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Abstract 
Background 

Acute liver failure has significant mortality for which the only reliable 

treatment is transplantation. Murine models of acute liver injury are 

characterised by dramatic changes in the hepatic macrophage compartment, 

with an initial accumulation of pro-inflammatory Ly6Chi monocytes and loss of 

Kupffer cells, followed by the dominance of Ly6Clo macrophages that 

promote liver repair. The canonical type 2 immune cytokine Interleukin 4 (IL-

4) prevents damaging inflammation and accelerates tissue repair following 

helminth infection and physical wounding, partly through effects on myeloid 

cells including macrophages. Furthermore, exogenous IL-4 administered 

prior to injury with the hepatotoxin carbon tetrachloride (CCl4) has been 

shown to be hepatoprotective by directly promoting hepatocyte proliferation. 

For this reason, in my thesis I aimed to assess the effects of therapeutic IL-4 

administered following acute liver injury and examine the underlying 

pathways with an emphasis on the effects of IL-4 on hepatic myeloid cells. 

Methods 

Male C57Bl/6 mice were given CCl4 intraperitoneally to induce an acute liver 

injury. IL-4 in the form of IL-4 complex (IL-4c) was administered 

subcutaneously to manipulate the repair and regeneration process. To 

investigate the role of IL-4Ra signalling in bone marrow derived cells, whole-

body and tissue-protected chimeras were generated with wild type or IL-4Ra–

/– donor bone marrow. An in vitro culture system was developed to validate 

the observed effect of IL-4 on Ly6Chi monocytes. Models of acetaminophen 

(APAP) induced acute liver injury as well as dextran sulfate sodium (DSS) 

colitis were used to investigate the translational potential of IL-4c therapy. 

The effect of IL-4c in experiments was assessed through 

immunohistochemical analysis of tissue sections, analysis of serum 

biochemistry and flow cytometric analysis of leukocyte populations. 
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Results 

Therapeutic administration of IL-4c following CCl4 induced liver injury 

reduced markers of hepatic injury (ALT and necrotic area) and enhanced 

hepatic regeneration as measured by hepatocyte proliferation. This was 

paralleled by profound alterations to the monocyte/macrophage pool, with 

increases in the number of hepatic Ly6Clo macrophages but also a large 

reduction in the number of hepatic Ly6Chi monocytes. Using chimeras, I have 

shown that cell-intrinsic, IL-4Ra-dependent proliferation contributes to the 

observed accumulation of Ly6Clo macrophages. Importantly, the loss of 

hepatic Ly6Chi monocytes following administration of IL-4c was associated 

with a systemic IL-4Ra dependent loss of Ly6Chi monocytes. Analysis of 

tissues and blood revealed an increased detection of dead and apoptotic 

monocytes and culture of monocytes with IL-4 in vitro directly induced the 

monocyte death, a feature that could be overcome by high levels of the 

macrophage colony-stimulating factor (CSF-1). Hence, the systemic 

reduction in Ly6Chi monocytes in response to therapeutic delivery of IL-4c is 

due to IL-4Ra-dependent death of circulating monocytes rather than 

decreased output from the bone marrow. Experiments using APAP and DSS 

suggested that the beneficial effect of IL-4c may be dependent on the timing 

of delivery following injury.  

Conclusion 

I have demonstrated a therapeutic effect for IL-4c following CCl4 mediated 

acute liver injury and I have also identified a novel role for IL-4 in promoting 

the death of Ly6Chi monocytes. This effect of IL-4 may offer insights and 

potential therapeutic targets in other inflammatory pathologies characterised 

by monocytosis. However, preliminary assessments in the APAP and DSS 

models would suggest that this may need careful optimisation.  

  



  xi 

Lay summary 
In humans, toxins to the liver, for example an overdose of paracetamol, are a 

significant cause of severe liver injury. Liver failure can follow severe liver 

injury and kills 1 in 3 of those affected.  

The liver has an outstanding capacity to repair itself but when this process is 

overwhelmed due to a very severe injury the only available treatment is to 

have a liver transplant. Undergoing liver transplant involves major surgery 

with lifelong consequences and there is a limited supply of donor livers 

available. It is therefore important to try and find other treatments that don’t 

rely on transplantation.  

One potential target for treatment is enhancing the in-built repair capacity of 

the liver. Parasitic worm infections represent a different type of injury to the 

liver and in this setting the body’s defence mechanisms work through specific 

chemical messengers to activate repair and regeneration pathways.  

I aimed to give this chemical messenger as a treatment to animals following 

severe liver injury with a toxin. When I did this, it resulted in improved repair 

and regeneration of injured livers. At the same time, this chemical messenger 

directly killed a cell type associated with injury and increased a cell type 

associated with the repair process. Careful assessment of the timing of 

administration of the chemical messenger treatment may in the future enable 

the manipulation of these cells to improve survival in human severe liver 

injury and reduce our reliance on liver transplantation. 
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1.1 Introduction  
Acute liver failure (ALF) is a rare but life-threatening condition first defined in 

the 1970s as: “an illness characterised by a severe liver injury which is 

potentially reversible in nature and with onset of hepatic encephalopathy 

within 8 weeks of first symptoms in the absence of pre-existing liver 

disease”1,2. This definition was further refined in the early 1990’s to 

encompass hyperacute liver failure (within 7 days of onset of jaundice); acute 

liver failure (within 8-28 days of onset of jaundice) and subacute liver failure 

(within 5-12 weeks of onset of jaundice)3. Globally acute viral infection with 

hepatitis A, B and E are the commonest causes of ALF4–6, however in the 

United Kingdom (UK) and United States (US) drug induced liver injury (DILI) 

is the commonest cause of ALF and accounts for 68% and 52% of cases 

respectively1. Of these, 57% in the UK and 39% in the US are attributable to 

acetaminophen (APAP) overdose, be it unintentional through therapeutic 

misadventure or deliberate overdose with suicidal intent. Liver failure 

secondary to APAP overdose is hyperacute and although N-acetylcysteine is 

used to treat APAP toxicity, it has been shown that in the setting of 

established ALF there is no benefit to N-acetylcysteine treatment7–

10<sup>11</sup><sup>11</sup><sup>11</sup>. Indeed, although multiple 

treatments for ALF using liver assist devices have been trialled, none have 

shown benefit in randomised control trials and therefore liver transplantation 

is the only definitive treatment currently available for ALF8. As many as 55% 

of patients with ALF require a transplant to survive12,13. Transplantation, 

however, is not a panacea as there is a finite supply of organs available for 

transplantation and although 1 year survival is good at 80% in ALF patients, it 

is slightly worse than in patients who have received a routine transplantation 

for chronic liver disease which likely reflects how unwell these patients are at 

the time of transplant12. Interestingly however, at 4 years post-transplant 

outcomes are better in those transplanted for ALF when compared to those 

transplanted for chronic liver disease13. Furthermore, transplantation requires 

lifelong immunosuppression with the associated complications of increased 
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risk of opportunistic infections and malignancy in a population that are often 

young, with an average age 38 years13,14. Furthermore, in survivors of APAP 

induced ALF it has been demonstrated that there is no increased mortality 

compared to those who had an APAP induced liver injury but didn’t develop 

ALF11. There is currently work ongoing looking at the long-term outcomes in 

patients that developed ALF and survived with/without transplant but this is 

yet to be published. For all of the above reasons there is a need to develop 

therapies that can improve transplant free survival.  

The immune response plays an important role in the response to APAP 

induced ALF. Recent human data would suggest that monocyte and 

macrophages specifically play an important role in this immune response. For 

instance, Moore et al. have shown that blood monocytopenia is associated 

with worse outcome in patients with ALF following APAP overdose15. 

Moreover, Stutchfield et al. have proposed an important role for 

macrophages as lower plasma levels of the CSF-1 are associated with 

poorer outcomes16. Human data is plagued by the rapid onset of injury in 

DILI and also the availability of liver tissue samples. Murine models have 

therefore provided further insight into DILI be it secondary to APAP overdose 

or high dose carbon tetrachloride (CCl4), both of which cause a centrilobular 

hepatocyte necrosis17–20. Following injury with CCl4 or APAP there is an initial 

influx of pro-inflammatory Ly6Chi monocytes with subsequent conversion into 

Ly6Clo macrophages that are important to the repair process following 

injury21–23. It has been proposed that altering the dynamics of Ly6Chi 

monocyte recruitment and/or Ly6Clo macrophage accumulation could be a 

potential target to ameliorate outcomes21,23,24.  

Interleukin-4 (IL-4) in conjunction with Interleukin-13 (IL-13) are canonical 

type 2 immune (Th2) cytokines which have been classically associated with 

preventing damaging inflammation and promoting repair during helminth 

infection25,26. In helminth infection endogenous IL-4 polarises macrophages 

to a pro-reparative phenotype to promote wound repair and potentially restrict 
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helminth migration26–28. Relevant to DILI, there is recent evidence to suggest 

that IL-4 receptor (IL-4R) signalling contributes to a pro-wound repair and 

anti-inflammatory state in macrophages in pathologies not previously 

associated with “classical” Th2 immunity, such as physical colonic injury, skin 

injury and hepatic listeriosis29–31. IL-4 can be administered exogenously 

complexed to an anti-IL-4 antibody (IL-4c) to prolong its half-life32 and Goh et 

al. have demonstrated that combined administration of IL-4c pre and post 

injury with an acute dose of CCl4 resulted in reduced liver injury as measured 

by a reduction in serum alanine aminotransferase (ALT) and a reduction in 

necrotic cell area33. They also demonstrated increased hepatic regeneration 

which was demonstrated by an increase in hepatocyte proliferation in IL-4c 

treated mice. Goh et al. demonstrated that the enhanced recovery is 

secondary to IL-4c directly promoting hepatocyte proliferation. It would, 

however, be surprising if there was no role for the myeloid compartment in 

the observed regeneration given the role of IL-4 signalling to myeloid cells in 

non-hepatic wound repair and the role for myeloid cells in the liver’s innate 

regenerative capacity. In my project I therefore sought to establish if IL-4c 

could be administered therapeutically following acute CCl4 injury and whether 

any observed phenotype might be mediated by signalling to myeloid cells.  

I initially compared a pre-treatment and therapeutic regimen for IL-4c 

following acute CCl4 injury as previous work had only shown a beneficial 

effect with pre-treatment with IL-4c. Having established that IL-4c could be 

administered therapeutically, I then wanted to establish whether signalling to 

myeloid cells was integral to the observed response using the LysMCreIL-

4Ra-/flox mouse line28. However, as Vannella et al. had shown at a gene 

expression level34, I established that this mouse line was inefficient at 

removing the IL-4Ra from myeloid cells during injury. Instead, using a 

combination of both whole body and tissue protected bone marrow chimeras 

I was able to identify novel cell intrinsic effects of IL-4 on monocytes. While I 

was unable to demonstrate definitively if IL-4R signalling to 
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monocytes/macrophages contributed to accelerated liver repair, I chose to 

further characterised the effect of IL-4 on monocytes using a combination of 

ex vivo and in vitro assays given the novelty and potential implications of the 

findings. Towards the end of my project I sought to establish whether this 

novel phenotype could be translated into two other models of acute 

inflammation APAP and dextran sodium sulphate (DSS) colitis. Hence in my 

introduction I will focus on the processes underlying liver injury and the role 

of monocytes both in this process and in homeostasis. In order to understand 

potential effects of exogenous administration of IL-4 I will then summarise the 

role of endogenous IL-4 in both classical and non-classical type 2 immunity 

with a final focus on the IL-4Ra as a potential therapeutic target.   

1.2 Hepatic physiology and pathophysiology 
The liver is the largest solid organ in the body and plays an important role in 

metabolism, synthesis of digestive enzymes and production of a variety of 

proteins. It also possesses a remarkable regenerative capacity when injured.  

During homeostasis all the blood from the gut and pancreas passes through 

the liver via the portal venous circulation and because of this the liver plays 

an important role in the metabolism of not only nutrients that are absorbed 

from the gut but also drugs. The liver is a highly vascularized organ and the 

portal vein provides blood from the digestive tract and pancreas containing 

nutrients, bile acids, and hormones including insulin and glucagon, which 

flow along sinusoids leading to the hepatic vein (Fig. 1.1)35. These sinusoids 

are lined by highly specialised fenestrated liver sinusoidal endothelial cells 

(LSECs) which maintain blood cells in the sinusoid but allow passage of 

metabolites, plasma proteins, pharmaceutical drugs, lipoproteins, small 

chylomicron remnants, viruses (<200 nm) and exosomes into the space of 

Disse35. This process ensures exposure of these particles to hepatocytes 

and stellate cells within the space of Disse, allowing hepatocytes to perform 

their crucial role within the liver of maintaining metabolic homeostasis, storing 

nutrients, secreting bile and detoxifying drugs19. During homeostasis, LSECs 
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can also clear small molecules and particles from the bloodstream using 

pinocytic receptors36. Within the sinusoids there are also resident leukocyte 

Liver sinusoidal
endothelial cell

Canalicular
cell
Endothelial
cell

Circulating
leukocytesKupffer cell

Key:

Dendritic cell Stellate cell

Hepatocyte

Bile
ductule

Central
vein

Space of Disse

Sinusoid

Space of Disse

Portal triad Zone I Zone II Zone III

Portal
venule

Hepatic
art.

Figure 1-1 Hepatic sinusoid. 

The portal triad is made up of the bile ductule, portal venule and the hepatic arteriole 

(art.). The portal venule supplies blood from the GI tract (portal circulation) to the liver 

and the hepatic arteriole (art.) supplies oxygenated arterial blood from the systemic 

circulation. Blood then travels along hepatic sinusoid in the direction of the arrow from 

the portal triad towards the central vein. The liver sinusoidal endothelial cells allow the 

diffusion of metabolites, plasma proteins, pharmaceutical drugs, lipoproteins, small 

chylomicron remnants, viruses (<200 nm) and exosomes into the space of Disse. 

There is an oxygen gradient along the sinusoid reflected by the zones from high 
oxygen concentration in zone I to lower concentration in zone III. The oxygen gradient 

affects what metabolic processes performed by hepatocytes in each zone. Bile made 

by hepatocytes drains along the bile canaliculi lined with canicular cells in the 

direction of the arrow towards the bile ductule.  
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populations of liver dendritic cells and hepatic macrophages, Kupffer cells 

(KC), which are in close interaction with the LSECs. KC are the most 

abundant tissue macrophage in the body and during homeostasis they 

perform multiple roles including: scavenging apoptotic cells and antigenic 

particles37; maintenance of immunological tolerance38; recycling iron from 

erythrocytes39 and acting as a firewall against any bloodborne gut-derived 

commensal bacteria40.  

There are a multitude of insults that can affect the liver throughout our 

lifetimes: acute and chronic ingestion of toxins, obesity, viruses and 

autoimmune diseases. Toxins like APAP (in overdose) and CCl4 cause 

hepatocyte necrosis and in APAP overdose this necrosis occurs in a dose 

dependent manner due to accumulation of the reactive metabolite, N-acetyl-

p-benzo-quinoneimine (NAPQI) 7,41. This accumulation, leads to profound 

mitochondrial dysfunction which results in disruption of ion homeostasis and 

consequently oncotic necrosis of hepatocytes42. This necrosis occurs in zone 

3 of the liver lobule which is an area of relatively low oxygen tension 

surrounding the central vein43. Similar to APAP, CCl4 is a hepatotoxin that 

causes zone 3 necrosis due to generation of reactive oxygen species in this 

region of relative hypoxia in the acute setting and it also results in fibrosis 

when administered long term17,18. Although now used purely to model acute 

and chronic liver injury, CCl4-mediated injury was more commonplace in the 

early 20th century when it was used as a solvent for dry cleaning. ALT and 

aspartate transaminase (AST) are enzymes that are found in hepatocytes 

that are released in the event of hepatocyte damage and are therefore 

markers of liver injury that can be measured in serum44. However it is 

important to note that AST is also found in other tissues and can therefore be 

elevated following injury of heart, skeletal muscle, kidneys, brain, pancreas 

and lungs44. Measurement of these enzymes does not provide information on 

hepatic function and this is better assessed by markers of synthetic function 

such as albumin level and platelet count in chronic disease and coagulation 
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in both chronic disease and acute injury. However, coagulation is difficult to 

measure from the small volumes of blood obtained from mice, therefore 

necrotic cell area is used as another marker of degree of liver damage20,21,23. 

Hepatocytes are normally quiescent but following injury or signals from non-

parenchymal cells (LSECs, stellate cells and leukocytes) they can proliferate 

and this proliferative capacity contributes to the liver’s remarkable 

regenerative capacity which allows restoration of function, architecture and 

hepatic size following injury19,45. The capacity of the liver to regenerate 

following injury has been recognised for millennia but it was first 

demonstrated experimentally in the partial hepatectomy model presented by 

Higgins et al. in 1931 where they removed two thirds of a rat liver and 

demonstrated that the residual lobes hypertrophy to compensate for the 

removed liver mass within 5-7 days46,47. This regenerative capacity is 

employed in liver transplantation when a whole donor liver is split into a left 

and right segment with the smaller left segment being used in a child and the 

larger right in an adult48. The engrafted livers then enlarge through 

regeneration to provide the required hepatic function for the recipient47. 

Following toxic liver injury causing hepatocyte necrosis there is also 

hepatocyte regeneration which occurs through proportionate proliferation of 

hepatocytes45. Interestingly, the liver regeneration observed in this setting is 

dose dependent and Bhushan et al. have demonstrated that high doses of 

APAP resulted in poorer regeneration41. This failure of regeneration is 

associated with macrophage-derived transforming growth factor–b1 (TGF-b 

1) ligand dependent induction of senescence in hepatocytes impairing their 

ability to proliferate49. It has also been suggested that resident and recruited 

macrophage phagocytic ability has an effect on regeneration with higher 

hepatocyte proliferation being seen in mice treated with CSF-1 which 

increases both macrophage number and phagocytic capacity16. The 

inflammatory response to injury and subsequent hepatocyte regeneration are 

therefore intricately linked.  
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The proliferative capacity of hepatocytes provides for a simple read-out of 

regeneration in that the proportion of proliferating cells can be used as a 

marker of regeneration as it is known that in the resting state ~2% of 

hepatocytes are proliferating19,33. We can therefore quantify the proportion of 

proliferating hepatocytes and quantify regeneration in murine models using 

antibodies to detect markers of proliferation. Two markers that I have used in 

my project are the cell cycle protein Ki67 which can be identified using an 

antibody or the thymidine analogue Bromodeoxyuridine (BrdU) which can be 

injected into mice and is incorporated into cells during S phase of mitosis 

labelling cells that are proliferating33.  

As outlined above toxins such as APAP and CCl4 can cause damage to the 

parenchymal cells of the liver but they also have effects on the resident 

leukocytes to cause a reduction in the number of KC termed the 

“macrophage disappearance reaction”16,21,22,50. This loss of KC obviously has 

a negative effect on the homeostatic functions performed by these cells and 

can negatively impact the liver’s ability to act as a firewall against blood-

borne infection16,40. The mechanisms behind the macrophage disappearance 

are not fully understood but the inflammatory response to acute toxic insults 

such as APAP and CCl4 involves recruitment of neutrophils and subsequently 

monocytes that develop into recruited macrophages21–23. In APAP, the 

hepatocyte damage results in the release of danger associated molecular 

patterns (DAMPs) such as high mobility group protein B1 (HMGB-1) which 

activates the remaining KC51 causing them to release chemokines and 

cytokines that attract neutrophils and subsequently monocytes21,51,52. 

Monocytes and macrophages play a critical role in the response to acute liver 

injury and this will be explored below following a review of the biology of 

monocytes and macrophages in physiology.  

