypes are apparent, it is unclear whether this represents the plastic nature of non-classical 

monocytes or whether these subsets are autonomous populations and are developmentally 

related.  

Hamers and colleagues also demonstrated that 4 subsets of classical monocytes could be 

identified as CD93hi, CD93lo, CD9+ and IgE+ classical monocytes (Hamers et al., 2019). With the 

markers analysed here, heterogeneity was not observed within classical monocytes from the 

histogram data. Although from the viSNE plots, marker expression was observed to change at 
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different positions along the monocyte continuum. Therefore, depending on where the CD14 

and CD16 gates are drawn to divide the subsets, markers might change expression at different 

stages. It could be questioned from these data whether CD14 and CD16 are the best markers to 

define monocyte subsets.  

Whilst mass cytometry has identified multiple monocyte subsets (Hamers et al., 2019), single-

cell RNA sequencing has revealed heterogeneity only within intermediate monocytes (Villani et 

al., 2017). One subset was described by genes related to cell cycle, differentiation and 

trafficking, whereas the other expressed a cytotoxic gene signature. Additional studies have now 

demonstrated that the latter subset are CD56dim NK cells and consequently, only three monocyte 

subsets were identified in these studies (Dutertre et al., 2019; Günther et al., 2019).  

Though further heterogeneity has been recently described within the three major monocyte 

subsets, further studies are needed to form a unified consensus on monocyte subsets and 

explore the importance of this heterogeneity. These studies are beyond the scope of this thesis 

and monocytes were studied as classical, intermediate and non-classical subsets in this thesis. 

3.4.2 Dendritic cell gating strategy 

Three human DC populations have been recognised within the literature (Haniffa et al., 2012; 

McGovern et al., 2014; Ziegler-Heitbrock et al., 2010); CD123+ pDC, CD141+ cDC1 and CD1c+ 

cDC2. With advances in technology, single cell RNA sequencing has resulted in further 

diversification of DC, with at least seven DC described (See et al., 2017; Villani et al., 2017). 

However, overlap occurs between the two strategies and there is evidence to suggest that some 

populations described might not be bona fide DC (Calzetti et al., 2018). Here, it was proposed 

only six DC subsets are apparent. In summary, cDC1 classification remains unchanged, whereas 

heterogeneity exists with the pDC and cDC2 (Figure 3.20).  
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Figure 3.20 DC Subset summary 

The relationship of novel DC subsets in comparison to the original classification. cDC2 harbour 

three populations (AXL+, AXL- CD1chi, AXL- CD1clo) and original pDC contain pre-DC and bona fide 

pDC. 

 

Prior to single-cell sequencing data, pDC were regarded as CD123+, however it is now clear this 

population harbours bona fide CD123+ CD2-/lo AXL- pDC and CD123+ CD2+ AXL+ pre-DC (Figure 

3.20). It should be mentioned, heterogeneity has previously been described within in pDC, 

where CD2hi CD5+ pDC have been described to stimulate T cell proliferation unlike their CD2hi 

CD5- counterparts (Matsui et al., 2009; Zhang et al., 2017), it is likely the CD2hi CD5+ cells 

resemble AXL+ pre-DC described here. Circulating human pre-cDC have previously been 

described (Breton et al., 2015). See et al., demonstrate the pre-cDC described by Breton and 

colleagues only make up a fraction of the pre-DC described here, due differences in the gating 

strategy implemented (See et al., 2017).  

It was also demonstrated here, that CX3CR1 does not provide as a useful marker to identify pre-

DC, as CX3CR1lo/- pre-DC exist. However, AXL expression was demonstrated to successfully 
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identify pre-DC amongst the CD123+ fraction. Although the CX3CR1lo/- pre-DC had a similar 

expression profile to CX3CR1+ pre-DC, it remains to be investigated whether the difference in 

CX3CR1 expression is of functional importance between the two subsets. 