1.3 Monocytes in physiology 
We saw above that monocytes and their macrophage descendants play an 

important role in acute liver injury. I will later examine in more depth the roles 
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of monocytes and macrophages in acute liver injury and my rationale for 

trying to manipulate these cells. However, in order to attempt to manipulate 

monocyte/macrophage responses it is important to have an understanding of 

the mononuclear phagocyte system (MPS) in both physiology and pathology.  

The MPS was first described by van Furth et al. in 1972 to include all highly 

phagocytic mononuclear cells and their precursors53. In this system, they 

proposed that monocyte precursors in the bone marrow gave rise to 

peripheral blood monocytes and tissue macrophages. However, the history 

and study of these populations goes back a lot further to 1880 when Paul 

Ehrlich first described cells that would later go on to be named monocytes 

and Elie Metchnikoff first established the idea of the phagocyte in 188254,55. 

Over recent years our definition of the MPS has grown to include DCs but 

there have also been significant developments in our understanding of the 

function and ontogeny of cells of the MPS with the application of elegant 

lineage-tracing techniques and the advent of novel technologies, such as 

single cell transcriptomic analysis56. Along with their role in physiology, 

monocytes and macrophages play both beneficial and detrimental roles in 

pathology and are therefore seen as potential targets for immunotherapy to 

dampen inflammation as well as promoting healing and regeneration. 

1.3.1 Monocyte subsets 
Monocytes are a heterogeneous population of cells in the blood that in 

humans are identified depending on their expression of the cell surface 

markers CD14 and CD1657. Using these surface markers it is possible to 

subdivide monocytes into classical (CD14hi CD16-), intermediate (CD14hi 

CD16lo) and non-classical monocytes (CD14lo CD16hi)58. In humans, classical 

monocytes make up ~85% of all circulating monocytes 57,59 whereas in mice 

classical monocytes only make up ~50% of all monocytes60. In mice, 

classical and non-classical monocyte subsets were originally identified using 

what was at the time a novel reporter mouse for the receptor for Fractalkine 

(CX3CL1), CX3CR1.  Fractalkine is a chemokine that is a chemoattractant but 
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is also responsible for leukocyte adhesion and trafficking into tissues61. Using 

the CX3CR1 reporter mouse, in whom green fluorescent protein (GFP) is 

‘knocked in’ to the Cx3cr1 locus, Geissmann et al. were able to identify two 

populations of mouse monocytes termed classical or Ly6Chi (CX3CR1lo 

CCR2+ Ly6C+) and non-classical or Ly6Clo (CX3CR1hi CCR2– Ly6Clo)62. 

Subsequently Ingersoll et al. have demonstrated that there is relative 

conservation in the transcriptome in both classical and non-classical 

monocytes between humans and mice60. Owing to it not always being 

possible to use CX3CR1 reporter mice, Ingersoll et al. also proposed that all 

monocytes should be identified by their surface expression of the CSF1R 

(also known as CD115) and then subdivided using Ly6C expression60. 

Briseno et al. recently demonstrated that once Ly6Chi monocytes start to 

express the TREM-like transcript 4 protein (TREML4) they are committed to 

becoming Ly6Clo monocytes in the circulation63. Therefore, in addition to 

being a positive marker of Ly6Clo monocytes, TREML4 is also a positive 

marker of transitioning Ly6Chi monocytes, homologous to the human CD16lo 

CD14hi population58,63. This is supported by single cell transcriptomic and 

epigenetic analyses showing that Ly6Chi monocytes represent an unstable 

cell population with a default differentiation potential toward Ly6Clo 

monocytes64. This transition process has been shown to rely on the 

transcription factor C/EBPb which activates Nr4a1 expression64, a 

transcription factor  previously demonstrated to be a master regulator of 

survival of Ly6Clo monocytes65–67.  

1.3.2 Monocyte development 
Given the short half-life of monocytes it is important to understand their 

development prior to entering the circulation.  

Haematopoiesis 
Haematopoiesis is the dynamic process by which self-renewing 

haematopoietic stem cells (HSCs) generate progeny that differentiate into 

progressively restricted cells of the erythroid, myeloid, or lymphoid lineages 
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(Fig. 1.2)68. Leukocyte development relies on multipotent progenitors (MPPs) 

in the bone marrow which arise from haematopoietic stem cells and develop  

Figure 1-2 Myeloid cell development. 

Current understanding of myeloid cell development. Haematopoietic stem cells (HSC); 

multipotent progenitors (MPP); common myeloid progenitor (CMP); granulocyte-
macrophage progenitors (GMP); macrophage and DC precursor (MDP); common 

monocyte progenitor (cMoP); transitional premonocytes (TpMo). Light coloured boxes 

identify all cells that belong to the population name on the right. Downstream of MDP 

surface markers used to identify each population are outlined including Ly6Chi and 

Ly6Clo monocytes in blood. Adapted from Guilliams et al.339 
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into the common myeloid progenitor (CMP)69,70.  CMPs give rise to the 

granulocyte-macrophage progenitors (GMP) and subsequent macrophage 

and DC precursor (MDP), which in turn gives rise to monocytes and DC in 

lymphoid and non-lymphoid tissues71,72. MDPs can be identified by their 

expression of CD117 (cKit), CD135 (Flt3) and CSF1R73. It has recently been 

demonstrated that there is a monocyte- and macrophage-committed 

progenitor cell derived from the MDP74, termed the common monocyte 

progenitor (cMoP). cMoP can be identified by its lack of CD135 expression 

when compared to MDPs.  

The use of novel transcriptomic and genetic approaches is challenging our 

understanding of early haematopoiesis and suggest that there is a lot more 

cellular plasticity during haematopoiesis than previously thought. Velten et al. 

have proposed that early HSCs emerge from a cloud of cells and gradually 

acquire lineage biases without passing through distinct early progenitor 

populations75. In keeping with this hypothesis, Giladi et al. have used single 

cell transcriptomic and CRISP-seq gene expression perturbation to 

demonstrate that specific transcriptional programs for neutrophils and 

monocytes can be identified in early progenitors76. These results, in 

conjunction with others that have used single cell transcriptomic approaches, 

suggest that although haematopoiesis is still the result of progressive 

restriction of developmental potential, there is a continuous flow of 

differentiation and lineage commitment may occur earlier than previously 

thought68,75–77.  

It had been thought that cMoPs gave rise to CD135– Ly6Chi monocytes that 

are ready to enter the blood stream. However, it has now been demonstrated 

that this Ly6Chi population is heterogeneous and actually represents two 

distinct populations: CXCR4hi transitional pre-monocytes and CXCR4lo 

mature monocytes78. Chong et al. have shown that these CXCR4hi 

transitional pre-monocytes are immobilised in the bone marrow through a 

CXCL12-CXCR4 axis and proliferate prior to becoming mature CXCR4lo 
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Ly6Chi monocytes. Importantly these cells are no longer progenitor cells 

because they have lost the ability to self-renew likely due to the loss of 

CD117 (cKit)78,79.  

Regulators of monocyte development  
Monocytes rely on CSF1R for their development as evidenced by the 

accumulation of monocyte precursors and deficiency in monocyte production 

in CSF-1R–/– mice73,80. Furthermore, it has also been shown that exogenous 

CSF-1 can instruct HSC fate at a single cell level, but it is not clear whether 

this occurs in homeostasis81. More recently it has been proposed that CSF-1 

is most important in late steady state MPS development82. In this work, Louis 

et al. demonstrated that antibody mediated CSF-1 neutralisation resulted in a 

reduction in both BM and circulating Ly6Clo monocytes but had little effect on 

precursor number or proliferation. Interestingly, Ly6Chi monocytes are less 

affected in the absence of CSF-1 or CSF-1R. 

Although the role of CSF-1 in monocyte development has not been fully 

elucidated, the transcription factor PU.1 has been identified as a master 

regulator of monocyte development.  PU.1 has been shown to regulate 

differentiation pathways and proliferation of granulocytes and 

monocyte/macrophage precursors during haematopoeisis83,84. It has 

specifically been shown by DeKoter et al. using PU.1–/– mice that monocyte 

specification of haematopoietic precursors is dependent of PU.183 and it has 

been suggested that monocyte/macrophages gain sufficient and stable PU.1 

levels by lengthening cell cycle 85. 

Monocyte migration 
CCR2 is expressed by Ly6Chi monocytes in the bone marrow and 

circulation62,78,86. Although studies using CCR2–/– mice had implicated a role 

for this receptor in the recruitment of monocytes to inflamed sites and 

monocyte migration87,88, it was subsequently shown in 2006 by Serbina et al. 

that CCR2 expression by bone marrow Ly6Chi monocytes was a critical 
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requirement for their egress from the bone marrow both during homeostasis 

and in a model of Listeria monocytogenes infection89. Notably, CXCR4 

expression by transitional pre-monocytes is thought to reduce levels of 

CCR2, thereby leading to retention of these precursors in the bone marrow, 

while CXCR4-negative mature monocytes remain able to egress via CCR278. 

The role of CCR2 in recruitment of monocytes from blood to tissues is less 

clear and the experiments required to demonstrate this are difficult to perform 

given that CCR2 is involved in monocyte egress from the BM. Nevertheless, 

mixed BM chimeric have been utilised to show that monocytes use CCR2 to 

enter the gut mucosa and peritoneal cavity under steady state conditions90,91. 

1.3.3 Monocyte function in steady state  
Classically it is thought that Ly6Chi monocytes represent a short-lived 

population that is predominately involved in inflammatory responses, 

whereas Ly6Clo monocytes are longer lived and patrol blood vessels for 

signs of injury62,92. However, we will see below that Ly6Chi monocytes also 

have a role during homeostasis.  

Ly6Chi monocytes and tissue macrophages in steady state 
Resident tissue macrophages are one of the most abundant populations of 

leukocytes in the body that are involved in innate immunity, inflammation, 

tissue development and repair of damaged tissue93. These functions are 

tissue specific and as such there is dramatic variation in the identity of 

resident macrophages between tissues which is independent of the ontogeny 

of the cells94. Traditionally macrophages have been referred to as being 

classically activated (M1) when associated with bacterial infection or 

exposure to type 1 cytokines (e.g. IFNg) or alternatively activated (M2) when 

associated with type 2 inflammation or tissue repair and regeneration. In 

recent years it has become more evident that there is a spectrum of 

macrophage activation and that they have specialized properties that are 

precisely adapted to individual tissues and circumstances93.  
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In van Furth’s original model of the MPS all tissue macrophages were 

considered to be derived from circulating monocytes. However this model 

has been challenged by studies using parabiosis and genetic fate mapping 

techniques to show that in most adult tissues macrophages are derived from 

progenitors derived from the yolk sac or foetal liver86,95,96. However, soon 

after these revelations, two tissues were described wherein circulating adult 

monocytes contribute to the resident tissue macrophage population during 

homeostasis: the adult colon72,90,97 and dermis98. It was proposed that the 

colon and dermis behave differently because of their constant exposure to 

microorganisms with resultant low grade inflammation referred to as “primed 

homeostasis” 73,99.  The suggestion is that this low grade inflammation results 

in a constant recruitment of monocytes that replace the resident 

macrophages100. However, this paradigm has recently been challenged by 

the observation of low-level engraftment of monocytes into tissue resident 

macrophage populations in several additional tissues86,101. 

Using tissue protected irradiation BM chimeras to fatemap the origin of 

macrophages, Bain et al. demonstrated that in addition to dermal and colonic 

macrophages there was a reliance on blood monocytes for the maintenance 

of cardiac, kidney, lung interstitial, pleural and peritoneal macrophages91. In 

the lamina propria of the colon the concept of continual replacement of 

resident macrophages by Ly6Chi monocytes has also been challenged with 

the finding that, in addition to the rapidly turning over population of 

macrophages, there is also a population of locally maintained resident 

macrophages102. This work by Shaw et al. also challenged the idea of the 

“primed homeostasis” in the gut because analysis in germ free mice revealed 

that absolute numbers were decreased in all populations of gut macrophages 

irrespective of their ontogeny102. Despite this, some tissue macrophage 

populations do exist independently of circulating monocytes during 

adulthood, including Langerhans cells in the epidermis, microglia and 

alveolar macrophages96,103,104. The current thinking is therefore that there is a 
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spectrum of contribution of adult monocytes to tissue macrophage 

populations and the differences between tissues is likely reflective of the local 

environment.  

Upon entering the tissue, blood Ly6Chi monocytes gradually acquire the 

surface characteristics of tissue macrophages: gaining expression of the 

macrophage markers CD64, Mer tyrosine kinase (MerTK) and major 

histocompatibility complex class II (MHCII) whilst downregulating the 

monocyte surface markers Ly6C and CCR298. It has been demonstrated that 

in addition to acquiring the surface phenotype of a resident macrophage, 

recruited Ly6Chi monocytes that have engrafted into tissue macrophage 

pools have the ability to adopt functions of the resident population50,105,106.  

Furthermore, it has been demonstrated in the liver that 30 days after 

experimental engraftment of adult monocytes in the resident cell niche they 

have the same functional response to infective and drug induced liver injury 

as embryonically derived resident KC107. In the lung, it has also been 

demonstrated that engrafted adult monocytes can acquire the function of 

resident alveolar macrophages. Mice lacking alveolar macrophages develop 

pulmonary alveolar proteinosis (PAP) but a year after engraftment of adult 

monocytes there is no increase in PAP when compared to mice with 

embryonically derived alveolar macrophages 108,109. Both these models are 

artificial and do not necessarily reflect what happens in pathophysiology, but 

they do provide insight on the ability of adult monocytes to engraft into tissue 

resident populations. The signals that regulate the differentiation of a Ly6Chi 

monocyte into a tissue resident macrophage during homeostasis are not fully 

understood but it is thought that both cytokines and cell-cell interactions play 

tissue specific roles in the so-called “niche” to dictate resident macrophage 

genotype, phenotype and function101.  

In addition to becoming Ly6Clo macrophages it has been demonstrated that 

monocytes can differentiate into DC56.  Similar to classical DC they express 

CD11c and can present antigen to T cells in response to a variety of stimuli 
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such as allergens and bacteria110,111.  In contrast to classical DC they are 

efficient at phagocytosis have a poor migratory capability98 and express 

macrophage markers such as F4/80, MERTK and CD6498,110,112. 

Ly6Clo monocytes in steady state 
During homeostasis Ly6Clo monocytes patrol the vasculature looking for any 

signs of damage or inflammation and have therefore been referred to as the 

“housekeepers of the vasculature” 67. This housekeeping function is 

mediated by monocyte expression of lymphocyte function associated antigen 

1 (LFA1) and endothelial expression of intercellular adhesion molecule 1 

(ICAM1)62,67,92. The human homologue of Ly6Clo monocytes, CD14dim 

circulating monocytes, have been demonstrated to have similar behaviour 

and are involved in the innate local surveillance of tissues113. In addition to 

their immune surveillance role Ly6Clo monocytes have been demonstrated to 

scavenge peptides and microparticles from the lumen of blood vessels67,114. 

In so doing, it has been suggested that they can play a role in maintaining 

homeostasis and inhibiting pathology by removing amyloid beta, which is a 

peptide associated with cerebral amyloid angiopathy and the development of 

Alzheimer’s disease114. 

1.3.4 Monocytes during inflammation 
In addition to providing a source of tissue macrophages during homeostasis, 

Ly6Chi monocytes are a dynamic, rapidly recruitable pool of cells primed to 

respond to inflammatory stimuli and extravasate into tissues62,100.  

Ly6Chi monocytes during pathology 
Recruitment of Ly6Chi monocyte to the site of acute and chronic sterile 

inflammation/injury has been demonstrated in many settings and many 

tissues, including the liver21,22,115, colon 116,117, heart118–120 and 

peritoneum86,121. During infection with bacteria or helminths Ly6Chi monocyte 

recruitment to the site of infection has also been demonstrated31,89,122,123. In 

fact, Ly6Chi monocytes are recruited to most areas of inflammation and are 
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therefore involved in a multitude of pathologies that also include cancer124 

and autoimmune disease125. It had initially been proposed that all monocyte 

recruitment to sites of injury was dependent on CCR2 and this has been 

demonstrated in sterile inflammation 21,98,117,118 and certain infections such as 

Toxoplasma gondii in the central nervous system126,127. However, it has been 

demonstrated that during thioglycolate elicited inflammation in the peritoneal 

cavity the dependence on CCR2 for Ly6Chi monocyte recruitment seemed to 

be time sensitive89,128. Furthermore, it has been shown that in atherosclerosis 

CCR5 and CX3CR1 deficiency negatively impacted Ly6Chi monocyte 

recruitment implying that they are required in addition to CCR2 for Ly6Chi 

monocyte recruitment129.  

Following recruitment of Ly6Chi monocytes to sites of inflammation by 

chemokines such as, adhesion molecules on their surface interact with their 

binding partners expressed on endothelial cells. This results in monocyte 

trafficking into tissues which involves rolling, adhesion and transmigration via 

the endothelial cells that make up the blood vessel wall130. During tethering 

and rolling monocytes express L-selectin which binds glycoproteins on 

endothelial cells. The subsequent adhesion is in part due to lymphocyte 

function-associated antigen 1 (LFA1) and macrophage receptor 1 on 

monocytes binding to intercellular adhesion molecule 1 (ICAM1) on 

endothelial cells during steady state patrolling and inflammation 

respectively130,131. Ly6C itself could also be involved in the adhesion of 

monocytes because although its function in monocytes is not fully understood 

it has been shown that it is important for the homing of T cells to lymph 

nodes132. In fact in vitro experiments performed by Hanninen et al. suggested 

that it promotes the firm adhesion of T cells to ICAM1 enhancing their 

compartmentalization into lymph nodes. Finally transendothelial migration 

relies on the platelet/endothelial-cell-adhesion molecule (PECAM1/CD31)133. 

During homeostasis in the liver it has been suggested that downregulation of 

ICAM1 limits leukocyte influx134. However, it has been shown that ICAM1 
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expression is important for regeneration following partial hepatectomy and 

inflammation results in the upregulation of ICAM1134,135. During hepatic 

infection with Listeria monocytogenes it has been shown that although 

egress from bone marrow is CCR2 dependent this was not required locally 

for recruitment within the liver and it was the local induction of ICAM1 

adjacent to areas of infection that was important for the targeting of Ly6Chi 

monocytes131. Therefore, in addition to chemokines monocyte adhesion 

molecules and their binding partners expressed on endothelial cells play an 

important role in regulating monocyte trafficking.  

It is evident that mechanisms underlying the recruitment and differentiation of 

Ly6Chi monocytes during inflammation vary depending on the stimulus, the 

tissue and the duration of the insult. However, one common feature of Ly6Chi 

monocyte recruitment in both sterile inflammation and infection is the ability 

of these cells to become Ly6Clo macrophages once recruited to the site of 

injury31,89,97. The murine model of myocardial infarction (MI) is an eloquent 

model of how our understanding of monocyte conversion into macrophages 

has evolved. In this model, it was previously thought that pro-reparative 

Ly6Clo monocytes were mobilised into the injured tissue as a second wave 

following an initial influx of pro-inflammatory Ly6Chi monocytes118. However, 

using Nr4a1 deficient mice that lack Ly6Clo monocytes it has been 

subsequently shown that Ly6Chi monocytes are recruited to the injured heart 

and then convert into Ly6Clo macrophages in situ136.  This result epitomises 

the current prevailing theory of monocyte macrophage dynamics during 

inflammation, whereby recruited Ly6Clo macrophages arise from Ly6Chi 

monocytes, while Ly6Clo monocytes do not generally enter tissues. In the 

liver it has been demonstrated using adoptive transfer experiments that 

during both acute injury APAP overdose and chronic injury with CCl4 there is 

conversion of Ly6Chi monocytes into Ly6Clo macrophages that are required 

to orchestrate the resolution of inflammation21,115.  
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In addition to Ly6Chi monocytes being precursors to Ly6Clo macrophages 

during inflammation they also play pro-inflammatory roles and modulate the 

immune response. For example, in the dextran sodium sulphate (DSS) model 

of colitis inhibition of Ly6Chi monocyte recruitment results in a less severe 

disease phenotype in this model. Zigmond et al. have shown that Ly6Chi 

monocytes isolated from DSS treated colons had a proinflammatory 

signature with high expression of TREM-1, iNOS, IL-6, and IL-23116. While 

this fits with their initial classification as ‘inflammatory’ monocytes, it is now 

clear that Ly6Chi monocytes have wider roles. For instance, they appear to 

regulate the innate immune response in APAP overdose by regulating the 

neutrophil response to injury52. Graubardt et al. showed that in monocyte 

deficient livers there was a reduction in apoptotic neutrophils which was 

associated with a reduction in proapoptotic genes. This monocyte 

orchestrated control of neutrophils is important to prevent excessive tissue 

damage. A similar regulatory role for monocytes has been shown in 

Toxoplasma gondii-induced ileitis where they produce IL-10 and regulate 

neutrophil reactive oxygen species (ROS) production137.  

Ly6Clo monocytes during pathology 
As outlined above, although it was previously thought that during pathology 

Ly6Clo monocytes were recruited to tissues118, recent work using intravital 

imaging in Nr4a1 deficient mice suggests that Ly6Clo monocytes are 

restricted to the vasculature65,67. Even though Ly6Clo monocytes are 

restricted to the vasculature, it has been demonstrated that they have a role 

in pathology involving the vascular wall. In the kidney they can sense danger 

signals which causes CX3CR1 dependent adhesion to the endothelium. The 

adherent Ly6Clo monocytes then coordinate neutrophil recruitment to 

mediate the focal necrosis of the endothelial cells67. Furthermore, they have 

been demonstrated to interact with metastasising tumour cells in the tumour 

microvasculature promoting NK cell recruitment and activation to prevent 

metasatases138. The inhibition of tumour metastases and their role in clearing 

circulating amyloid outlined earlier demonstrate that although Ly6Clo 
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monocytes are limited to the vasculature they can have important systemic 

effects and roles in pathology114,138.  

Summary 
The concept of recruitment of Ly6Chi monocytes to inflamed tissues is 

common to a multitude of pathologies in various tissues but there are 

nuances in the factors that mediate these responses that are tissue and 

aetiology dependent95,139. Below I will therefore focus on monocytes and 

macrophages in acute liver injury as this was the focus of my project.  

1.3.5 Resident and recruited macrophages in liver injury 
As alluded to above, the regeneration following acute liver injury is reliant on 

the innate immune system which is critical for maintaining immunity and 

coordinating regeneration. The roles of these cell types is outlined below and 

in Table 1.1.  

KC during liver injury and repair 
During homeostasis KC have been shown to play a primarily tolerogenic role 

acting as a firewall to intestinal microbes and regulating the local immune 

environment in the liver however following injury they play divergent 

roles40,93. Following acute injury there is a macrophage disappearance 

reaction which results in a significant reduction in KC and is followed by a 

recovery of KC during the regenerative phase of injury21–23,115. It has not yet 

been established whether the KC population is restored by local proliferation 

or incorporation of monocyte derived macrophages into the resident KC 

population. Mossanen et al. proposed that restoration of the KC population 

occurs unhindered following APAP-driven acute liver injury in CCR2–/– mice, 

suggesting the recovery of KC does not require a contribution from the 

monocyte pool23.  

Concurrent with the macrophage disappearance following injury, KC are 

activated by the release of danger-associated molecular patterns (DAMPs) 

from damaged hepatocytes51,140. In conjunction with hepatic stellate cells and  
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Table 1-1 Monocyte, macrophage and neutrophil functions in acute DILI 

Cell type Function 

Kupffer cells • Recruit monocytes through release of CCL222,141,142 

• Secrete pro-inflammatory cytokines: TNF-α, IL-1β, IL-

6140 

• Attract neutrophils through release of CXCL1, CXCL2, 

and CXCL8143 

Neutrophils • Phagocytose necrotic debris52 

• Amplify the inflammatory response and damage 

hepatocytes with increased ROS production19,52 

Ly6Chi monocyte • Aggravate early injury and upregulate pro-inflammatory 

genes and chemokines: Trem1, Nos2, COX2, CCl2 and 

CCl721 

• Concurrently express pro-reparative genes: Arg1, 

Chil3, Vegfa, semaphorin 4A and D, Hif1a and Plaur21   

• Promote neutrophil mediated phagocytosis and 

activation52. 

• Suppress neutrophil pro-apoptotic genes and cell 

survival molecules (BCL21A) to control neutrophil 

activation52. 

• Convert into Ly6Clo macrophages required for 

resolution & repair23,99 

Recruited Ly6Clo 

macrophage 

• Downregulate expression of pro-inflammatory genes 

found in Ly6Chi monocytes21 

• Upregulate genes associated with type 2 immune 

responses: Mrc1, Retnla, Trem2 and Igf121 

• Clear necrotic cell area144  

• Restore the liver firewall by phagocytosing bacteria16,40 
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hepatocytes, activated KC release monocyte chemotactic protein-1 (MCP-1 

also termed CCL2) which is elevated in blood and liver early following acute 

liver injury and serves to attract Ly6Chi monocytes to the injured liver in both 

humans and mice22,141,142. Activated KC also serve to amplify the pro-

inflammatory phenotype by secreting pro-inflammatory cytokines (TNF-α, IL-

1β, IL-6) and are important for the generation of CXC chemokines that attract 

neutrophils (CXCL1, CXCL2, and CXCL8)140,143. Nevertheless, it has been 

reported that the transcriptional signature of KC later during injury (72hrs 

following APAP) is indistinguishable from steady state KC21. Whether KC and 

recruited macrophages play distinct roles remains to be determined with 

certainty. Transcriptional analysis has shown that when compared with 

recruited macrophages, KC exclusively express genes to mediate the 

engulfment of phosphatidylserine expressing apoptotic cells (Timd4, Stab2) 

and have higher levels of scavenger receptors (Marco, CD163 and Mrc1)21. 

Furthermore, KC and recruited Ly6Clo macrophages upregulate different 

repertoires of extracellular matrix remodelling enzymes.  

Given the differing kinetics and transcriptome of resident and recruited 

macrophages it is likely they play different functions in the repair process 

post injury. However, experimentally it remains difficult to target only one 

population as most genetic tools (e.g. LysM-Cre, CSF1R-Cre) will affect both 

KC and recruited cells. The recent identification of Clec4F as a unique 

feature of KC and the generation of Clec4F-Cre and Clec4F-DTR mice 

should allow targeting of the hepatic resident population and not recruited 

monocytes50.  

Monocytes/monocyte-derived macrophages during injury and repair  
Recent work has charted monocyte and macrophage dynamics following 

APAP overdose, showing that the number of Ly6Chi monocytes peaks at 24 

hours and the number of resultant Ly6Clo macrophage peaks at 72hrs post 

injury52. However, if and how monocytes and macrophages change following 

acute CCl4 induced injury has not yet been elucidated. 
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We saw above that there is an increase in hepatic concentrations of the 

CCR2 ligand, MCP-1 (CCL2) following injury, as such it was hypothesised 

that the recruitment of monocytes was dependent on CCR2 in liver injury21–

23,128,145. Indeed in both acute CCl4 and APAP overdose monocyte 

recruitment has been demonstrated to be primarily CCR2 dependent23. 

Given the importance of CCR2 in monocyte recruitment attempts have been 

made to manipulate the CCL2/CCR2 axis which have in turn shone light on 

the role of monocytes during acute injury and regeneration. Zigmond et al. 

demonstrated that inhibition of Ly6Chi monocyte recruitment using an anti-

CCR2 mAb (MC21) resulted in a reduction in newly recruited Ly6Clo 

macrophages and evidence of prolonged histopathological damage, with 

worse necrosis in livers of MC21-treated mice at both 24 and 48 h following 

APAP administration21. Upon early administration of a CCR2/CCR5 inhibitor 

(Cenicriviroc; CVC), Mossanen et al. demonstrated a CCR2 dependent 

inhibition of monocyte recruitment and an early improvement in ALT and 

necrotic cell area, however this this benefit was lost if CVC was administered 

12 hours after APAP23. These divergent results could be explained by the 

apparent accumulation of monocyte-derived “pro-reparative” Ly6Clo 

macrophages in the CVC model at 48hrs that also suggests recruitment of 

these cells in the later phase of injury is independent of CCR2. The 

accumulation of Ly6Clo macrophages was completely inhibited through the 

course of APAP when MC21 was used to deplete monocytes from 12hr prior 

to injury21,23. Furthermore, in humans it has been demonstrated that 

monocytopenia is associated with worse outcomes following APAP 

overdose15. Hence, together these data suggest that while monocytes may 

initially aggravate liver injury caused by APAP, these cells, or their 

descendants subsequently play a beneficial role in the repair/regeneration 

process. This pro-reparative function of monocyte-derived macrophages 

would seemingly mirror the repair response during ischaemic cardiac injury, 

wherein the rapid recruitment of pro-inflammatory monocytes to a different 
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sterile injury site is required to generate sufficient numbers of macrophages 

to initiate the repair process146. 

Consistent with their role in many other pathologies, Ly6Chi monocytes 

recruited during APAP injury express a pro-inflammatory transcriptional 

profile. When compared to recruited Ly6Clo macrophages (at 72hrs post 

APAP), Ly6Chi monocytes (at 24hrs post APAP) expressed high levels of 

pro-inflammatory genes: triggering receptor expressed on myeloid cells-1 

(Trem1), NO synthase 2 (Nos2), COX2 (Ptgs2), and the chemokines Ccl2 

and Ccl7. Interestingly both Zigmond (at 24hrs post APAP) and Mossanen (at 

12hrs post APAP) demonstrated that Ly6Chi monocytes expressed pro-

reparative genes concurrent with their pro-inflammatory gene profile, 

suggesting that the relationship between pro-inflammatory and pro-

restorative monocyte derived cells is not dichotomous and could represent a 

continuum. In Ly6Chi monocytes the pro-reparative phenotype was 

exemplified by the upregulation of genes associated with a type 2 immune 

response: arginase 1 (Arg1) and chitinase-3-like protein 3 (Chil3) (reviewed 

below). The pro-reparative potential of the Ly6Chi monocytes was further 

emphasised by the expression of genes associated with angiogenesis 

including: vascular endothelial growth factor-A (VEGF-A; Vegfa), semaphorin 

4A and D (Sema4a and Sema4d), hypoxia-inducible factor-1a (Hif1a) and the 

plasminogen activator urokinase receptor gene (Plaur)21.  Concurrent with 

their maturation into Ly6Clo macrophages, Ly6Chi monocytes downregulate 

expression of Ly6C and the pro-inflammatory genes. To realise their 

reparative potential they also upregulate other genes associated with type 2 

immune responses like: mannose receptor 1 (Mrc1), the resistin- like 

molecule a (Retnla), Trem2 and insulin- like growth factor 1 (Igf1)21.   

Macrophages in human liver injury 
Encouragingly data from murine studies reflects the limited data available 

from human studies, where an expansion of circulating monocytes and 

hepatic macrophages expressing MerTK occurs following acute APAP 
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induced liver injury144. MerTK activation in macrophages mediates 

suppression of pro-inflammatory cytokines and promotes efferocytosis of 

apoptotic cells147. Consistently, Triantafyllou et al. demonstrated that MerTK+ 

monocytes secreted pro-reparative mediators and down regulate pro-

inflammatory mediators. Furthermore, they demonstrated that APAP injured 

MerTK–/– mice had impaired recovery with increased necrotic cell area and 

persistence of neutrophils144.  This demonstrates a functional mechanism for 

MerTK in monocytes and macrophages following DILI. The importance of 

macrophages in human APAP overdose is also inferred by the negative 

correlation of serum CSF-1 levels with survival demonstrated by Stutchfield 

et al.16. Using murine models, these authors showed that exogenous CSF-1 

reduced ALT and increased proliferation in recruited and resident 

macrophages. Concurrent with this increase in macrophages, they also 

demonstrated increased phagocytosis of pHrodo E. coli bioparticles by 

infiltrating macrophages in mice treated with exogenous CSF-1. It was 

therefore proposed that CSF-1 may be important in APAP induced liver injury 

through restoring the liver firewall by enhancing the capacity of macrophages 

to phagocytose bacteria16,40. Further studies in humans are required but are 

hindered by access to samples in this acutely unwell group. However, there 

is promising work on the use of FNA biopsies of liver that although not 

validated in patients with ALF may provide the opportunity for flow-cytometric 

analysis of hepatic leukocytes during DILI148. 

In chronic injury the therapeutic benefits of delivery of autologous 

alternatively activated macrophages are currently being evaluated in humans 

in the MAcrophage Therapy for liver CirrHosis (MATCH) trial21,149. The 

MATCH trial is a dose-escalation phase I and randomised controlled phase II 

study assessing the effect of infusion of autologous alternatively activated 

monocyte derived macrophages150. The trial follows on from work 

demonstrating that peripheral blood monocytes (PBMCs) can be isolated 

from cirrhotic patients and then matured into CD206 (mannose receptor) 
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expressing alternatively activated macrophages151. Moore et al. went on to 

demonstrate that these alternatively activated macrophages could be 

adoptively transferred into fibrotic CCl4 treated mice resulting in a reduction in 

fibrosis and injury as assessed by picosirius red staining, ALT and AST.  

Although all the data would suggest that Ly6Clo recruited macrophages have 

a role in promoting repair as demonstrated by their transcriptome and 

phagocytic functions, no definitive functional evidence has been provided that 

they do indeed have a beneficial effect on repair16,21,144,145.  The difficulty in 

establishing a functional role in this setting is in developing a tool to target 

only recruited macrophages and not their precursors (the monocytes) or the 

resident macrophage populations.  

Summary 
Initially monocytes play an important role in the inflammatory response in 

acute liver injury but they are also necessary for the repair process. However 

it remains unclear whether it is possible to manipulate the 

monocyte/macrophage response to lessen the inflammatory insult and at the 

same time enhance repair and regeneration. It is hoped that single cell 

genomic approaches and the use of novel KC specific Cre lines will enable 

further dissection of this process including establishing the contribution of the 

various cells to the initiation of injury and regeneration following injury.   

1.4 Type 2 immunity 
Type 2 immunity is a major effector response against helminth infection and 

atopy that has many host protective effects during helminth infection but can 

also be pathogenic. It is considered a counterbalance to, and inhibitory of, 

the inflammatory type 1 immune response generated in response to 

bacterial, viral, fungal and protozoal infections. Many novel therapies for 

chronic inflammatory conditions and cancers rely on directly manipulating our 

immune responses.  The host protective response seen in type 2 immunity 

would therefore seem a potential target to enhance repair in not only 
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helminth infection but other inflammatory diseases. However, prior to 

manipulating type 2 immune responses it is very important to understand the 

cytokines and pathways involved in order to avoid promoting the potentially 

pathogenic effects of type 2 immune activation.  

1.4.1 Interleukin-4 and interleukin-13 
IL-4 and IL-13 are the canonical T helper type 2 (Th2) cytokines that largely 

co-ordinate type 2 immunity. Accordingly, these cytokines have a large 

variety of functions in type 2 immunity that depend on target cell type and 

context. IL-4 and IL-13 have many overlapping but also distinct functions, 

with IL-13 specifically being demonstrated to have a pro-fibrotic role and be 

associated with increased mucus production152–154. This is intriguing because 

both IL-4 and IL-13 signal to cells through a common receptor, the IL-4Ra. 

The actions of these cytokines and how differences in function arise are 

considered next. 

IL-4 and IL-13 signalling 
The IL-4 receptor (IL-4R) is the central mediator of type 2 immune responses 

and has two subtypes that share a common IL-4Rα chain (Fig. 1.3). The type 

I receptor comprises an IL-4Rα chain which is  a heterodimer with an IL-2Rg2 

chain, to which only IL-4 can bind155. The type II receptor is a heterodimer of 

IL-4Ra and the IL-13Ra1 and both IL-4 and IL-13 can bind to this receptor156. 

The effector functions of both type I and type II IL-4R are mediated by a 

transcription factor that is selectively coupled to the IL-4R: signal transducer 

and activator of transcription 6 (STAT6)157. There is also a 3rd receptor in the 

family; the monomer IL-13Ra2 which lacks canonical Janus kinase (JAK)–

STAT signalling and has a high affinity specifically for IL-13 (Fig. 1.3)158,159. It 

is therefore known as a decoy receptor because its binding results in 

internalisation of the ligand preventing IL-13 from engaging with IL-13Ra1. 

Through this action of clearing IL-13 without inducing STAT-6 activation, the 

decoy receptor functions to dampen the effect of IL-13 155,160,161. This 

difference in the ability of IL-4 and IL-13 to bind to the type I and II receptors 
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means there are potentially different downstream effects of both IL-4 and IL-

13 which can in part be mediated by differential expression of the receptors 

by various cell types162,163. One recent example of this is the IL-13 dependent 

activation of the ductular reaction, steatosis and fibrosis seen in the liver152.  

  

 

 

The differential effects of IL-4 and IL-13 have been well studied in the 

helminth infection model of Schistosoma mansoni which causes 

schistosomiasis. Schistosomiasis is a disease characterised by an initial 

acute phase during the first 3-5 weeks following infection where there is 

migration of worms to the liver and maturation in the portal vein164. This acute 

phase is dominated by a pro-inflammatory TH1 response with production of 

pro-inflammatory cytokines like tumour necrosis factor (TNF), interleukin 1 

JAK3JAK1 JAK1

STAT-6 STAT-6 STAT-3

JAK2
TYK2

IL-4 IL-4R⍺

!C

IL-13

IL-13R⍺2
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IL-13R⍺1

Type II IL-4RType I IL-4R Decoy receptor
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Figure 1-3 Il-4 receptors and downstream signals. 

Type I and II IL-4 receptors (IL-4R) and decoy receptor. Binding of IL-4 

(blue circle) or IL-13 (magenta circles) results in dimerisation of the 

receptors and activation of the associated tyrosine kinases: janus kinases 

(JAKs) and Tyk2. This results in phosphorylation of signal transducer and 

activator of transcription 6 (STAT-6) which dimerises and is transported to 

the nucleus where it binds to the promoters of IL-4 and IL-13 sensitive 

genes. In non-haematopoeitic cells binding of IL-13 to the IL-13Ra1 can 

result in STAT-3 activation. Adapted from Wills-Karp et al.156 
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(IL-1) and interleukin 6 (IL-6)164. Concurrent with the onset of egg production 

by mature schistosome, the acute phase is followed by a chronic phase 

starting in week 6 which is characterised by granuloma formation around 

newly deposited eggs in the liver and hepatic fibrosis. This chronic phase is 

dominated by a strong Th2 response, and has been used as a model to 

study the regulation of Th2 responses and in particular sheds some light on 

the differences between IL-13 and IL-4 signalling. Using a soluble IL-13 

receptor α2-Fc fusion protein (sIL-13Rα2-Fc) that blocks IL-13 activity and IL-

4–/– mice Chiaramonte et al. demonstrated that IL-4 and IL-13 are both 

independently sufficient for granuloma formation but that reduction in fibrosis 

observed in IL-4–deficient mice was much less pronounced than that in sIL-

13Rα2-Fc–treated animals153. They therefore concluded that IL-4 was 

integral for mast cell differentiation, eosinophil differentiation and recruitment 

and IL-13 was required for the development of hepatic fibrosis. Further 

insight into the divergent functions of the IL-4 and IL-13 was revealed by 

using IL-13Ra1–/– mice which have a deficiency in the type II receptor but still 

have an intact type I receptor 163. In this setting Ramalingam et al. 

demonstrated that the type II receptor could supress TH2 responses and was 

involved in the activation of important mesenchymal cells such as fibroblasts 

and epithelial cells, which contribute to the development of chronic morbidity 

and mortality in schistosomiasis and in allergic asthma. Furthermore and 

importantly for the work in my project the type I receptor was proposed as the 

dominant receptor in inducing alternative activation of macrophages163. In 

vitro Heller et al. have dissected the differing transcriptomic effects of IL-4 

and IL-13. In so doing they demonstrated that IL-4 induced stronger 

macrophage expression of mRNA that encoding proteins associated with 

type 2 immunity (Ym1, Fizz1 and Arginase 1)  when compared to IL-13165.  