CD123+ Siglec6+ AXL+ pre-DC can mature into both cDC1 and cDC2 (See et al., 2017), although 

others have demonstrated pre-DC give rise solely to cDC2 (Cytlak et al., 2019; Villani et al., 2017), 

reasons for these discrepancies are not clear but nevertheless pre-DC are described as upstream 

progenitors to cDC.  

cDC2 are composed of an AXL+, AXL- CD1chi and AXL- CD1clo subset (Figure 3.20). In terms of the 

markers analysed here, the AXL+ cDC2 subset resembles other cDC2 subsets and are less related 

to pre-DC, deǎǇƛǘŜ !·[ ŜȄǇǊŜǎǎƛƻƴΦ Lǘ ǇǊƻǇƻǎŜŘ ǘƘŀǘ ǘƘƛǎ ǎǳōǎŜǘ ƛǎ ŀ ΨƭŀǘŜΩ ǇǊŜ-DC which is 

restricted to cDC2 development (See et al., 2017; Villani et al., 2017), therefore termed pre-

cDC2. The CD1chi and CD1clo populations are described as non-inflammatory and inflammatory 

cDC2, respectively (Villani et al., 2017). The inflammatory CD1clo cDC2 subset expressed higher 

CD14 in comparison to its non-inflammatory counterpart, suggestive of a monocyte phenotype. 

More recent studies have confirmed these cells should be classed as CD14+ CD1c+ cDC2 and not 

monocytes (Dutertre et al., 2019). These cells are examined further in Chapter 5.  

CD33 expression is recognised as a marker of myeloid lineage (Andrews et al., 1983). As 

expected, expression was observed on monocytes, pre-DC and cDC subsets but was absent on 

lymphocytes. However, CD33 was also absent on pDC. In addition, the morphology of pDC 

resembled plasma B cells. These observations are in line with recent studies that have 

demonstrated pDC are lymphoid derived (Dress et al., 2019; Onai et al., 2013; Rodrigues et al., 

2018), nevertheless these cells are currently viewed as a DC. 

Having established a method to identify human monocyte and DC subsets, these strategies were 

implemented in the studies mentioned in this thesis (unless stated otherwise).
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4.1 Introduction and Aims 

4.1.1 Introduction 

Examining the function of mononuclear phagocytes is key to understanding their role in 

homeostasis and pathophysiology. It is equally as imperative to understand the homeostatic 

maintenance of these cells throughout life and how this may go awry in disease. In patients with 

chronic inflammation such as sepsis, rheumatoid arthritis and systemic lupus erythematosus 

(SLE), changes in the frequency and absolute number of monocyte and DC subsets have been 

reported (Cooper et al., 2012; Grimaldi et al., 2011; Guisset et al., 2007; Mukherjee et al., 2015; 

Poehlmann et al., 2009; Riccardi et al., 2011). This in turn questions the circulating kinetics of 

these cells under inflammatory conditions. However, it is first necessary to examine the turnover 

of mononuclear phagocyte subsets under steady physiological conditions.   

Studies in mice have shown the appearance of classical monocytes in the circulation prior to 

non-classical monocytes as they are precursors to these cells (Liu et al., 2019; Mildner et al., 

2017; Varol et al., 2007; Yona et al., 2013). The half-life of murine classical and non-classical 

monocytes has been approximated at 20 hours and 2.2 days, respectively (Yona et al., 2013). 

Early studies in humans have reported a circulating monocyte half-life of approximately 2 days 

(Mohri et al., 2001), or similarly a lifespan of 4.25 days (Whitelaw, 1972). Although, turnover 

rates for each individual monocyte subset have not yet been examined. 

Murine homologues of human blood cDC and pDC subsets have been described (Donnenberg et 

al., нллмΤ hΩYŜŜŦŦŜ et al., 2003), yet are often overlooked due to their low abundance. 

Consequently, the circulating kinetics of these subsets have not been described. Nevertheless, 

adoptive transfer experiments in mice have demonstrated circulating DC were cleared within 

one hour (Liu et al., 2007), suggestive of a high turnover rate. A thorough search of the literature 

yielded a single study which has examined circulating DC kinetics, performed in macaques 
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(Sugimoto et al., 2015). The kinetics of circulating human DC populations under steady-state 

have not been explored.  

4.1.2 Aims 

Examine the kinetic profiles of circulating mononuclear phagocytes using stable isotope labelling 

under steady physiological conditions and propose a likely biological scenario. 