1.4.2 IL-4 driving tissue repair  
The importance of IL-4 in tissue repair has been elucidated by indepth study 

of helminth infections and more recently in non-helminth settings.  



  
 

 32 
 

During S. mansoni infection IL-4 is important for survival because in IL-4–/– 

mice that develop haemorrhagic lesions in the small intestine die during the 

acute phase of the infection166.  In WT mice adult worms develop in the blood 

stream and then lay eggs that cross the basement membrane of the vein, 

and traverse the intervening tissue, basement membrane and epithelium of 

the intestine for excretion164. This is normally associated with a TH2 

response characterised by granuloma formation and eosinophilia, however in 

IL-4–/–, but not in IL-13–/– mice this type 2 immune response is lost and there 

is increased production of pro-inflammatory Interferon-g (IFN-g) by CD4+ 

lamina propria T cells166,167. These experiments point towards a specific role 

for IL-4 in preventing tissue damage associated with gut translocation of 

Schistosoma mansoni eggs. During the chronic phase of Schistosomiasis 

hepatic granuloma formation is impaired in STAT6 deficient mice however 

there is no significant difference in granuloma formation observed in IL-4–/– 

mice153,160,168. This supports the idea that IL-13 is important for the 

granuloma formation and consistent with this, IL-13–/– mice exhibit impaired 

granuloma formation153. Taken together these results would suggest that in 

Schistosomiasis IL-4 is important for the repair process following helminth 

induced damage and IL-13 is important for the fibrotic disease and 

containment of the infection26.  

The importance of IL-4 in limiting acute damage has also been seen in 

another helminth infection associated with a profound type 2 immune 

response.  Nippostrongylus brasiliensis, is a nematode that migrates to the 

lung alveoli where it results in destruction of alveoli and long term airway 

hyperresponsiveness even though they only spend 3-4 days in the alveolar 

space169. The tissue destruction is evident both histologically and by 

identification of acute haemorrhage in the bronchoalveolar lavage (BAL) 

obtained from infected mice. Chen et al. have demonstrated that acute 

haemorrhage was worse in IL-4Ra–/– mice and this was also associated with 

a higher number of neutrophils in the BAL of these mice25. In this model they 
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propose that in addition to IL-4 being required to limit the acute injury 

macrophages are also critical for the repair of the injured lung. More recently 

it has also been shown that IL-4Ra dependent protein Ym1 (discussed 

below) is important at directing the initial response to N. brasiliensis towards 

a repair phenotype170. During the recovery phase Ym1 limits excessive 

immune activation further emphasising the importance of IL-4Ra signalling in 

orchestrating the reparative response to N. brasiliensis170.  

As well as playing a role in tissue repair in Th2 dominated infections, IL-4 has 

recently been demonstrated to play a crucial role during infection with the 

foodborne bacterial pathogen Listeria monocytogenes31. Bleriot et al. 

demonstrate that there is a switch on day 3 post infection from an early type 

1 immune response characterised by high levels of Ifng expression in 

mononuclear phagocytes to an increase in Ym1 and Arg1 expression 

characteristic of a type 2 immune response26,31. They demonstrate the 

importance of IL-4 to the repair process as the bacteria are cleared in IL-4–/– 

mice but the inflammation persists. Furthermore, they demonstrate that 

administration of IL-4c at the time of infection results in an inability to control 

the infection whereas hyperpolarisation of the type 2 response on day 3 post 

infection resulted in a significant reduction in inflammatory infiltrate but a 

failure to clear the infection and the persistence of bacteria in the liver.  

Hence this is a key demonstration of the need for IL-4 to switch off 

inflammation even in ostensibly Th1-dominated infection. 

1.4.3 Endogenous IL-4 in acute liver injury 
De Angelis were the first to demonstrate that there was a role for 

endogenous IL-4 in the regenerative process in murine liver following partial 

hepatectomy171. De Angelis et al demonstrated that there was increased 

mortality in IL-4–/– mice following partial hepatectomy and proposed IL-4 

produced by NKT cells was essential to control complement activation that 

normally negatively regulates the induction of IL-6 by hepatic macrophages. 

As IL-6 has been proposed to be integral to hepatic regeneration due to its 
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effect of promoting hepatocyte proliferation172, IL-4 would then appear to 

indirectly contribute to the regeneration by potentiating IL-6-driven 

hepatocyte proliferation. Consistent with this,  DeAngelis observed near 

absent hepatocyte proliferation in IL-4–/– mice171. Similarly, an important role 

for IL-4 has also been demonstrated in acute liver injury secondary to APAP 

(300mg/kg) where IL-4–/– mice and mice administered anti-IL-4 antibodies 

have increased mortality and higher ALTs173. These results led to the work by 

Goh et al. who showed that IL-4  promoted liver regeneration in both the 

partial hepatectomy model and the acute CCl4 model of liver injury33. In 

contrast to the work of De Angelis et al, Goh et al proposed that recruited 

eosinophils were the key source of endogenous IL-4 rather than NKT cells. 

Using ΔdblGATA (eosinophil deficient) and using IL4Rαfl/flAlbCre (hepatocyte 

specific IL-4Ra deletion) mice they demonstrated that IL-4 directly promoted 

hepatocyte proliferation following CCl4 injury and partial hepatectomy and 

that hepatocyte proliferation was reduced in the absence of eosinophils. 

Furthermore, by analysing both 4-get, IL-4 reporter mice, and 4get 

ΔdblGATA mice it appeared that eosinophils were the predominant IL-4 

producing cells in the liver following CCl4 injury. In CCl4 injured mice 

hepatocyte specific loss of IL-4Ra (IL4Rαfl/flAlbCre) resulted in a reduction of 

hepatocyte proliferation from ~60% to ~45% but notably this proliferation 

didn’t return to the baseline hepatocyte proliferation observed in other 

experiments suggesting unsurprisingly that factors other than IL-4 signalling 

are involved in driving the elevated hepatocyte proliferation. However, a lack 

of uninjured control mice in these experiments make it difficult to say for 

certain what degree of injury-related proliferation occurs via this pathway. 

Furthermore, Goh et al did not report if IL-4 signalling to hepatocytes effected 

necrotic cell area or serum ALT levels, so whether the beneficial effect of 

endogenous IL-4 is restricted to induction of hepatocyte proliferation 

remained unclear.  
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These studies certainly demonstrate a role for IL-4 in liver injury and repair 

but there remain questions to be answered whether there is a role for IL-4Ra 

dependent leukocytes.  

1.5 IL-4 and IL-13 regulation of monocytes and 
macrophages 

We have seen that Chen et al. proposed that macrophages were important in 

the repair process in the type 2 immune setting characterised by N 

brasiliensis infection. Indeed, the concept of the alternative activation of 

macrophages upon exposure to type 2 immune cytokines was first proposed 

by Stein et al. in 1992 when they showed that inflammatory macrophages 

exposed to IL-4 developed a high capacity for endocytic clearance of 

mannosylated ligands, enhanced MHC class II antigen expression, and 

reduced pro-inflammatory cytokine secretion (Fig. 1.4)174.  

1.5.1 Alternatively activated macrophages 
Murine alternatively activated macrophages are characterised by the 

expression of a specific gene profile: Chil3, arginase-1 and Retnla leading to 

the secretion of their intracellular effector molecules: Ym1, arginase-1 and 

Resistin-like molecule (RELM)α 175,176. Further understanding the function of 

these effector molecules will help identify the specific contribution of 

alternatively activated macrophages to tissue repair and regeneration. 

Chitinase like proteins (CLPs): 
CLPs are found in type 2 immune activation with evidence for roles in 

helminth infection177, allergy178, cancer 179, and wound healing180,181. Mice 

have 3 different CLPs Ym1 encoded by Chil3; Ym2 encoded by Chil4; and 

BRP-39 encoded by Chil1182–184. Ym1 is the most abundant alternatively 

activated macrophage protein in many helminth infection models, and all the 

murine CLPs are induced via IL-4Rα signalling185. Ym1 specifically has been 

identified in acute injury models associated with alternative activation in the 
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mouse peritoneum and peripheral nerves180,181.  However, a specific tissue 

repair function for either Ym1 or any of the other CLPs remained elusive until 

recently. In N. brasiliensis in the mouse Sutherland et al. have shown that 

CLPs promoted IL-17 responses and using an anti-Ym1 antibody they 

demonstrated that Ym1 specifically enhanced neutrophil and macrophage 

number during N. brasiliensis migration through the lung. They postulated 

that Ym1 might control parasite worm burden by directing both neutrophils 

and macrophages to damage larvae in the skin or lungs before they reach 

the gut186. We also saw above that the same group have shown that Ym1 

directs the initial immune response to N. brasiliensis towards a repair 

phenotype and during the repair phase it limits excessive immune 

activation170.   

Arginase-1 
Arginase-1 is probably one of the better studied effector molecules of 

alternatively activated macrophages and has been shown to be involved in 
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Figure 1-4 IL-4R mediated alternative activation of macrophages. 

IL-4 or IL-13 bind the IL-4R resulting in upregulation of the alternative activation gene 

profile Chil3, Arg1 and Retnla. This results in the production of factors that promote repair 

and regeneration: interleukin 10 (IL-10), Ym1, lipid metabolites, vascular endothelial 

growth factors (VEGFs), chemokines (CK), matrix metalloproteinases (MMPs), Relma 

and arginase 1. 



  
 

 37 
 

tissue repair and regulation of inflammation187,188. It was shown as early as 

2001 by Hesse et al. that arginase-1 played a critical role in the type 2 

immune response to  S. mansoni induced pathology189. Hesse et al. 

demonstrated that blocking of the enzyme immediately downstream of 

arginase-1 resulted in increased liver fibrosis and granuloma size in infected 

mice. It was subsequently demonstrated that alternatively activated 

macrophages from Brugia malayi infected mice also expressed high levels or 

arginase-1177. 

The functional importance of arginase-1 in macrophages however remained 

unknown. To answer this question Pesce et al. used multiple myeloid specific 

arginase deficient mouse strains (Arg-/flox;LysMcre and Arg1flox/flox;Tie2cre). 

Using these mice they showed that myeloid specific Th2-inducible Arginase-1 

isoform inhibited CD4+ T cell effector function resulting in suppression of 

hepatic Th2 driven chronic inflammation and fibrosis190. However, the same 

group demonstrated that in models of acute and chronic Th2 mediated lung 

inflammation there was neither a pathogenic nor a protective role for myeloid-

expressed arginase-1191.  

It is important to note that Arginase 1 expression can also be induced in 

classically activated macrophages during bacterial infection whereby it 

supresses the pro-inflammatory response to IFN-g/LPS by inhibiting inducible 

Nitric Oxide Synthase (iNOS) production192–194.  

These results outline the context dependent effects of arginase-1 and more 

importantly that its effector function is not solely related to alternatively 

activated macrophages; indeed it has been shown to be upregulated in 

myeloid cells in response to various stimuli including: Granulocyte-

macrophage colony-stimulating factor (GM-CSF), prostaglandin and 

catecholamines195–197. 
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Resistin-like molecule a 
RELMα is encoded by the Retnla gene that is induced in response to type 2 

immune cytokines and has previously been demonstrated in alternatively 

activated macrophages in addition to epithelia and eosinophils177,198. It has 

been suggested by Nair et al. that it may limit the pathogenesis of Th2 

cytokine mediated pulmonary inflammation following challenge with S. 

mansoni eggs199. They showed that RELMα supressed Th2 cytokines and 

RELMα knock-out macrophages promoted exaggerated Th2 cell 

differentiation.  We shall also see below that RELMα is important for wound 

repair in a model of cutaneous injury where it directs collagen crosslinking 

through Plod2 expression in myofibrobalsts30.  

1.5.2 Alternatively activated macrophages in helminth 
infection  

The distinct roles for alternatively activated macrophages in tissue repair and 

regulation of inflammation are not dichotomous as they occur 

simultaneously175.  In the following sections I will initially explore these 

functions of macrophages in helminth infection and then in the more novel 

settings of type 2 immunity in sterile inflammation. The type 2 immune 

response is characterised by the alternative activation of macrophages and it 

has been proposed that during helminth infection the specific functions of 

alternatively activated macrophages are in parasite killing, tissue repair and 

regulating inflammation175.  

In N. brasiliensis Chen et al. demonstrated that the observed IL-4Ra 

dependent repair in the lung was the result of a change towards an 

alternatively activated macrophage phenotype25. They suggested that IL-17 

driven damage was inhibited by IL-4Ra driven macrophage production of 

IGF1 and IL-10 which contributed to rapid resolution of the damage. In S. 

mansoni infection an important role for IL-4Ra signalling to macrophages has 

been demonstrated using a macrophage/neutrophil specific IL-4Ra deficient 

mouse (LysMCreIL-4Ra–/flox) developed by Herbert et al.28. Vannella et al. 
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showed that LysM is expressed at high levels in tissue macrophages and 

were therefore able to demonstrate that these LysMhi F4/80+ CD11b+ cells 

were critical to suppress the helminth mediated inflammation in the liver34. 

They also used this system to demonstrate that recruited LysMlo F4/80+ 

CD11b+  cells produced large amounts of arginase-1 and were responsible 

for the inhibition of fibrosis during chronic infection34,200. 

Both these results point towards a potential role for IL-4Ra signalling to 

macrophages contributing to repair in helminth infection. There is also 

growing evidence of the importance of IL-4Ra signalling being involved in the 

repair process in in pathologies not associated with classical type 2 

immunity.   

1.5.3 Alternatively activated macrophages outwith helminth 
infection 

The concept of the alternatively activated macrophage was first proposed in 

the early 90s but it wasn’t until the late 00s that their involvement in tissue 

repair outwith the realm of helminth infection or atopy was proposed181. Only 

recently has Knipper et al. definitively shown a role for alternatively activated 

macrophages in a sterile injury model30.  

Loke et al. first proposed that acute injury resulted in alternative activation of 

macrophages independent of infection, fibrosis or atopy181. Using IL-4Ra–/– 

mice they demonstrated that in their acute injury induced by sham surgery 

the observed innate expression of Ym1, Fizz1 and arginase 1 was dependent 

on type 2 cytokines. Seno et al. were the first to demonstrate a critical role for 

IL-4 and IL-13 in non-classical Th2 wound repair when they showed they 

were required for effective colonic wound repair29. They demonstrated that 

efficient colonic healing required triggering receptor on myeloid cells 2 

(TREM2) which delivers signals to regulate myeloid cell function and is 

expressed on newly differentiated and alternatively activated 

macrophages29,201. They developed a punch biopsy model of colonic injury 
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and demonstrated increased mRNA expression of TNF-a and IFN-g in the 

wound beds of Trem2-/- mice. This increased expression of pro-inflammatory 

genes was coupled with a reduction in type 2 gene expression: arginase 1, 

Ym1 and the mannose receptor. This polarisation of the immune response to 

a type 1 pro-inflammatory one in Trem2–/– mice suggested that Trem2 was 

inhibiting cytokines that can enhance classical activation of macrophages 

and promote alternative macrophage activation. Although Seno et al. did 

demonstrate that IL-4Ra signalling (specifically STAT-6) was required for 

efficient wound repair they did not definitively demonstrate that this was 

dependent on IL-4Ra signalling to alternatively activated macrophages. 

However, Liao et al. have taken the work forward by looking at the role 

of Krüppel-like factor 4 (KLF4) in macrophage polarisation and wound 

repair202. They initially demonstrated in vitro that IL-4 stimulation of 

macrophages resulted in KLF4 expression and using myeloid specific KLF4 

knock-outs (Mye-KO) they were able to show that KLF4 expression was 

required for macrophages to become alternatively activated upon stimulation 

with IL-4202. Having demonstrated that KLF4 is important for alternative 

activation of macrophages they subsequently showed in vivo that there was 

delayed wound closure in Mye-KO mice following a 6mm incisional wound 

when compared to Mye-WT mice. This provided further evidence that 

alternative activation of macrophages may be important for wound repair but 

it wasn’t until Knipper et al. demonstrated defective granulation tissue and a 

failure of the repair process in LysMCreIL-4Ra–/flox mice that evidence for a 

definitive role of IL-4Ra signalling in macrophages was demonstrated in this 

sterile injury model30. Knipper at al. showed that IL-4Ra signalling is required 

for the switch from early pro-inflammatory macrophages that express Nos2 to 

late pro-reparative macrophages expressing Cd163, Rentla, Cd206 

(mannose receptor) and Il10. They demonstrated that this IL-4Ra mediated 

switch in macrophages was integral to wound healing as RELMa production 

directed accurate collagen crosslinking through Plod2 expression in 

myofibrobalsts30. This seminal paper demonstrated the important role that IL-
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4R-signalling to macrophages and RELMα production by alternatively 

activated macrophages played in sterile wound repair. 

In acute CCl4 induced liver injury Goh et al. attempted to address whether the 

IL-4Ra dependent repair was mediated by IL-4Ra signalling to macrophages. 

They ruled out a contribution of IL-4Ra signalling in the myeloid compartment 

by using  LysMCreIL-4Ra–/flox  mice to show no change in hepatocyte 

proliferation or ALT at 36 and 48 hours post CCl4 administration 

respectively33. However, during sterile inflammation in the peritoneal cavity 

the LysMCreIL-4Ra–/flox  fails to cause deletion of the IL-4Ra in inflammatory 

macrophages and macrophages in the liver during during S. mansoni 

infection34.  It is therefore unclear whether this system can be used to draw 

conclusions about the lack of contribution of myeloid IL-4Ra signalling to the 

repair phenotype observed by Goh in this acute injury model33.  

1.5.4 Origin of alternatively activated macrophages  
The functional effects of alternatively activated macrophages outlined above 

rely on accumulation of alternatively activated macrophages at the site of 

injury or infection. These alternatively activated macrophages can 

accumulate either through recruitment or local proliferation and it has been 

demonstrated that the origin of these cells affects their function.  

Monocyte recruitment 
As with acute inflammation in the liver secondary to APAP overdose or acute 

CCl421–23 recruitment of monocytes has been demonstrated in multiple 

models of type 2 immunity: allergic dermatitis (skin); Litomososides 

sigmodontis (pleural cavity) and S. mansoni (liver)123,203–205. Nascimento et 

al. demonstrated using a CCR2-DTR mouse that the expansion of 

macrophages during S. mansoni infection was dependent on recruitment of 

monocytes21,22,204. Furthermore they demonstrated that outcomes were 

dependent on Ly6Chi monocytes because their depletion resulted in severe 

acute weight loss122,167.  
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Local proliferation 
A hallmark of Th2 immunity is the accumulation of alternatively activated 

macrophages due to IL-4Ra dependent local proliferation121,206. Jenkins et al. 

demonstrated that in L. sigmodontis there was an expansion of the pleural 

macrophage populations that was dependent on IL-4Ra signalling to 

macrophages. Furthermore they demonstrated that IL-4 can drive 

proliferation in monocyte-derived macrophages recruited during thioglycolate 

elicited peritoneal inflammation206. They proposed during L. sigmodontis 

infection that IL-4 promoted the expansion of resident macrophages but also 

the establishment of a noninflammatory environment allowing the polarisation 

of any recruited macrophages to an alternatively activated phenotype121.  

Function according to origin 
Vannella et al. were the first to propose that that recruited macrophages 

(Lyz2lo) and resident macrophages (Lyz2hi) might have differing function in 

Schistosoma mansoni infection34. Recent work by Gundra et al. has built on 

this work and demonstrated that there is indeed a functional difference in 

recruited and resident alternatively activated macrophages203. Using a 

thioglycolate model of peritoneal inflammation in combination with IL-4 

treatment they demonstrated a fundamentally different molecular signature 

between monocyte-derived and resident macrophages when alternatively 

activated. They found that monocyte derived alternatively activated 

macrophages up-regulate genes important in immune response whereas 

genes involved in metabolic processes are upregulated in resident 

alternatively activated macrophages. In monocyte derived alternatively 

activated macrophages they also demonstrated significantly elevated 

expression of Raldh2 which they demonstrated induced FoxP3 Treg 

differentiation proposing therefore that monocyte-derived alternatively 

activated macrophages have a more active roles in directing host 

responses203. Gundra et al. also subsequently suggested that monocyte 

derived macrophages could convert into a resident phenotype in a vitamin A 
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and retinoic acid dependent manner207. This work started to introduce the 

concept of environmental control of alternative activation in macrophages.  

1.5.5 The effect of the microenvironment on alternative 
activation of macrophages  

We have seen above that IL-4 and IL-13 can alternatively activate 

macrophages and promote control of helminth infection and tissue repair but 

we have also seen that they are involved in fibrosis. Recently published work 

has started to shed light on other signals that could be involved in influencing 

the function of alternatively activated macrophages.  

Clearance of apoptotic cells is linked to the resolution of inflammation and 

Bosurgi et al. proposed that the tissue repair, remodelling and anti-

inflammatory programmes upregulated as part of alternative activation of 

macrophages could be promoted by the presence of apoptotic cells208,209. 

They demonstrated in vitro that when bone marrow derived macrophages 

(BMDMs) were cultured with IL-4 the addition of apoptotic neutrophils 

resulted in enhanced expression of archetypal markers of alternative 

activation, Retnla and Chil3175,208. Furthermore, when the phagocytic 

receptors AXL and MERTK were deleted on BMDMs there was lower 

amounts of Retnla, Chil3 and Arg1 upon IL-4 stimulation208. In vivo infection 

with N. brasiliensis in Axl-/- Mertk-/- mice resulted in impaired healing in the 

lung and a substantial reduction in tissue repair and anti-inflammatory genes 

suggesting that the inability to recognise apoptotic cells had a negative 

impact on the type 2 immune repair programme normally seen in N. 

brasiliensis infection. In addition to apoptotic cells enhancing responses in 

inflamed tissues Minutti et al. have recently demonstrated that there are 

tissue specific signals that promote repair in the lung and liver210. During N. 

brasiliensis infection they demonstrated that when surfactant protein A (SP-

A), a major constituent of pulmonary surfactant, was knocked-out there was 

reduced secretion of RELMa and Ym1 in the alveolar fluid. The effect of SP-

A was mediated by the receptor myosin 18A (Myo18A) which is also a 
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receptor for C1q (the first component of the complement system) which is 

produced by myeloid cells in peripheral tissues211. They demonstrated that 

IL-4c treatment resulted in SP-A and C1q upregulation by myeloid cells and 

specifically they observed C1q upregulation in the liver. As with SP-A in the 

lung during N. brasiliensis, C1q was required for macrophage alternative 

activation and improvement in indices of liver injury during L. 

monocytogenes31,210. Hence, the work by Borsugi et al. and Minutti et al. 

emphasises the importance of local factors in mediating the type 2 immune 

response.  

1.5.6 Alternative activation of Ly6Chi monocytes 
As discussed above, the recent work by Nascimento et al. highlighted the 

importance of recruitment of Ly6Chi monocytes in host protective 

accumulation of macrophages during Schistosomiasis204. There is however 

little work on the direct effects of IL-4 on monocytes in vivo which is 

surprising given that they have been shown to be the precursors of several 

resident macrophage populations in homeostasis90,91,98,212 and recruited 

macrophages in most models of inflammation21,115,120,207,213.  

Jenkins et al. have shown that delivery of exogenous IL-4c alone is not 

sufficient to recruit monocytes to tissue, contrasting the concurrent 

proliferation of macrophages and recruitment of monocytes that occurs with 

injection of exogenous CSF1-Fc 121,206. In fact, co-injection studies from the 

Allen lab (L. Jackson Jones, unpublished) demonstrated that IL-4c actually 

blocks the recruitment monocytes induced by CSF1. However, it remains to 

be determined whether this inhibitory effect of IL-4 on monocyte recruitment 

may also occur under conditions of inflammation.   

To study monocyte dynamics in vivo during a sterile injury model Dal-Secco 

et al. employed a burn model of liver injury where a focal necrotic injury is 

induced on the surface of the mouse liver with a thermal probe214,215. In this 

model, they demonstrate that there is recruitment of classical (Ly6Chi) 
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CCR2hi CX3CR1low monocytes to the wound edge and subsequent IL-4 and 

IL-10 dependent conversion from a CCR2hi CX3CR1low classical monocyte 

phenotype to a CCR2lo CX3CR1hi non-classical monocyte phenotype. They 

demonstrated that this conversion could be inhibited by the use of an anti-IL-

4/anti-IL-10 antibody which resulted in an impaired repair process as 

demonstrated by decreased clearance of cellular debris and decreased 

collagen deposition215. Notably in this model Dal-Secco et al. suggested that 

the observed conversion was to a non-classical monocyte phenotype not to a 

macrophage phenotype because of the lack of F4/80 or MERTK expression 

on the CCR2lo CX3CR1hi cells. This result was interesting because as 

outlined above, sterile injury and inflammatory responses in the liver, colon, 

heart and peritoneal cavity are characterised by the recruitment of Ly6Chi 

monocytes from the circulation to the inflammatory site following which they 

convert into Ly6Clo macrophages with varying functions21,115,120,121,207. The 

different fate of Ly6Chi monocytes reported by Dal-Secco et al. could relate to 

the artificial model employed which does not reflect mammalian pathology. 

Indeed they don’t state whether their burn model results in any systemic 

monocytosis216 and they propose that the recruited CCR2hi CX3CR1low 

monocytes represent a unique hepatic population of patrolling monocytes 

that are recruited locally. It is therefore possible that this population behave 

differently to other monocyte populations. Notwithstanding the caveats 

surrounding the model, they did show that IL-4 and IL-10 in combination 

appeared to play an important role in the downregulation of CCR2 expression 

in CCR2hi CX3CR1low monocytes.  

Further insight into the effect of IL-4 on monocytes has recently been 

provided by an examination of the transcriptomic effects of differentiating 

human monocytes in vitro with IL-4 in combination with GM-CSF217.   Sander 

et al. identified NCOR2 as a key transcription factor linked to IL-4-dependent 

differentiation of monocytes217. The previously identified functions of NCOR2 

could shed some light on its function in monocyte responses to IL-4 because 



  
 

 46 
 

it is known to be involved in controlling cell fate, repression of pro-

inflammatory genes and cell cycle regulation, all processes associated with 

IL-4121,175,177,218. Furthermore they demonstrated the importance of timing of 

IL-4 administration because in conjunction with GM-CSF changes in timing of 

IL-4 could alter the monocyte differentiation along a continuum from more 

macrophage like cells to more dendritic like cells217.  

Interestingly, Ikeda et al. have recently identified a subset of Ly6Chi 

monocytes that express the alternative activation marker Ym1219. They 

developed a novel mouse line that harboured the Venus gene in the Chil3 

(Ym1-coding gene) locus which enabled identification of Ym1 expressing 

cells. Using this Ym1-venus mouse they demonstrated that there was an 

increase in the proportion of blood Ym+ Ly6Chi 48hrs following a single dose 

of LPS and 1 day following 5 days of 2% DSS colitis. They suggested that 

these changes correlated with the recovery phases of these pathologies and 

using a novel Ym1-DTR mouse they conditionally deleted these cells on day 

3 and day 5 following cessation of DSS colitis. Conditional deletion of these 

cells resulted in worse outcomes with observed increased histological 

evidence of inflammation and impaired recovery of body weight.  

There is little data on the direct effect of IL-4 on monocytes but the work by 

Dal-Secco et al. and Sander et al. would both suggest there is a role for IL-4 

in influencing the fate of monocytes and the more recent work by Ikeda et al. 

would suggest that Ly6Chi monocytes can adopt an alternatively activated 

phenotype. Interestingly in vitro data from human monocytes from 1992 

would suggest that IL-4 can lead to cell death in monocytes stimulated with 

IL-1 and TNF-a but they found that IL-4 had little effect on monocytes when 

they were stimulated with GM-CSF or CSF1220.  

1.6  IL-4 signalling as a therapeutic target 
The pro-reparative and anti-inflammatory effects of IL-4 that have been 

observed not only in helminth infection but in a multitude of 
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inflammatory/injury conditions, make this cytokine a potential target to 

augment pro-reparative responses, particularly those involving a significant 

inflammatory response. However there are potential pitfalls in attempting to 

modulate IL-4Ra signalling, we saw earlier that type 2 immune responses 

can enhance fibrosis in a context and tissue dependent manner152,210 whilst 

administration of exogenous IL-4 early during infection with L. 

monocytogenes can be deleterious31. Furthermore, pathological 

overproduction of  type 2 cytokines results in atopy which is reviewed 

elsewhere but includes atopic dermatitis, allergy and anaphylaxis221. Type 2 

immunity has also been shown to impair antiviral and mycobacterial 

immunity222,223 and alternative activation of macrophages can potentiate 

tumour growth224,225. It is therefore important to take these potentially 

deleterious effects when planning to manipulate IL-4Ra signalling.  

1.6.1 IL-4 and IL-13 as targets 
As the central receptor in type 2 immunity the IL-4Ra and its ligands IL-4 and 

IL-13 would appear to be ideal targets for any potential therapy to engage or 

manipulate this system. In immunotherapies it is possible to enhance the 

function of cytokines through administration of recombinant forms of the 

cytokine or block the function of particular cytokines through binding to the 

cytokine itself or binding of the cytokine’s receptor.  

Blocking IL-4 and IL-13 
In murine models of asthma IL-13 and not IL-4 is thought to be the key 

mediator of the pathological features associated with lung inflammation and 

remodelling226. However, unlike in helminth infection IL-4 doesn’t appear to 

mediate a beneficial effect and actually promotes the accumulation of 

inflammatory cells in the airways227. Approaches have therefore been 

developed to block the function of Th2 cytokines in asthma. One phase II trial 

demonstrated an improvement in lung function with Lebrikizumab (a 

monoclonal antibody directed against IL-13); and another trial of Dupilumab 

(a monoclonal antibody against the IL-4Ra) resulted in fewer asthma 
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exacerbations228,229. However, neither of these drugs have yet been licensed 

for the treatment of asthma, although notably Dupilimumab has been 

licensed for the treatment of atopic dermatitis the pathogenesis of which 

involves IL-4 and IL-13230.   

Enhancing IL-4Ra signalling in models other than acute liver injury 
The simplest way to experimentally enhance the action of IL-4 is to 

administer it exogenously. This can be done by simply administering the 

cytokine alone however, exogenous IL-4 administered in the form of a 

complex (IL-4c) between IL-4 and anti-IL-4 antibody (11B11) significantly 

increases the half-life of IL-4 from a few minutes to ~24hrs and results in 

slower dissociation to maintain high levels of IL-4 for 3-5 days32,231,232. 

There are multiple experimental models of sterile inflammation like 

rheumatoid arthritis (RA) and psoriasis where exogenous IL-4 has been used 

in attempt to modulate the immune response to improve healing. RA is an 

autoimmune disease process characterised by persistent sterile inflammation 

in the synovium, cartilage and bone of joints which is driven by T cells 

polarised to a  Th1 phenotype233. The two central mediators of the pathology 

are TNF-a, which promotes the inflammation and IL-1 that mediates the bone 

destruction234. Anti-TNF-a therapy with Infliximab is well established and 

effective in the treatment of RA235. There is very little evidence of type 2 

cytokines within the inflammatory joint during RA, it was therefore postulated 

that skewing the T cell phenotype from Th1 to Th2 would be beneficial233. 

Indeed in the murine model of collagen induced arthritis (CIA) daily 

administration of IL-4 to mice with established CIA resulted in prevention of 

cartilage and bone erosion but no significant anti-inflammatory effect of IL-4 

within the inflamed joint236. It was felt that this could in part be mediated by 

the effect of IL-4 on osteoclasts which are the tissue resident macrophages in 

bone and are responsible for bone resorption. Joosten et al. demonstrated 

that IL-4 treatment resulted in a reduction in their number236 and it has also 

been demonstrated in vitro that IL-4 can not only inhibit osteoclast 
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development but also mature osteoclast function233,237. Interestingly IL-4 

therapy alone didn’t have any effect on the influx of inflammatory cells into 

inflamed joints but could be combined with low dose dexamethasone or IL-10 

to illicit an inhibitory effect on the inflammatory cells236,238. There is evidence 

from a model of pleuritis that IL-4 can have an effect on the inflammatory 

infiltrate; Fine et al. have demonstrated that exogenous IL-4 inhibits 

leukocyte trafficking to the pleura during inflammation, specifically limiting 

recruitment of macrophages and completely inhibiting polymorphonuclear cell 

recruitment when compared to saline controls239.  

Like RA, psoriasis is an autoimmune disease involving sterile inflammation of 

the joints but also the skin. Also like RA there are no type 2 immune 

cytokines detectable in the stereotypical skin lesions that develop240. Unlike 

RA, however, it is thought to be a Th17 driven pathology with increased 

levels of interleukin (IL-)17A, IL-22 and IL- 23241. In a small study in humans 

it has been demonstrated that daily administration of recombinant human IL-

4 resulted in decreased plaque size and decreased epidermal thickness both 

of which are markers of disease improvement240. Furthermore, Ghoreschi et 

al. demonstrated a concomitant Th2 differentiation in human CD4+ T cells 

upon IL-4 treatment. In addition to polarising T cells to a Th2 phenotype it 

has been suggested that IL-4 might inhibit IL-1β and IL-6 secretion by 

epidermal cells from psoriatic lesions242. In a murine model of hypertension in 

pregnancy it has also been shown that exogenous IL-4 administration 

normalised blood pressure and also reduced that proportion of CD3+/γδ+ T 

cells which are thought might exacerbate hypertension during pregnancy243.  

The above results suggest that exogenous IL-4 can promote an anti-

inflammatory milieu during models of sterile inflammation and during RA and 

pleuritis there are concomitant effects on the leukocyte populations. 

The concern with cytokine based therapy is the potential for off target 

systemic effects which can sometimes be detrimental as was seen during a 
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trial of a CD28 agonist (Theralizumab) which resulted in a cytokine storm  

and death when administered in a phase I human trial244. It could be that in 

humans systemic administration of IL-4 may require a targeted approach. 

One such approach is the use of diabody fusion proteins, in RA and psoriasis 

one such diabody has been designed to target inflammation by binding 

fibronectin that is expressed during neoangiogenesis245–247. The diabody is 

composed of IL-4 and the F8 antibody that binds fibronectin resulting in 

delivery of IL-4 to the site of inflammation. This fusion protein (F8-IL-4) 

results in improvement in indices of disease severity and in combination with 

dexamethasone promotes the number of T regs and alternatively activated 

macrophages in murine arthritic joints246,248.  

Autoimmunity is driven by the maladaptation of immunological self-tolerance 

in lymphocytes249 and in the above examples of RA and psoriasis it was 

suggested that the common pro-reparative function of IL-4 was to polarise T 

cells to a Th2 phenotype. However, there were indications that in the setting 

of sterile inflammation exogenous IL-4 was having effects on non-lymphoid 

cells like osteoclasts, epidermal cells and infiltrating myeloid cells237,239,242. 

The commonality between these models was that IL-4 could contribute to 

reduced inflammation as demonstrated by a variety of outcome measures 

and it may therefore be useful to use in other sterile injury models such as 

acute liver injury.   

1.6.2 IL-4Ra signalling as a target in sterile liver injury 
Administration of exogenous IL-4 during liver injury may not be the most 

obvious therapeutic given that it had previously been suggested that constant 

IL-4 expression in the liver is deleterious250. Guillot et al. induced sustained 

IL-4 expression in mouse hepatocytes using a murine IL-4 adenovirus 

(AdmIL-4) that was injected via the hepatic portal vein. Sustained IL-4 

expression due to the gene transfer resulted in lethal hepatotoxicity that they 

suggested was dependent solely on hepatocyte apoptosis and not related to 

effects on the hepatic leukocytes250. Furthermore, they suggested that IL-4 
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alone was sufficient to kill hepatocytes in vitro, highlighting a potential side 

effect of long-term IL-4 administration.  

In contrast to Guillot et al., Goh et al. enhanced IL-4 signalling during acute 

liver injury by administering exogenous IL-4 in the form of IL-4c. By not using 

constant administration of IL-4 they demonstrated that administration of 

exogenous IL-4c 24 hours prior to acute CCl4 and 72hrs later resulted in 

improvement in indices of liver injury: ALT and necrotic cell area. It also 

enhanced indices of hepatic regeneration as evidenced by an increase in 

hepatocyte proliferation with IL-4c administration. However, they did not 

administer IL-4c in either IL4Rαfl/flAlbCre or LysMCreIL-4Ra–/flox  mice during 

injury, it is therefore impossible to attribute the observed improvement to 

signalling to a particular cell type. In fact they demonstrated that 

administration of IL-4c to uninjured IL4Rαfl/flAlbCre+ mice resulted in 

increased hepatocyte proliferation when compared to untreated mice 

suggesting that there was some Cre inefficiency or signalling to other cell 

types had an effect hepatocyte proliferation.  

There are therefore unanswered questions with regards to the role of IL-4c in 

acute DILI: can it be administered therapeutically following an acute insult 

and are any of the pro-reparative effects mediated by the 

monocyte/macrophage compartment.  

1.7 Project aims 
I have outlined above that monocytes and macrophages are involved in the 

repair and regeneration process in APAP and acute CCl4 toxicity21,23,52,145 

and that IL-4 can promote a tissue repair and regeneration phenotype in 

macrophages26,175. Moreover, Goh et al. have shown that exogenous IL-4 

administered prior to and following injury with CCl4 results in improvements in 

indices of injury and regeneration. While this was attributed entirely to direct 

effects of IL-4 on hepatocytes33, in my PhD project I hypothesised that 

exogenous IL-4c could be used as a therapy for acute liver injury and that 
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administration of IL-4c would promote a pro-reparative phenotype in the 

monocyte and macrophage populations in the injured liver. My pilot work 

identified an effect on the leukocyte population in the liver and given the role 

for endothelial cells in recruitment of monocytes, I therefore also 

hypothesised that IL-4Ra signalling to endothelial cells could also affect the 

recruitment of leukocytes to the injured liver. To test my hypothesis, I aimed 

to do the following:  

• Establish if IL-4c could be administered therapeutically by comparing 

the pre- and post-injury administration of IL-4c with a post-injury 

(therapeutic) administration.  

o Interrogate the effects of IL-4c on the recruited leukocyte 

populations using flow cytometry and establish if there is an IL-

4c dose relationship to the observed phenotype.  