4.2 Human Monocyte Subset Kinetics 

4.2.1 Kinetic profiles of monocyte subsets 

Non-toxic in vivo labelling in humans has been achieved by the use of deuterated water or 

glucose (Macallan et al., 2009, 1998). Consequently, this has been applied in humans to study 

the turnover of T cells (Macallan et al., 2003), B cells (Macallan et al., 2005), NK cells (Zhang et 

al., 2007) and neutrophils (Lahoz-Beneytez et al., 2016). In collaboration with Prof. Derek 

aŀŎŀƭƭŀƴ ŀƴŘ 5ǊΦ ¸ŀƴ ½ƘŀƴƎΣ ŀǘ {ǘΦ DŜƻǊƎŜΩǎ IƻǎǇƛǘŀƭ ƛƴ [ƻƴŘƻƴΣ ŘŜǳǘŜǊƛǳƳ ƎƭǳŎƻǎŜ ƭŀōŜƭƭƛƴƎ ǿŀǎ 

implemented to examine the circulating kinetic profiles of human classical, intermediate and 

non-classical monocytes. 

Volunteers orally consumed deuterated glucose over a 3-hour period, as described in Section 

2.8, plasma enrichment was measured before, during and after this period (Figure 4.1). 

Deuterated glucose rapidly appeared in the plasma, plateaued until the end of dosing and 

sharply declined thereafter, returning to baseline approximately 6 hours following the initial 

dose. After this time point, negligible amounts of deuterated glucose were detected in the 

circulation. 
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Figure 4.1 Plasma enrichment of deuterated glucose  

Deuterated glucose was measured in blood samples before, during and after an oral intake of 
20g of deuterated glucose over 3 hours. n=4 individual experiments.  

Following the oral intake of deuterated glucose, blood samples were taken at specific time 

points over a period of 30 days. Classical, intermediate and non-classical monocyte subsets were 

isolated by FACS at these time points. Purities of each subset were examined after cell sorting 

for each population at each time point (Figure 4.2). 

 

Figure 4.2 FACS sorted monocyte purity 

Monocyte subsets were identified as Lin-
 HLA-DR+ cells within PBMC and FACS sorted into 

classical (black), intermediate (grey) and non-classical (red) monocytes. Purities for each subset 
are expressed as a percentage of total sorted cells. Representative of n=4 individual experiments 
at all time points.   
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DNA was isolated from monocyte subsets and analysed for deuterium enrichment by gas 

chromatography mass spectroscopy (GC/MS) in collaboration with Dr. Yan Zhang. The kinetic 

profiles of classical, intermediate and non-classical monocytes are shown in Figure 4.3. At Day 1 

post-labelling, deuterium was not detected in the three subsets. Classical monocytes presented 

with label first on day 2 and peaked at day 3, intermediate monocytes peaked after at day 7 

followed by non-classical monocytes which peaked at day 10 (Figure 4.3). The label appeared in 

a sequential fashion, where the decline in label in classical monocytes coincided with an increase 

in labelling in intermediate monocytes and similarly between intermediate and non-classical 

monocytes. 
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Figure 4.3 Circulating kinetic profiles of human monocyte subsets 

Following oral administration of deuterated glucose, deuterium enrichment was measured in 

the DNA of classical, intermediate and non-classical monocytes over a period of 30 days by 

GC/MS. All subsets are shown overlaid (top graph) and individually with eacƘ ǎǳōƧŜŎǘΩǎ ŎǳǊǾŜǎ 

(bottom three graphs). Bars represent mean ± SD. n=4 individual experiments. 
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4.2.2 Cell cycle profile of circulating monocytes 

The observation that deuterium enrichment was absent at day 1 post labelling (Figure 4.3), 

suggests that circulating monocytes do not proliferate. If monocytes did exhibit proliferative 

potential in the blood, they would be expected to incorporate plasma deuterium during the 

labelling phase into their DNA and therefore present with label at day 1.  

To confirm the non-proliferative behaviour of human monocytes, Ki67 and DAPI expression was 

assessed in each monocyte subsets (Figure 4.4). All subsets were Ki67- DAPIlo, indicating 

circulating monocytes are in G0 of the cell cycle, whereas Lineage+
 cells, were found in G1 (Ki67+

 

DAPIlo), S, G2 and M phase (Ki67+ DAPIhi) (Figure 4.4a). 
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Figure 4.4 Cell cycle status of circulating monocyte subsets 

Cell cycle status of classical, intermediate and non-classical monocytes was analysed by flow 

cytometry. a) Monocyte subsets and Lin+ cells were identified by flow cytometry where Ki67 and 

DAPI expression was analysed on these cells. KI67- DAPIlow = G0, KI67+ DAPIlow = G1, KI67+ DAPIint/hi 

= S/G2/M phase. b) The percentage of each monocyte subset in each gate was quantified. Bar 

represent mean ± SD. n=4 independent experiments.  