• Abrogate endogenous signalling to endothelial cells by generating a 

novel mouse line: Cdh5-Cre-ERT2; IL-4R⍺fl/fl and establish if there 

was any phenotype following CCl4 injury +/- IL-4c.  

• Establish the effect of IL-4c signalling to specific leukocyte populations 

using: 

o Whole body irradiation and tissue protected chimeras using IL-

4Ra–/– donor BM to establish the effect of IL-4Ra signalling in 

BM derived cells.  

o Cell specific Cre mediated excision of the IL-4Ra by crossing 

the specific Cre with the IL-4Rafl/fl mouse line.  

• Develop ex-vivo and in-vitro assays to further characterise the 

observed changes in leukocyte populations. 

• Establish if the therapeutic effect of IL-4c treatment in acute CCl4 liver 

injury can be translated to other models, including  

o The clinically relevant model of APAP overdose 

o DSS colitis, a model also characterised by a significant 

recruitment of monocytes and macrophages.   
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Chapter 2 Methods 
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2.1 Mice 
Mice were bred and maintained in specific pathogen free (SPF) facilities at 

the University of Edinburgh, UK. All mice were male and age matched: 7-9 

weeks-old for wild-type (WT) studies and 16-18 weeks-old for chimera 

experiments. Male mice were used across all experiments for consistency as 

it has been shown that they have a different and more significant injury 

response to CCl4 induced injury when compared to female mice251. All 

experimental studies were conducted in either the Ann Walker Unit (AWU) at 

King’s Buildings or Little France 2 (LF2) at the Chancellor’s Building, 

University of Edinburgh. Unless stated otherwise, all strains were on the 

C57/BL6 background. All experiments were approved by the University of 

Edinburgh Animal Welfare and Ethical Review Body under license granted by 

the UK Home Office. 

2.1.1 Wild-type mice 
 WT mice used in studies conducted in the AWU were purchased from an in-

house colony of Harlan (C57BL/6OlaHsd) mice. Of note during the project 

the AWU switched their breeding colony to Charles River (C57BL/6J) mice. 

There was no difference in strains noted by anyone using the same models 

as employed in this study following the switch. Mice used in experiments in 

LF2 were purchased from Charles River at 6 weeks-old and maintained in 

the animal unit for at least 2 weeks prior to being used in studies. 

2.1.2 Transgenic lines 
Congenic C57BL/6 CD45.1+CD45.2+ mice (Ly5.1 heterozygote) used as 

recipients in chimera experiments were bred in AWU and all other lines were 

bred in either Ashworth Building 3 level 5 at King’s Buildings or Little France 

1 (LF1) at the Chancellor’s Building (both University of Edinburgh). 

Transgenic lines are outlined below in Table 2.1. 
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Table 2-1 Details of mouse strains 

Mouse line Details 

C57BL/6 CD45.1+CD45.2+ Generated by crossing C57BL/6 CD45.1+ 
(Ly5.1+) with C57BL/6 CD45.2+. Maintained 
by AWU 

C57BL/6 IL-4R⍺-/- Kindly provided by Dr. Cecile Benezech, 
University of Edinburgh.  

LysM Cre; IL-4R⍺fl/fl Kindly provided by Prof. Judi Allen, University 
of Manchester. 

LysM Cre; IL-4R⍺fl/- Maintained by crossing LysM Cre; IL-4R⍺fl/fl 

with IL-4R⍺-/- mice. 

Cdh5-Cre-ERT2 Kindly provided by Prof. Neil Henderson, 
University of Edinburgh. 

Cdh5-Cre-ERT2:IL-4Rafl/fl  Maintained by crossing Cdh5-Cre-ERT2:IL-
4R⍺fl/fl with IL-4R⍺fl/fl mice. 

Csf1r-EGFP (MacGreen) Kindly provided by Prof. Jeffrey Polalrd, 
University of Edinburgh. 

 

2.2 Generation of bone marrow chimeric mice 
A combination of both whole body and tissue protected chimeras were used.   

2.2.1 Whole body irradiation chimeras 
Whole body irradiation chimeras were generated as previously described by 

Jenkins et al121. 6-10-week-old, C57BL/6 CD45.1+CD45.2+ mice were 

maintained on Baytril (Bayer) in their drinking water for 4 days prior to being 

irradiated. Mice were given a total dose of 980 rads divided over two doses of 

10 minutes and 22 seconds. 24 hours after irradiation mice were 

reconstituted with CD45.2+ bone marrow from C57BL/6 (WT) or C57BL/6 IL-

4R⍺–/– mice. Following irradiation, mice were maintained on Baytril in their 

drinking water and mash diet for 4 weeks.  
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2.2.2 Tissue protected bone marrow chimeras 
Tissue protected bone marrow chimeras were generated as previously 

described by Jenkins et al206. 6-8-week-old, C57BL/6 CD45.1+CD45.2+ mice 

were anesthetized with 8µl/g of s.c. anaesthetic: 0.5ml Medetomidine 

(Domitor, Vetoquinol) + 0.38ml Ketamine (Vetalar, Boehringer Ingelheim) + 

4.12ml sterile PBS (Gibco).  Mice were given a total dose of 950 rads over 19 

minutes and 30 sec with only their hind limbs and lower pelvis exposed to the 

radiation source. The rest of their body was shielded from irradiation using a 

5cm lead block. Following irradiation mice were administered 100µl s.c. of 

anaesthetic reversal agent: 0.5mg of Atipamezole (Antisedan, Zoetis) in 

100µl sterile dPBS (Gibco). Mice were then placed in an incubator at 37ºC to 

ensure maintenance of adequate body temperature during recovery. 24 

hours after irradiation mice were reconstituted with CD45.2+ bone marrow 

from C57BL/6 (WT) or C57BL/6 IL-4R⍺–/– mice. Following irradiation mice 

were maintained on Baytril in their drinking water and mash diet for 4 and 2 

weeks respectively.  

2.2.3 Preparation of bone marrow for reconstitution of 
irradiated mice 

C57BL/6 CD45.2+ or C57BL/6 IL-4R⍺–/– mice were culled via cervical 

dislocation. Skin was removed from their hind legs and both tibias and 

femurs were dissected out with care being taken to remove muscle. Intact 

bones were transferred into ice cold dPBS (Gibco) for transport. The 

extraction of BM was performed in sterile conditions using a class II biosafety 

cabinet. Bones were sterilised for 2 minutes in ice cold 70% ethanol and then 

washed twice in dPBS (Gibco). The distal and proximal ends of bones were 

removed to expose the bone marrow cavity and the bone marrow flushed out 

using a 26G needle and 10ml RPMI 1640 (Gibco). A single cell suspension 

was then formed using a syringe, the single cell suspension was then passed 

through a sterile 40µm filter (Thermo Fisher) into a 50ml Falcon. Samples 

were centrifuged at 300G and 4ºC for 5 mins and then red blood cells were 
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lysed for 5 minutes using 5ml of red blood cell (RBC) lysis buffer (Sigma). 

Cells were then washed in RPMI 1640 (Gibco) and were counted using a 

haemocytometer. Cells were resuspended at 2.5x107 cells/ml in dPBS. Mice 

received 200µl of cell suspension via i.v. tail vein injection.  

All mice were used 8-9 weeks following reconstitution. Chimerism in blood 

was checked prior to initiation of experimental models: 20µl of blood was 

obtained via tail vein bleed and analysed by flow cytometry as outlined 

below.  

2.3 Injury models 
Acute carbon tetrachloride (CCl4) 
Acute liver injury was induced with a solution of 25% CCl4 (Sigma) in olive oil 

(Sigma). This was made without using plasticware as it is degraded by CCl4. 

A dose of 4µl/g of the 25% solution of CCl4 was injected i.p. into mice as this 

has been previously shown to generate a significant acute injury252. Mice 

were monitored for 1 hour following CCl4 injection and then checked daily 

until the end of the experiment. Control mice were given olive oil at a 

concentration of 4µl/g. 

Acetaminophen (APAP) overdose 
To induce an acute liver injury, APAP was administered to mice at a dose of 

350mg/kg i.p16. A 30mg/ml solution of APAP was made by combining APAP 

powder (Sigma) with dPBS (Gibco). To dissolve the solute, the solution was 

heated in a waterbath and cooled immediately prior to administration. Mice 

were closely monitored following administration of APAP and were checked 

every 12 hours until the end of the experiment. Controls were either given 

dPBS or were naïve controls (specified in results).  

Dextran Sodium Sulphate (DSS) 
Colitis was induced using 2% DSS given ad libitum in drinking water117. A 2% 

solution of DSS was made by diluting DSS (MP Biomedicals) with sterile 
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water. Control mice were given water. All mice were assessed on a daily 

basis using a disease activity index (DAI) (Table. 2.2)253. Owing to the 

deleterious nature of the model, specific humane endpoints were used: mice 

showing signs of colitis (blood score ≥ 1, stool consistency ≥ 2, general 

appearance ≥ 1 or weight loss ≥ 1) for ≥ 48hrs were culled. A score of 4 in 

any category triggered immediate schedule 1.  

 

Table 2-2 Colitis disease activity index 

Score Weight 
loss 

Blood loss Stool 
consistency 

General 
appearance 

0 Nil Nil Well formed Normal 
1 1-5%  Present in/on 

faeces 
Pasty 
 

Piloerection 
only 

2 5-10%  Visible on 
rectum 

Pasty 
some blood 

Lethargy, 
piloerection 

3 10-20%  - Non-adherent 
diarrhoea  

- 

4 >20% Visible on fur 
+/- clinical 
anaemia  

Adherent 
diarrhoea 

- 

 

2.4 Other substances administered to mice 
2.4.1 Interleukin-4 complex (IL-4c) 
To prolong the half-life of IL-4 it was administered as a complex with anti-IL-4 

(IL-4c). Recombinant murine IL-4 (Peprotech) was combined with anti-IL-4 

antibody, 11b11 (Bio X Cell) in a 1 to 5 ratio and kept at 4ºC until the addition 

of dPBS prior to injection s.c.32. The volume of dPBS altered depending on 

the dose of IL-4 being administered. All mice were given a dose of 4µl/g IL-

4c. Control mice were given dPBS at a dose of 4µl/g, referred to as vehicle 

(veh) throughout the project.  
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2.4.2 Tamoxifen induction of Cre expression 
To induce Cre expression in Cdh5-Cre-ERT2:IL-4Rafl/fl mice, tamoxifen was 

administered i.p. at a dose of 100mg/kg for 5 consecutive days254. To limit off 

target effects of tamoxifen administration mice were left for 2 weeks following 

the last dose. A 20mg/kg solution of tamoxifen was made by dissolving 

tamoxifen powder (Sigma) in corn oil (Sigma) at 37ºC in the dark in a 50ml 

Falcon. Once fully dissolved the solution was sterile filtered using a 0.22µm 

(Millex) filter and stored at 4ºC prior to warming immediately pre-injection.  

2.4.3 Bromodeoxyuridine (BrdU) 
BrdU is a thymidine analogue that is incorporated into cells during S phase 

and can therefore be used to identify cells that are in cell cycle following 

administration. To label cells 100µl of BrdU (10mg/ml, Sigma-Aldrich) was 

administered i.p. To identify proliferating cells in tissues, BrdU was 

administered 2 hours prior to harvesting, with administration staggered 

according to timing of necropsy91. In order to identify descendants of 

proliferative cells that had emerged from blood into bone marrow it was 

administered 12 hours prior to necropsy117.  

2.5 Leukocyte isolation protocols for flow cytometry 
analysis 

Outlined below are the protocols employed for isolation of leukocytes from 

various tissues. All mice were culled using a rising concentration of CO2. 

Unless otherwise stated, cells were centrifuged at 300g at 4ºC for 5 minutes 

and buffers were kept at 4ºC. All wash steps during preparation of samples 

for flow cytometry entailed centrifugation of cells in buffer with subsequent 

discarding of supernatant and resuspension of the resultant pellet. 

2.5.1 Isolation of leukocytes from liver 
Following perfusion of PBS through the inferior vena cava, the whole liver 

was weighed and 0.5g of the left lobe was placed into RPMI (if there was 

insufficient mass of left lobe it was supplemented with liver from the right 
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lobe, final weight was documented). Liver was removed from RPMI, finely 

chopped using a razor blade and digested in 5 ml of pre-warmed (37ºC) 

enzyme mix: RPMI (Gibco) with 0.625 mg/ml collagenase D (Sigma-Aldrich), 

30 U/ml DNase (Roche), 0.85 mg/ml collagenase V (Sigma), and 1 mg/ml 

dispase (Invitrogen) for 23 min at 37ºC, in an orbital shaker with additional 

manual shaking every 5 min. Digests were poured through a 100µm strainer 

and cells washed in 50ml, then 30 ml RPMI (Gibco). Following these washes 

RBC were lysed with 3ml RBC lysis buffer (Sigma) for 3 min at room 

temperature, followed by addition of 3 ml FACS buffer: PBS supplemented 

with 0.5% BSA (Sigma) and 2 mM EDTA (Life Technologies). Cells were 

washed and resuspended in 6ml FACS buffer prior to passing through a 

40µm strainer and live cells counted using a Casey TT counter (Roche)91. 

2.5.2 Isolation of leukocytes from whole blood 
Blood was obtained either via tail vein bleed during experiments or via 

cardiac puncture with a 1ml syringe and a 27G at necropsy. In initial 

experiments leukocytes were isolated from blood as follows: 20µl of blood 

was collected into 180µl of blood buffer: HBSS (Gibco) + 5% FCS (Gibco) 

and 2mM EDTA (Life Technologies). Samples were washed once in PBS 

prior to staining. Following staining, RBC were lysed using 200µl of 1x RBC 

lysis buffer (BD Bioscience) for 8 minutes at room temperature121. Cells were 

then washed with FACS buffer prior to acquiring on a flow cytometer.  

A more efficient method of isolating blood leukocytes was then established in 

the Jenkins group. Unless stated otherwise 100µl of blood was collected into 

a 15ml Falcon with 10µl of 0.5M EDTA (Life Technologies). 1x RBC lysis 

buffer (Biolegend) was made by diluting 10x stock buffer with dH2O. RBC 

lysis buffer was added in a 1:10 ratio to the blood and left for 5 minutes at 

4ºC and then washed with 9ml of FACS buffer. This lysis step was then 

repeated and cells kept on ice until staining for flow cytometry.  
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2.5.3 Isolation of leukocytes from spleen 
Spleens were dissected out and placed into RPMI (Gibco). They were 

removed from the RPMI, finely chopped with scissors and digested in 2 ml of 

pre-warmed (37ºC) enzyme mix: RPMI (Gibco) with 1 mg/ml collagenase D 

(Sigma) for 45 min at 37ºC, in an orbital shaker. Digests were mashed 

through a 100 µm strainer and washed in 10ml of FACS buffer. RBC were 

lysed with 3ml RBC lysis buffer (Sigma) for 3 min at room temperature, 

followed by addition of 3 ml FACS buffer and washing. Cells were 

resuspended in 5ml FACS buffer and passed through a 40µm strainer and 

live cells counted using a Casey TT counter (Roche)91. 

2.5.4 Isolation of leukocytes from kidney 
The right kidney was dissected out and placed into RPMI (Gibco). Kidneys 

were removed from the RPMI and finely chopped with scissors and digested 

in 2 ml of pre-warmed (37ºC) enzyme mix RPMI (Gibco) with 0.625 mg/ml 

collagenase D (Sigma-Aldrich), 30 U/ml DNase (Roche), 0.85 mg/ml 

collagenase V (Sigma), and 1 mg/ml dispase (Invitrogen) for 45 min at 37ºC, 

in an orbital shaker. Digests were mashed through a 100 µm strainer and 

washed in 10ml of FACS buffer. RBC were lysed with 3ml RBC lysis buffer 

(Sigma) for 3 min at room temperature, followed by addition of 3 ml FACS 

buffer. Cells were pelleted (300 g, 5 min) and the supernatant discarded. 

Pellets were resuspended in 18ml FACS buffer and passed through a 40µm 

strainer and live cells counted using a Casey TT counter (Roche)91.  

2.5.5 Isolation of peritoneal leukocytes 
Skin was removed from the abdomen and 5ml syringes were loaded with 1ml 

air and 3ml wash buffer: RPMI (Gibco) + 2mM EDTA (Life Technologies) 

+10mM HEPES (Fisher Scientific). Using a 23G needle the contents of the 

syringe was instilled into the peritoneal cavity via the midline, the needle was 

then withdrawn and the peritoneal cavity agitated. The fluid was then 

withdrawn from the flanks using the same needle and placed in a Falcon tube 
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at 4ºC on ice. This was repeated twice with 3ml of wash buffer and no air, 

cells were then centrifuged and resuspended in 1ml FACS buffer for counting 

using a CASY TT counter (Roche)91. 

2.5.6 Isolation of leukocytes from colonic lamina propria 
The below protocol was a personal communication from Dr. Jones in 

Professor MacDonald’s group in Manchester. Colons were dissected out, 

soaked in PBS and had fat and faeces removed. Colons were then opened 

longitudinally, washed in HBSS (Gibco) supplemented with 2% FCS (Gibco) 

and cut into 0.5cm segments. Tissue was then incubated in a 50ml Falcon 

tube with 10 ml of pre-warmed (37ºC) HBSS + 2mM EDTA for 15 min at 

37ºC, in an orbital shaker. Supernatant was removed by passing through 

Nitex mesh and tissue was incubated for another 15 min with 10ml pre-

warmed (37ºC) HBSS + 2mM EDTA at 37ºC, in an orbital shaker. 

Supernatant was removed and EDTA removed by washing with 10ml of 

warmed (37ºC) HBSS. Tissue was digested in 5 ml of pre-warmed (37ºC) 

enzyme mix: RPMI (Gibco) with 0.2 mg/ml Liberase TL (Roche) 30 µg/ml 

DNase (Roche) for 23 min at 37ºC, in an orbital shaker with additional 

vigorous manual shaking every 5 min. Samples were digested until only 

small fragments of colon remained. Samples were then passed through a 

100μm strainer, resuspended with 30ml FACS buffer and washed. Samples 

were then resuspended in 2ml FACS buffer for counting using a CASY TT 

counter (Roche). 

2.5.7 Isolation of leukocytes from bone marrow 
Skin was removed from hind legs and both tibias and femurs were dissected 

out with care being taken to remove muscle. Intact bones were transferred 

into ice cold dPBS (Gibco) for transport. In a class II biosafety cabinet bones 

were sprayed with ethanol then washed in dPBS (Gibco). The distal and 

proximal ends of bones were removed to expose the bone marrow cavity and 

the bone marrow flushed out using a 26G needle and 10ml RPMI (Gibco). A 

single cell suspension was then formed using a syringe, the single cell 
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suspension was then passed through a 40µm filter into a 50ml Falcon tube. 

The cells were then centrifuged and RBC were lysed with 3ml RBC lysis 

buffer (Sigma) for 3 min at room temperature, followed by addition of 3 ml 

FACS buffer for washing. Cells were resuspended in 30ml FACS buffer for 

counting using a CASY TT counter (Roche)117. 

2.6 Flow cytometry 
The number of cells stained and volume of antibody used differed between 

tissues and is detailed in Table 2.3. All steps were performed at 4°C and 

samples were kept in the dark following initiation of staining protocol unless 

otherwise stated.  Cells were plated into a 96 well V bottom plate (VWR) for 

staining.  