 

4.2.3 Modelling human monocyte kinetics 

4.2.3.1 Potential Models 

Multiple models can be designed around the sequential kinetic profile of monocyte subsets 

(Figure 4.5). Studies in splenectomised and X-irradiated mice where only part of the bone 

marrow was shielded did not affect the labelling kinetics of monocytes in mice, suggesting 

monocytes are of bone marrow origin (van Furth and Cohn, 1968).  
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It is possible all three subsets are present in the bone marrow however differences lie in the 

egression kinetics (Figure 4.5a) or maturation stages/periods (Figure 4.5b), hence a lag was 

observed between the subsets in the circulation. Alternatively, a developmental relationship 

may exist where circulating classical monocytes mature into non-classical monocytes similar to 

mice (Figure 4.5c). 

 

Figure 4.5 Possible biological scenarios behind human monocyte kinetics  

Based on the kinetic profiles of monocyte subsets, several possible biological scenarios can be 
drawn. a) Differences in egression kinetics or b) maturation stages/periods may explain the 
different time points at which monocyte subsets are seen in the circulation. c) Alternatively, a 
developmental relationship where classical monocytes mature into intermediate then non-
classical monocytes may result in the sequential kinetic appearance. 
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4.2.3.2 Bone Marrow Monocyte Subsets 

At least three potential models could explain the kinetic profiles of monocyte subsets. To find 

the most likely scenario, the composition of monocyte subsets within human bone marrow was 

examined. In collaboration with Dr. Venetia Bigley at Newcastle University, fresh bone marrow 

biopsies were analysed by flow cytometry. Monocyte subsets were identified as single, live, Lin- 

HLA-DR+ cells (Figure 4.6). As expected all three populations were identified within PBMC (Figure 

4.6b). Whereas bone marrow biopsies only contained CD14+ CD16- monocytes resembling 

classical monocytes (Figure 4.6a).  

 

 

Figure 4.6 Human bone marrow monocyte composition 

Human bone marrow biopsies and autologous PBMC were analysed by flow cytometry to 
identify monocyte subsets. a) Gating strategy implemented to identify bone marrow monocyte 
subsets. Classical monocytes are shown in blue. b) same gating strategy analysed in autologous 
PBMC. Representative of n=5 individual experiments. 
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4.2.3.3 Proposed Model 

In light of the bone marrow data (Figure 4.6), scenarios where all three subsets were proposed 

to be present in the bone marrow, were disregarded. Consequently, only one likely model 

remained where classical monocytes mature into non-classical monocytes via an intermediate 

phenotype (Figure 4.5c). Full details of the model are described in Section 2.9.  

The labelling observed within the three monocyte subsets is due to a dynamic system where 

cells are continuously entering and leaving cellular compartments. Due to this complexity, 

mathematical modelling was implemented to estimate the lifespan of human monocytes in 

collaboration with Dr. Becca Asquith and Dr. Lies Boelen at Imperial College London.  

In addition to the lifespan of these cells, additional parameters were estimated such as the delay 

periods and the percentage of monocytes transitioning. The kinetic graphs for each subject were 

modelled individually and individual estimates were numerated (Table 4.1). The model proposes 

precursors proliferate at an average rate of 42% per day but after the last proliferation, classical 

monocytes are retained within the bone marrow for approximately 1.6 days which then enter 

the blood and circulate for 1.01 days (Figure 4.7 and Table 4.1). 1.4% of classical monocytes 

then mature into intermediate monocytes which have a longer circulating lifespan of 4.3 days 

which then develop to non-classical monocytes which circulate for a further 7.41 days. The 

remaining 99% of classical monocytes are proposed to enter tissues and/or a marginating pool 

and/or die.  
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Figure 4.7 Circulating lifespan of human monocyte subsets 

A likely biological model proposes classical monocytes egress from the bone marrow after a 
post-mitotic dwell period of approximately 1.6 days, these cells then circulate for 1 day. 1% of 
classical monocytes mature into intermediate monocytes that circulate for 4.3 days that then 
mature into non-classical monocytes circulating for a further 7.4 days.  