Table 2-3 Number of cells stained by tissue 

Tissue Cells to stain/volume 
of blood 

Volume stained in  

Liver 2x106 cells 50µl 
Blood 100µl 50µl 
Blood for sorting 200µl 200µl 
Kidney 5x106 cells 50µl 
Spleen 5x106 cells 50µl 
Colon All cells 100µl 
Bone marrow for 
sorting 

All cells 500µl 

 
2.6.1 Surface staining 
At the beginning of the project viability staining was initially performed on all 

samples with Zombie Aqua (Biolegend). However, later in the project Fixable 

viability dye (FVD) eFluor 780 (eBiosciences) was used in samples that 

required fixation and 7-AAD (Biolegend) for cells being analysed live. 10µl of 

Zombie Aqua or FVD was added to cells at a concentration of 1:100 for 10 

minutes at room temperature in the dark. Non-specific antibody binding was 

blocked using 1:200 anti-CD16/CD32 (Biolegend) + 10% mouse serum (Life  
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technologies) for 10 minutes. The volume of blocking solution depended on 

total volume in which cells were being stained and the viability stain being 

employed. In samples that were stained with Zombie Aqua/FVD the volume 

of blocking solution was 20% of the volume cells were stained in and in 

samples using 7-AAD this was 40%. Cells were then incubated for 30 

minutes using a combination of antibodies documented in Table 2.4 in the 

volume defined in Table 2.3. Cells were then washed and where necessary 

incubated with fluorescently-labelled streptavidin for 20 minutes and then 

washed. All samples were run on the day of necropsy unless intracellular 

staining was performed. If viability staining was performed using 10µl 7-AAD 

(Biolegend) this was added prior to sample acquisition.  

2.6.2 Annexin assay 
Following surface staining cells were washed in Annexin V Binding Buffer 

(Biolegend). Cells were then incubated for 15 minutes at room temperature 

with 5µl AF647 Annexin V (Biolegend) and 10µl 7-AAD (Biolegend) in a total 

of 100µl Annexin V Binding Buffer. Samples were then washed with Annexin 

V binding buffer and analysed by flow cytometry.  

2.6.3 Intracellular staining  
For intracellular staining, cells were fixed following surface staining using 

100µl Foxp3/transcription factor staining fixation reagent, diluted 1:3 with 

permeabilization reagent (eBioscience). Samples were then stored at 4°C 

overnight and washed with 1x Foxp3/transcription factor permeabilization 

buffer in dH2O (perm/wash) (eBiosicence).  

BrdU and Ki67 staining  
To retrieve the BrdU antigen, cells were incubated at 37ºC for 30 minutes 

with 100µl DNAse-solution: 30% DNase (Sigma Aldrich) + 69% dPBS 

(Gibco) + 1% MgCl2. BrdU controls were incubated with 100µl dPBS (Gibco) 

instead of DNAse solution. Cells were washed with perm/wash and then 

incubated for 30 minutes at room temperature with 1.25µl anti-BrdU and 5µl  
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Table 2-4 Antibodies 

Antibody Clone Company Isotype Dilution 

BrDU BU20A Biolegend Mouse IgG1, κ 1:16 
CD102 3c4(MIC2/4) Biolegend Rat IgG2a, κ 1:200 
CD115 Afs98 Biolegend Rat IgG2a, κ 1:200 
CD117 2b8 Biolegend Rat IgG2a, κ 1:200 
CD11b M1/70 Biolegend Rat IgG2a, κ 1:200 
CD11c N418 Biolegend Hamster IgG 1:200 
CD16/32 93 Biolegend Rat IgG2a, λ 1:200 
CD19 6D5 Biolegend Rat IgG2a, κ 1:200 
CD3 17A2 Biolegend Rat IgG2a, κ 1:200 
CD31 Mec13.3 Biolegend Rat IgG2a, κ 1:200 
CD31 390 Biolegend Rat IgG2a, κ 1:800 
CD45.1 A20 Biolegend Mouse IgG2a, κ 1:200 
CD45.2 104 Biolegend Mouse IgG2a, κ 1:200 
CD64 x54-5/7.1 Biolegend Mouse IgG1, κ 1:200 
F4/80 BM8 Biolegend Rat IgG2a, κ 1:250 
IL-4Ra mIL4R-M1 BD  Rat IgG2a, κ 1:50 
Ki67 B56 BD  Mouse IgG1, κ 1:4 
Ly6C hk1.4 invitrogen Rat IgG2c, κ 1:400 
Ly6G 1A8 Biolegend Rat IgG2a, κ 1:200 
MHCII M5/114.15.2 Biolegend Rat IgG2b, κ 1:400 
NK1.1 PK136 Biolegend Mouse IgG2a, κ 1:400 
Siglec F E50-2440 BD  Rat IgG2a, κ 1:250 
Siglec F ES22-10D8 Miltenyi Rat IgG1 1:30 
Tim4 RMT4-54 Biolegend Mouse IgG2a, κ 1:400 
Treml4 16E5 Biolegend Rat IgG1, κ 1:250 
Strep. BV650 n/a Biolegend  n/a 1:200 
Xenon AF647  n/a Life  Rabbit IgG  1:300 
Annexin V n/a Biolegend n/a 1:20 
FVD eFluor 780 n/a eBioscience n/a 1:1000 
Zombie Aqua FD n/a Biolegend n/a 1:100 

Abbreviations: Strep.: streptavidin; FVD: fixable viability dye; FD: fixable dye 
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 anti-Ki67 in a total of 20µl perm/wash. Isotype control was used as Ki67 

control. Cells were then washed with perm/wash and acquired121.  

 

2.6.4 Sample acquisition and analysis 
Cells were acquired on an LSR Fortessa (BD Biosciences) and cell sorting 

was performed on a FACSAriaII (BD) or FACSAria Fusion BD all at the QMRI 

Flow Cytometry and Cell Sorting Facility.  

To generate a compensation control matrix in the FACS Diva software (BD 

Biosciences) compensation beads (eBioscience) were diluted ~1:10 in FACS 

buffer and incubated with relevant antibodies at 1:200 for 10 minutes and 

then washed.  

Data was analysed in FlowJo software (10.1r3, Tree Star, Ashland, Oregon) 

2.7 Adoptive transfer 
BM cells were isolated from male Csf1r-EGFP mice as outlined in 2.5.7. Cells 

were then stained and sorted to identify Ly6Chi GFP+ monocytes to be 

adoptively transferred (gating strategy outlined in results). Cells were sorted 

into 15ml Falcon tubes containing 5ml FACS buffer. Using the cell counts 

obtained at sorting, cells were resuspended at 3-5x106 cells/ml in dPBS. 

200µl of the suspension of cells was injected at the defined timepoints via the 

tail vein117.  

2.8 In vitro monocyte culture 
BM cells were isolated from 8-week-old male C57Bl/6 mice as outlined in 

2.5.7. Cells were then stained and Ly6Chi monocytes sorted into 15ml Falcon 

tubes containing 5ml of culture media: DMEM + L/Glutamax (Gibco) + 2% 

pen strep + 10% FCS (Gibco). Sorted monocytes were plated at 1x106/ml in 

100µl in culture media over 16 hours in flat bottom 96 well Nunclon Sphera 

low adherence plates (Nunc). Cells were either cultured in media alone or a 

combination of rCSF-1 (Miltenyi), rIL-4 (Peprotech) and rIL-13 (Peprotech) 
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doses are outlined in the results. After 16 hours incubation cells were 

harvested by the addition of 100µl cold (4°C) FACS buffer by pipetting up 

and down in the well. Cells were then transferred to a 96 well V bottom plate 

and washed. A further 100µl cold (4°C) FACS buffer was applied to each well 

of the low adherence plate to harvest any residual cells, and an inverted 

microscope (Fisher) at 10x was used to ensure there were no residual cells.  

The 100µl of FACS buffer used to harvest any residual cells was then added 

to the appropriate wells of the V bottomed 96 well plate. The V bottomed 96 

well plate was then centrifuged ready for staining as per section 2.6.1.  

2.9 Nanostring analysis 
For Nanostring analysis 300µl of whole blood was processed and sorted 

using the FACS Aria cell sorter to identify Ly6Chi monocytes as outlined in 

the results. 5,000 cells were sorted into 2µl of RLT buffer (Qiagen) in a 1.5ml 

Eppendorf tube. Cells were then spun in a microcentrifuge (Thermo) at 

17,000g for 15 seconds, this was repeated following vortexing of the resultant 

pellet of cells. Following microcentrifugation cells were kept on ice until all 

samples were processed. Samples were then transferred to a PCR strip tube 

for storage at -80°C.  

The rest of the protocol was performed by Alison Munro at the University of 

Edinburgh core Nanostring facility located at the Institute of Genetics & 

Molecular Medicine (IGMM).  She performed the hybridisation and then ran 

the samples using the Nanostring Mouse Myeloid V2 panel on the nCounter 

platform (Nanostring technologies).  

Analysis of results was performed using the nSolver Analysis Software 

(version 4.0) and advanced analysis performed with the nCounter Advanced 

Analysis (version 2.0.115).  
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2.10 Staining of tissue sections 
At necropsy the median lobe was dissected from the liver and the left 

segment placed in 10ml methacarn solution and the right lobe placed in 10ml 

10% formalin. Methacarn solution comprises: 60% methanol (Fisher), 30% 

chloroform (Fisher) and 10% Acetic acid. 10% formalin (3.7% formaldehyde) 

was made by diluting 37% formaldehyde solution (Sigma) 1:10 with PBS. 

Livers were left in fixative for 12 hours then removed and placed in 70% 

ethanol. Livers were embedded in paraffin and sectioned (4µm) at the 

University of Edinburgh Shared University Research Facilities (SURF). 

Unless otherwise stated, images were acquired using an Axiovert 200 light 

microscope (Carl Zeiss) running Axiovision software (version 4.6.3) for image 

capture.  

2.10.1 Periodic acid schiff staining 
Staining was performed by the staff in the SURF core facility.  

2.10.2 Analysis of necrotic tissue 
Analysis of necrosis for the priming vs therapeutic IL-4c experiment (Chapter 

3) was performed on thumbnails of whole sections of stained liver acquired 

using an Olympus Dotslide slide scanner at the IGMM. The acquired images 

were analysed using ImageJ analysis software with the WEKA segmentation 

application. The software was trained to recognise parenchyma, necrotic 

tissue, cellular infiltrate, blood vessels and empty space surrounding tissue. It 

then performed an automated quantification of all these parameters255.  

Analysis of samples from the whole-body irradiation chimeras (Chapter 5) 

was performed on whole tissue sections acquired at 5x magnification on a 

Hamamatsu Nanozoomer. Images were then analysed on the Definiens 

tissue analysis software package. A script was designed to recognise 

parenchyma; necrotic area; blood vessels and empty space. The software 

then performed an automated quantification of all these parameters. 



  
 

 69 
 

2.10.3 BrdU identification 
The following protocol was optimised by myself but the quantitative data 

presented in this thesis were generated by two undergraduate honours 

students that I supervised: Eleni Papachristoforou and Andrew Muir.   

Staining protocol 
Unless otherwise stated all buffers are at room temperature. Slides were 

dewaxed in xylene, washed in PBS and then endogenous peroxidase activity 

was blocked with 0.3% hydrogen peroxide (Sigma). Antigen retrieval was 

performed with 1mg/ml of trypsin (Sigma) for 10 minutes. After two PBS 

washes, slides were incubated in warmed (37°C) acidified water (12N HCl) 

for ten minutes. Slides were then washed twice with 0.1M Borax solution 

(Sigma) and then washed twice with PBS before mounting in Sequenza 

racks. Non-specific binding of antibodies was blocked with Mouse on Mouse 

(MOM) IgG blocking reagent (Vector) for one hour, washed twice with PBS, 

then incubated with MOM protein concentrate for five minutes. Mouse anti-

BrdU (DAKO) primary antibody was applied at 1:40 dilution in MOM diluent 

for thirty minutes, then washed twice with PBS. MOM biotinylated anti-mouse 

IgG was then applied at 1:250 dilution in MOM diluent for ten minutes. 

Biotinylated molecules were detected with application of Vectastain Elite ABC 

reagent (Vector) for ten minutes and followed by liquid DAB+ 

(DakoCytomation) for five minutes to develop a brown colour to the 

biotinylated secondary antibody. Slides were then counterstained with 

haematoxylin and dehydrated prior to xylene fixation and mounting. 

Analysis of BrdU+ hepatocytes 
Ten adjacent fields of view (FoV) were captured at 20x magnification for each 

sample. BrdU+ hepatocytes were identified by positive staining and their 

morphology. Proportion of BrdU+ hepatocytes was established by counting all 

hepatocytes per FoV using ImageJ. Quantification of sections was performed 

blind to treatment groups.  
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2.10.4 F4/80 staining  
The following protocol was optimised by myself but the staining presented in 

this thesis was generated by Andrew Muir and captured by myself.   

Unless otherwise stated all buffers are at room temperature. Slides were 

dewaxed in xylene, washed in PBS and then endogenous peroxidase activity 

was blocked with 0.3% hydrogen peroxide (Sigma). Slides were washed with 

PBS prior to mounting in Sequenza racks for staining. Avidin and biotin were 

blocked sequentially with 3 drops of avidin and biotin block (Vector). Non-

specific antibody binding was blocked with normal rabbit serum (Vector) for 

30 minutes and then slides were incubated with 1:50 anti-F4/80 antibody 

[CI:A3-1]  (Abcam) made in antibody diluent reagent solution (Life 

Technologies). Slides were then washed and incubated with 1:200 rabbit ant-

rat secondary (Vector) made in antibody diluent reagent solution (Life 

Technologies). Biotinylated molecules were detected with application of 

Vectastain Elite ABC reagent (Vector) for 30 minutes and followed by liquid 

DAB+ (DakoCytomation) for five minutes to develop a brown colour to the 

biotinylated secondary antibody. Slides were then counterstained with 

haematoxylin and dehydrated prior to xylene fixation and mounting115. 

2.11 Statistical analysis 
All data were analysed in Prism 6 (GraphPad), with statistics detailed in 

relevant figure legends, all ANOVA performed with Tukey’s multiple 

comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001. 

  



  
 

 71 
 

Chapter 3 IL-4 as a therapeutic in acute CCl4 
liver injury 
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3.1 Introduction 
As discussed in Chapter 1 interleukin-4 (IL-4) administration in the form of IL-

4c has been shown to be beneficial in the setting of acute liver injury with 

CCl433. However, in their study Goh et al. used a mixed prophylactic and 

treatment administration regimen in which mice were administered IL-4c 24 

hours prior to and 48hrs after injury with CCl4 with a resulting reduction in 

indices of hepatic injury (circulating ALT and necrotic cell area) and increase 

in indices of regeneration (hepatocyte proliferation). Thus, it remains unclear 

whether therapeutic delivery of IL-4 alone leads to beneficial effects on liver 

repair and regeneration or if prophylactic pre-conditioning is necessary. This 

question of timing is essential when seeking to understand mechanisms and 

processes that could be clinically beneficial for patients with acute liver injury.  

Hence, in this first results chapter I sought to establish whether IL-4c could 

be administered therapeutically following injury and have the same beneficial 

effects as administration pre- and post-injury (Fig. 3.1A). Furthermore, 

because in the work by Goh et al. ALT is normalising at 48 hours following 

injury, I proposed that to have any therapeutic effect IL-4c needed to be 

administered earlier at 24 hours following injury33. For any potential human 

therapy this is important because the aim would be to administer a treatment 

at maximal injury to try to enhance the repair process.  

As also detailed in Chapter 1, endogenous IL-4 has been shown to be 

important in wound repair not only in the setting of helminth infections but 

also in the setting of physical injury in the skin and colon29,30,256. Specifically, 

IL-4 signalling to macrophages is important for wound healing and effective 

collagen deposition in these settings. While experiments in myeloid-specific 

LysM-Cre IL-4Rafl/fl mice have seemingly discounted a beneficial role of IL-

4Ra-signalling to macrophages following acute liver injury33, it is possible that 

endogenous IL-4 or IL-13 is not produced at sufficient levels or in the 

required locale to act on hepatic macrophages. Furthermore, we know from 

work by Vanella et al. that this Cre-lox system is inefficient during acute 
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inflammation34 and can therefore not be used to rule out any significant effect 

of IL-4Ra signalling to myeloid cells during inflammation.  

For this reason, my initial experiments aimed not only to assess the effects of 

therapeutic IL-4c on indices of repair and regeneration but also to assess the 

effect on the macrophage compartment. For this purpose, I used routine 

immunohistochemistry (IHC) techniques to stain for macrophages in tissue 

sections and developed a strategy to analyse macrophages and other 

leukocyte populations by flow cytometry.  

 
3.2 Comparison of pre- and post IL-4c and 

therapeutic IL-4c 
To determine whether therapeutic delivery of IL-4c alone was sufficient to 

improve indices of liver injury and regeneration or if combination with 

prophylactic delivery was necessary for the enhanced repair/regeneration 

process, I compared two separate regimens of IL-4c administration (Fig. 

3.1A): 

• Combined prophylactic and therapeutic delivery, termed ‘Priming’ 

regimen: administration of IL-4c 24 hours before and after CCl4 injury. 

• Therapeutic regimen: IL-4c administration 24 hours after CCl4 injury.  

In an attempt to replicate the work of Goh et al., a fixed dose of 2µg/mouse 

(approx. 0.08 mg/kg) of IL-4c was used in this first experiment. Within the 

laboratory group the protocol for eliciting an acute liver injury with CCl4 

involved administration of 1 µl/g of CCl4 (100% w/v) which equates to 1mg/g 

by weight which is higher that the dose of 0.4mg/g used in Goh et al33. Mice 

were culled 72hrs after administration of CCl4, a timepoint where measures of 

both tissue injury (serum liver enzymes, necrotic cell area) and regeneration 

(hepatocyte proliferation ) are apparent, thereby allowing assessments of the 

effects of IL-4 on a number of distinct processes in liver repair22,33.  



  
 

 74 
 

3.2.1 Priming and therapeutic IL-4c regimens are equivalent 
in improving hepatic enzymes and necrotic cell area  

Analysis of serum enzymes of hepatic injury revealed that there was a 

significant reduction in ALT in the priming (143.2 ± 30.83 P<0.01) and 

therapeutic (133.0 ± 26.8 P<0.001) regimens when compared to the vehicle 

treated group (242 ± 61.9) (Fig. 3.1B). Furthermore, there was no significant 

difference in the degree of reduction between the priming and therapeutic 

regimens. Notably there were only trends to lower AST in the IL-4c treated 

groups when compared to vehicle alone (Fig. 3.1C).  

Analysis of PAS stained sections revealed that the necrotic area observed in 

vehicle treated mice (Fig. 3.2A) was replaced with a cellular infiltrate in both 

the priming and therapeutic regimens (Fig. 3.2B-C). Quantification of necrotic 

cell area using ImageJ as outlined in the methods revealed a significant 

reduction in the proportion of necrotic tissue in the priming (0.0% ± 0.0, 

P<0.001) and therapeutic (0.4% ± 0.6%, P<0.001) regimens when compared 

to the vehicle treated group (11.6% ± 7.0) (Fig. 3.2D). Furthermore, the 

reduction in necrotic area was equivalent between priming and therapeutic 

regimens.   

3.2.2 Trend towards higher hepatocyte proliferation with IL-4c 
Hepatocyte proliferation is a key measure of tissue regeneration in the liver 

following acute injury. To allow measurement of cell proliferation in the liver in 

these experiments, mice were pulsed with the thymidine analogue BrdU 2hr 

prior to necropsy and BrdU incorporation measured by IHC. CCl4-induced 

liver injury resulted in heightened hepatocyte proliferation in all groups 

compared with olive oil controls (staining and quantification for BrdU 

performed by Eleni Papachristoforou a BSc honours student) (Fig 3.3A-D). 