 

 

 

  



 

 

 

 

Table 4.1 Individual parameter estimates for modelling monocyte subset kinetics in vivo 

Proliferation rates, delays, lifespans and percentage of monocytes transitioning for each subject proposed based on the model. The circulating monocyte subset 
composition was attained from flow cytometry for each individual. N/R = not resolved due to low labelling rate.  

 

  

 

Proliferation 

(per day) 

Delay 

(days) 
Lifespans (days) % of total monocytes % transitioning 

Bone 

marrow 

Bone 

marrow-

Blood 

Classical 

monocyte 

Intermediate 

monocyte 

Non-

classical 

monocyte 

Classical 

monocyte 

Intermediate 

monocyte 

Non-

classical 

monocyte 

Classical to 

intermediate 

Intermediate 

to non-

classical 

Subject 1 0.48 1.53 1.37 4.29 6.44 80 8 12 3.2 100 

Subject 2 0.28 1.70 0.5 5.26 7.52 83 7 10 0.8 100 

Subject 3 0.26 1.61 0.62 3.55 8.28 90 3 7 0.6 100 

Subject 4 0.64 1.70 1.54 4.11 N/R 96 2 2 0.8 N/R 

Average 0.42 1.64 1.01 4.30 7.41 87 5 8 1.4 100 

SD 0.18 0.08 0.52 0.71 0.92 7.18 2.94 4.35 1.24 0.00 

Confidence 

Intervals 
0.29-0.69 1.43-1.76 0.61-2.03 2.29-5.94 5.11-15.73 75.82-98.68 0.31-0.68 0.82-14.67 0.73-3.65 37.7-99.03 
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4.2.3.4 Models with and without a delay parameter 

At the same time as performing these experiments, an independent group also performed 

similar experiments and demonstrated comparable kinetic profiles for circulating human 

monocytes (Tak et al., 2017a). However, when modelling these data, they proposed that 

intermediate monocytes leave the circulation and re-enter as non-classical monocytes 

suggesting maturation occurs outside the circulation. Next, it was investigated whether the 

model proposed by Tak and colleagues provided a better fit. 

The first model proposed that there was ƴƻ ŘŜƭŀȅ όɲ3 = 0), i.e. intermediate monocytes convert 

to non-classical monocytes in the circulation. To investigate whether a delay parameter may 

ŀƭƭƻǿ ŦƻǊ ŀ ōŜǘǘŜǊ ŦƛǘΣ ɲ3 was allowed to be a free parameter (Sectioƴ нΦфΦмύΦ Lƴ ǎǳōƧŜŎǘ мΣ ɲ3 was 

estimated at 2.3 days, whereas this value tended to zero for subjects 2 and 3 (Table 4.3). 

To compare the two models, the Akaike information criterion (AIC) was used as means for model 

selection. In three out of the four subjects, the AIC suggested that the model without the delay 

parameter outcompeted the model with the delay (Table 4.2). One model outperforms another 

if the AIC corrected for small sample sizes is 3 units more negative than the other. Although the 

model proposed by Tak et al., fits their kinetic profiles, this was not true for the kinetic profiles 

shown in this thesis. Nevertheless, the model with the delay parameter resulted in similar 

lifespan values compared to the model without a delay for the three subsets (Table 4.3). 
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ɲ3 = 0 ɲ3 = free 

Subject 1 ssr 0.11 0.09 

AICc -137 -137.4 

Subject 2 ssr 0.185 0.185 

AICc -140.2 -137 

Subject 3 ssr 0.19 0.19 

AICc -139.3 -136.2 

Subject 4 ssr 0.18 0.18 

AICc -140.9 -137.7 

 

Table 4.2 Model comparison with ŀƴŘ ǿƛǘƘƻǳǘ ɲ3 

Models were compared with and without a delay parameter between intermediate and non-

ŎƭŀǎǎƛŎŀƭ ƳƻƴƻŎȅǘŜǎ όɲ3). The sum of squared residuals (ssr) and Akaike Information Criterion 

corrected for small sample size (AICc) are shown for each subject and model.  



 

 

Proliferation 

(per day) 

Delay 

(days) 
Lifespans (days) % of total monocytes 

ȹ3 (days) 

Bone Marrow 

Bone 

Marrow-

Blood 

Classical 

monocyte 

Intermediate 

monocyte 

(days) 
Classical 

monocyte 

Intermediate 

monocyte 

Non-classical 

monocyte 
 

Subject 1 0.50 1.53 1.44 3.55 5.33 80 8 12 2.1 

Subject 2 0.28 1.70 0.35 5.25 7.51 83 7 10 <0.001 

Subject 3 0.26 1.61 0.62 3.55 8.29 90 3 7 <0.001 

Subject 4 0.64 1.70 1.54 4.11 N/R 96 2 2 N/R 

A verage 0.42 1.64 0.99 4.11 7.04 87 5 8 - 

SD 0.18 
0.08 0.59 0.80 1.53 7.18 2.94 4.35 

- 

Confidence 

Intervals 
0.29-0.75 1.43-1.74 0.62-2.08 2.18-5.72 5.11-15.73 75.82-98.68 0.31-0.68 0.82-14.67 

- 

 

Table 4.3 LƴŘƛǾƛŘǳŀƭ ǇŀǊŀƳŜǘŜǊ ŜǎǘƛƳŀǘŜǎ ŀƭƭƻǿƛƴƎ ɲ3 to be a free parameter 

±ŀƭǳŜǎ ŦƻǊ ŜŀŎƘ ǇŀǊŀƳŜǘŜǊ ŦƻǊ ŜŀŎƘ ǎǳōƧŜŎǘ ǿŜǊŜ ŜǎǘƛƳŀǘŜŘ ŀǎ ƛƴ ¢ŀōƭŜ пΦмΣ ǿƘŜǊŜ ǘƘŜ ǾŀǊƛŀōƭŜ ɲ3 was allowed to be a free parameter. N/R = not resolved due to 

ǳƴǊŜƭƛŀōƭŜ ŜǎǘƛƳŀǘŜǎ ŦƻǊ ɲ3 because there was little enrichment in the non-classical monocyte compartment. 
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4.2.4 In vivo monocyte maturation 

These lifespan estimates of human monocyte subsets were generated based on a likely 

biological scenario. It remains to be shown whether a developmental relationship truly exists 

between human monocyte subsets. To test the hypothesis that classical monocytes mature into 

non-classical monocytes, adoptive transfer experiments were implemented. In collaboration 

with Prof. Richard A. Flavell and Dr. Anthony Rongvaux at Yale University, human classical 

monocyte subsets were isolated by FACS and adoptively transferred into humanised MISTRG 

mice (Figure 4.8). Using human CD45, these adoptively transferred cells could be distinguished 

from murine cells and allowed the fate of classical monocytes to be examined at selected time 

points. 

At 10 minutes post-adoptive transfer, human CD45+ cells were CD14+ CD16-/lo (Figure 4.8c). By 

24 hours, these cells became CD14+ CD16+ which phenotypically resembled intermediate 

monocytes, and by 96 hours they were uniformly CD14-/lo CD16+ cells mirroring non-classical 

monocytes. This linear developmental further supports the model and demonstrates for the first 

time that human classical monocytes have the potential to mature into non-classical monocytes. 
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Figure 4.8 Fate of human classical monocytes  

In vivo fate of classical monocytes was assessed in using humanised MISTRG mice. a) 1 x 106 
human classical monocytes were sorted by FACS and adoptively transferred to MISTRG mice. 
b) adoptively transferred classical monocytes were identified by human CD45 and the fate of 
these cells was analysed for CD14 and CD16 expression 10 minutes, 24, 72 and 96 hours post-
adoptive transfer. Representative of n=3 mice per time point. 

 

4.2.5 In vitro monocyte differentiation 

MISTRG mice supported the development of human classical monocytes into non-classical 

monocytes in vivo. While performing these experiments, Gamrekelashvili et al., demonstrated 

that Notch2 signalling via DLL-1 governs Ly6Chi classical monocytes maturation into Ly6Clo non-

classical monocytes in mice (Gamrekelashvili et al., 2016). Next, it was examined whether this 

signalling pathway also plays a role in human monocytes. 

1 x105 CD14+ CD16lo/- classical monocytes were cultured in the presence or absence of DLL-1. 

CD14 and CD16 expression were assessed at 0, 24, 48 and 72 hours post culture (Figure 4.9). At 

24, 48 and 72 hours, both CD14+ CD16lo/- and CD14+ CD16+ monocytes were observed. The 

percentage of CD14+ CD16lo/- and CD14+ CD16+ monocytes were quantified at each time point 

(Figure 4.9). CD14lo/- CD16+ monocytes were not observed in either condition at the time points 

measured. 












































































































































