However, there was only a trend to higher levels of proliferation in the priming 

(16.7% ± 6.4) and therapeutic (12.1% ± 4.9) regimens when compared to the 

vehicle treated group (11.1% ± 1.9) (Fig. 3.3E), despite the increase 

proliferation reported by Goh that resulted from a similar priming regimen33. 
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Notably when the experiments were analysed separately, the second 

experiment (RL007) revealed a significant increase in proportion of 

proliferating hepatocytes in IL-4c treated mice compared to vehicle alone 

(Fig. 3.3F-G). Importantly, in the first experiment (RL002) all mice were 

administered BrdU at the same time but culled sequentially, meaning the 

time for BrdU incorporation varied between mice. In the second experiment 

and all subsequent experiments, BrdU pulsing was staggered to allow exactly 

2 hours between administration of BrdU and culling for each animal.  

3.2.3 Exclusion of outlier during analysis 
By the time of necropsy, one mouse from the priming group had significant 

weight loss of 18.6% and exhibited clinical signs of distress unlike the other 

mice that had received CCl4. However, because this did not meet any of the 

pre-determined limits or humane end points this mouse was included in the 

analyses. When the ALT (576 u/l) and necrotic cell area (29.28%) were 

analysed they were found to represent significant outliers, as determined 

using the ROUT method in PRISM with a G value of 0.1%. This result also 

held true when using Grubbs’ test for outliers with Alpha of 0.01 for ALT and 

0.0001 for necrotic cell area.  

3.3 Identification of liver leukocytes by flow 
cytometry 

To determine the effect of IL-4 treatment on the composition of liver 

leucocytes, I first used multiparameter flow cytometry to examine single cell 

suspensions from enzymatically-digested livers. Throughout this project, I 

have endeavoured to use the same gating process (Fig. 3.4A) based on 

exclusion of debris, doublets and dead cells using FSC-A versus SSC-A 

characteristics, FSC-A versus FSC-H properties and negativity for ‘Aqua’ 

fixable viability dye, respectively. In later experiments 7-AAD was used to 

exclude dead cells if fixation was not required, because it provided better 

discrimination between live and dead cell populations (Fig. 3.4B). Leukocytes 
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were identified amongst liver isolates based on their expression of the pan-

leukocyte marker, CD45. 

Due to a limitation in the number of parameters available, a ‘lineage’ gate 

comprising CD19, CD3, Ly6G and Siglec-F in the same fluorescence channel 

was used to identify T cells, B cells, neutrophils and eosinophils respectively. 

Although primarily used to exclude lymphocytes and granulocytes from 

analysis, this lineage gate allowed me to broadly identify and distinguish 

these populations (Fig. 3.4) using the variety of markers included for 

characterisation of macrophages and monocytes. In this way, granulocytes 

were distinguished by their expression of CD11b. Neutrophils were 

subsequently identified by their SSC-Aint profile and high levels of Ly6G 

expression, revealed as a high degree of staining in the lineage (Lin) 

gate/channel. Eosinophils were identified by their SSC-Ahi characteristics and 

intermediate position in the lineage channel. T and B cells comprised the 

Lin+CD11b– fraction and could be distinguished based on MHCII expression; 

Lin+CD11b–MHCII+ B cells and Lin+CD11b–MHCII– T cells. In earlier 

experiments Siglec-F was detected in a separate channel to identify 

eosinophils because Goh et al. demonstrated that eosinophils were the 

source of innate IL-4 following liver injury33 and I therefore wanted to be able 

positively identify this population. When reference is made to lineage 

negative (Lin–) throughout the project I have specified the markers used to 

make it clear what cells have been excluded.   

Amongst the Lin– population resident hepatic Kupffer cells were identified by 

their high expression of F4/80 and low levels of CD11b (F4/80hiCD11blo) (Fig. 

3.4A) a standard approach that has been used by many groups50,91,115. In 

contrast, the Lin–CD11bhi population are considered to comprise a mixture of 

recruited monocytes, macrophages and cDC2 dendritic cells 22,115,257. 

Classical monocytes were first identified by their high expression of Ly6C and 

largely low levels of MHCII (Fig. 3.4A). However, beyond this, the 

discrimination of mature macrophages and migratory DC was more 
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challenging. In my initial experiments, I simply used differential expression of 

Ly6C and MHCII to define these subsets, with Ly6Clo MHCIIint cells being 

defined as macrophages and Ly6Clo MHCIIlo cells as cDC2 (Fig. 3.5C). 

However, this approach lacked a positive identification marker of 

macrophages. Later in my project I was able to optimise my flow cytometry 

panel to including CD64, the high affinity FcgR1, which has been used to 

positively identify macrophages in a variety of tissues 94,97,98,112. Using this 

approach, I was able to identify Ly6Chi CD64lo monocytes, Ly6Clo CD64hi 

macrophages and Ly6Clo CD64lo cells (Fig. 3.5A). The Ly6Clo CD64lo 

population had bimodal expression of MHCII, with the MHCIIhi population 

likely representing cDC2 cells (Fig. 3.5B). Thus, by combining Fig. 3.5B and 

C it is possible to show that the populations of Ly6Chi monocytes and Ly6Clo 

macrophages are essentially the same independent of whether they were 

identified using MHCII or CD64 (Fig. 3.5D). Furthermore, IL-4R signalling can 

affect MHCII expression and therefore I felt it was important to have strategy 

that did not rely on MHCII207. Using fluorescence minus one (FMO) controls I 

have also been able to show that the relatively higher Ly6C and MHCII 

expression identified within the Ly6Clo CD64hi macrophage population when 

compared to cDC2 cells largely represents autofluorescence (Fig. 3.5E).  

The staining panel employed to identify Kupffer cells also evolved over the 

course of the project to include the phagocytic receptor Tim-4, an apoptotic 

cell receptor that has been used to define resident macrophages in multiple 

tissues, including the liver and peritoneal cavity 50,258 (Fig. 3.5F). Work in the 

Jenkins group suggested that Tim-4 expression remains an exclusive 

property of Kupffer cells following injury. Therefore, the addition of Tim-4 

provided better discrimination between bona fide resident Kupffer cells 

(F4/80hi CD11bloTim-4+) and short-lived CD11bhi mononuclear phagocytes 

that lack Tim-4 expression (Fig. 3.5G).  
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It has been made clear in the text which strategy was used to identify the 

resident macrophages, and CD11bhi recruited populations in each 

experiment.  

3.4 Effect of IL-4c on monocytes and macrophages 
Having established a basic strategy for the identification of monocytes and 

macrophage subsets in the liver, I next examined the effect of IL-4c on these 

subsets in the context of CCl4-induced liver injury. Consistent with previous 

work22, I found that CCl4 administration resulted in a dramatic loss of 

F4/80hiCD11blo Kupffer cells and an increase in the abundance of CD11bhi 

cells compared to olive oil controls (Fig. 3.6A). The expansion of this CD11bhi 

compartment was due to increases in both the Ly6Chi and Ly6Clo populations 

(Fig. 3.6C). Strikingly, IL-4c treatment, both therapeutic and priming, resulted 

in accumulation of CD11bhi cells expressing high levels of F4/80 (Fig. 3.6A-

B). This reflected a reduction in the proportion of Ly6Chi monocytes (Fig. 

3.6C) and a concomitant trend to an increased proportion of recruited Ly6clo 

macrophages (Ly6clo MHCIIint) within this compartment in the recipients of IL-

4c (Fig. 3.6C).  

Given the marked effects of IL-4c on the monocyte/macrophage 

compartment, I postulated whether the infiltrating cells observed in the 

necrotic cell area following IL-4c treatment (Fig. 3.2A-C) could represent 

macrophages. To this end, I assessed tissue sections from the same mice as 

analysed above for expression of the pan macrophage marker F4/80. In 

injured mice given vehicle control, F4/80+ macrophages were visible 

throughout the healthy parenchyma in similar density to those in olive oil 

control, and likely represent resident KC. However, F4/80+ cells were largely 

absent from the necrotic cell area (Fig. 3.7A). In contrast, there was a striking 

increase in F4/80+ cells within the necrotic cell area in the recipients of IL-4c 

(Fig. 3.7B).  
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3.5 Dose titration of therapeutic IL-4c   
Having established that IL-4c can be administered therapeutically to enhance 

reduction of hepatic enzymes and necrotic cell area, I next sought to 

establish whether using a higher dose would influence the indices of injury 

and regeneration but also alter the phenotype seen in the 

monocyte/macrophage compartment. Furthermore, I also wanted to know 

whether a lower dose of IL-4 would have a similar effect. The priming 

regimen was also dropped from all subsequent experiments. 

3.5.1 Establishing IL-4c dosing 
In the initial experiment a fixed dose of 2ug/mouse of IL-4 was administered 

to each mouse in the form of IL-4c in accordance with the method published 

by Goh et al33. However, to ensure equivalent dosing between individual 

mice and to perform a dose titration, I subsequently calculated the mean 

weight-adjusted dose that had been administered on day 1 in the priming vs 

therapeutic IL-4c experiments (0.082µg/g ± 0.006) and compared this with a 

dose 2.5x higher and 2.5x lower, 0.2µg/g and 0.032µg/g respectively. 

3.5.2 Indices of injury and regeneration with titration of IL-4 
IL-4c was administered at the doses outlined above 24 hours following CCl4 

induced injury (Fig 3.8A). In this set of experiments, only with the high dose 

of IL-4 did I observe a significant reduction in ALT compared to vehicle alone 

(152 u/l ± 75.3 vs 404.1 ± 299.6, P<0.05) (Fig.3.8B). There was however a 

significant reduction in AST across all groups treated with IL-4c when 

compared to vehicle alone, but this reduction was most significant in the high 

dose IL-4 group (209.2 u/l ± 87.5 vs 450.4 ± 100.6, P<0.0001) (Fig. 3.8C). 

There was no difference observed in another marker of liver injury, bilirubin, 

between groups (Fig. 3.8D).  

The effect of dose on liver regeneration was also measured. Across all doses 

of IL-4c there was increased tissue regeneration compared to vehicle control, 

as measured by an increased proportion of BrdU+ hepatocytes (stained and 
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quantified by Andrew Muir BSc honours student) (Fig. 3.8E). Notably the 

mean proportion of BrdU+ hepatocytes was highest in the high dose group 

(23.3% ± 5.8) and there was lower variability as measured by standard 

deviation in this group compared to the low dose (21.3% ± 8.3) and medium 

dose (21.1% ± 6.5) groups. As weight was measured as part of the dosing 

regimen, I decided to assess whether weight loss might provide an additional 

readout of beneficial effects of IL-4. However, despite a trend to greater 

weight loss in mice receiving CCl4, no significant differences were seen 

between treatment groups (Fig. 3.8F).  

 

3.5.3 Altered monocyte/macrophages dynamics in response 
to IL-4c  

Given the effects of IL-4c on monocyte/macrophage dynamics revealed in my 

comparison of the priming vs therapeutic IL-4c regimens, I wanted to 

ascertain if these were also dependent on IL-4c dose. Quantification of the 

changes in Ly6Chi monocytes revealed a significant reduction both in 

proportion of Ly6Chi monocytes and in number with all doses of IL-4 (Fig. 

3.9A-C). During liver injury it is thought that Ly6Chi monocytes convert locally 

into Ly6Clo macrophages 21,115 and that these cells are important for limiting 

prolonged hepatic damage21. Indeed, the reduction in Ly6Chi monocytes in 

recipients of IL-4c was paralleled by increases in the frequency of Ly6Clo 

MHCIIint macrophages (Fig. 3.9D). However, it was noted that only the high 

dose of IL-4c led to a significant increase in the absolute number of Ly6Clo 

MHCIIint macrophages when compared to vehicle (1.34x107 ± 6.79x106 vs 

6.84x106 ±3.28x106). In keeping with a significant liver insult, I observed a 

reduction in proportion and total number of Kupffer cells with CCl4 injury (Fig. 

3.9F). However, while not significant, the reduction in proportion of Kupffer 

cells  that occurred with injury was less apparent in mice given therapeutic IL-

4c irrespective of dose (Fig. 3.9F) and there was a trend to higher numbers 
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of Kupffer cells with IL-4c treatment that reached significance in the mice that 

received the highest dose (0.2µg/g).  

 

3.5.4 Effect of IL-4 on other leukocyte populations 
It has been shown that during acute liver injury neutrophils are important 

regulators of the repair process21 and Goh et al. also showed that eosinophil 

production of IL-4 is important for hepatocyte regeneration33. For this reason, 

I have also looked at the effect of exogenous IL-4 on other leukocyte 

populations. By day 3 post injury there was a significant increase in 

proportion of eosinophils with all IL-4c treatment doses and when corrected 

for cell number this bore true for the high dose of IL-4c too (Fig. 3.10A, B). IL-

4c had no significant effect on the proportion or number of neutrophils 

following injury (Fig. 3.10C, D). Within the lymphocyte populations IL-4c had 

no effect on frequency or number of T cells (Fig. 3.10E, F) but high dose IL-

4c did cause a significant reduction in frequency of B cells (Fig. 3.10G). 

Furthermore both medium and high dose IL-4c showed a significant 

reduction in the number of B cells (Fig. 3.10H). 

Hence, exogenous IL-4 has a varying effect on the inflammatory infiltrate 

causing a reduction in Ly6Chi monocytes and an increase in the number of 

Ly6Clo macrophages. Furthermore, it causes a dose independent increase in 

proportion of eosinophils and the high dose of IL-4 causes a significant 

reduction in the proportion of B cells.  

3.5.5 Exclusion of 2 mice during analysis 
One mouse in the CCl4 + veh group was found to have what was thought to 

be an iatrogenic perforated colon at the time of necropsy and was therefore 

excluded from all analyses. During sample preparation of one of the olive oil 

samples for flow cytometry the Falcon tube containing the cell suspension 

was cracked and it was therefore not possible to analyse by flow-cytometry.  
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3.6 IL-4Ra expression on leukocytes 
As a first step to establish whether the observed effects of IL-4 on the 

composition of inflammatory infiltrate could be due to direct IL-4R signalling, I 

set out to establish expression of the IL-4Ra by leukocyte subsets 24 hrs 

post injury, the timepoint at which IL-4c is usually administered in my model. 

As expected, Ly6Chi monocytes were found to express the IL-4Ra (Fig. 

3.11A)34,259. In this experiment, discrimination of F4/80hi CD11blo Kupffer 

cells from recruited CD11bhi cells proved particularly difficult due the high 

level of CD11b expression observed on the former. This appeared to be 

caused by the combination of antibodies used (F4/80 conjugated to PE-Cy7 

and CD11b conjugated to Pacific Blue) that was necessitated by the need to 

include an antibody to IL-4Ra on AF647 (Fig. 3.11B). I suspect this is a result 

of the fluorophore combination because Kupffer cells are known to express 

low levels of CD11b50,93 and in later experiments using Tim-4 I have 

observed this lower expression of CD11b. Thus, IL-4Ra expression was 

examined on all Ly6Clo MHCIIint macrophages, which included both the 

Ly6Clo MHCIIint macrophages and Kupffer cells. Here, like in monocytes, the 

macrophages were found to uniformly express the IL-4Ra (Fig. 3.11C). In 

fact, all populations that we examined expressed the IL-4Ra at 24 hours 

following acute CCl4, apart from eosinophils on which no expression was 

detected (Fig. 3.11D-G). Because of the technical difficulties described 

above, this experiment was repeated with F4/80 conjugated to PE-Cy7 and 

CD11b conjugated to APC-Cy7) and in so doing we could establish that both 

Kupffer cells and recruited macrophages expressed the IL-4Ra (Fig. 3.12A). 

However, it is important to note that at the 24 hour timepoint there is a 

paucity of recruited Ly6Clo MHCIIint macrophages making assessment of MFI 

not the most reliable in this population. Notably in this repeat experiment we 

did not have IL4ra–/– controls so MFIs were calculated using FMO controls. 

This repeat experiment also confirmed that neutrophils and B cells expressed 

IL-4Ra, while eosinophils lacked IL-4Ra expression. While T cells appeared 
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to lack IL-4Ra in this repeat experiment, it is important to note that only very 

low levels of expression were observed on these cells in the first experiment.  

3.7 Discussion 
In previous work Goh et al.33  demonstrated that IL-4c administered in a 

priming regimen had a beneficial effect on reducing indices of hepatic injury 

and enhancing indices of regeneration. Taking this work further I have shown 

in this chapter that administration of exogenous IL-4 has a beneficial effect 

on both markers of liver injury, ALT, AST and necrotic cell when administered 

as a therapy following CCl4 induced injury. Furthermore, I demonstrated that 

regeneration as assessed by hepatocyte proliferation was improved following 

administration of therapeutic IL-4c. Interestingly elevated proliferation of 

hepatocytes with IL-4c treatment was not apparent in my first experiment 

RL002 (Fig. 3.3E) in either the priming or therapeutic regimen. This is likely 

due to a technical problem with the staining protocol because more BrdU+ 

hepatocytes were found in injured mice compared to olive oil controls. 

Indeed, enhanced proliferation in IL-4 treated groups was seen in the dose 

titration experiment at all doses. A potential explanation is that in RL002 all 

mice were administered BrdU at the same time, whereas in later experiments 

injections were staggered to account for the delay in culling mice, thereby 

ensuring that all mice received a 2-hour pulse of BrdU. The lack of effect of 

IL-4 may therefore reflect a technical issue with the timing of the assay. 

Notwithstanding the technical issues these results indicated that therapeutic 

administration of IL-4 resulted in the same beneficial outcome as the priming 

regimen previously reported.  

Using multicolor flow cytometry to study leukocyte populations it was possible 

to identify different cells through the expression of specific surface markers in 

the livers of all treatment groups. It was evident from the first experiment that 

the beneficial effect of IL-4c corresponded with marked changes in the profile 

of the recruited leukocytes. However, it took several experiments to establish 

a staining panel that would identify resident from recruited macrophages and 
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it also took a couple of experiments to establish the subtle nuances of the 

staining protocol to obtain good leukocyte isolates to stain and generate 

useable data. It was therefore not until the dose titration experiments that I 

am confident of the data and it is the flow-cytometry results from these 

experiments that I refer to in the rest of this discussion. The two most striking 

effects revealed by the flow cytometry data were the reduction in Ly6Chi 

monocytes and the increase in Ly6Clo macrophages. This reduction in Ly6Chi 

cells might be predicted to be beneficial as these cells are thought to 

contribute to injury during early acute drug induced liver injury as they 

express pro-inflammatory genes21,23,145.  Similarly an increase in Ly6Clo 

macrophages may also be beneficial as they are considered to have pro-

reparative functions in regulating angiogenesis and extracellular matrix 

remodelling21,23,145. Notably it remains unclear during injury what controls the 

switch from a pro-inflammatory to a pro-reparative mononuclear phagocyte 

population. Thus, using IL-4c to manipulate the inflammatory infiltrate may 

have potential advantages over alternatives, such as blocking monocyte 

recruitment through the administration of anti-CCR2/CCR5 antibodies (e.g. 

CVC). For instance, IL-4c appears to result in the reduction of potentially 

deleterious Ly6Chi monocytes whilst seemingly not inhibiting the 

accumulation of pro-reparative monocyte derived Ly6Clo macrophages, 

which is one of the limitations of anti-CCR2 treatment21. Although the global 

effects of exogenous IL-4c on the monocyte-macrophage compartment in 

this setting remain unclear at this stage, IL-4 is known to promote 

macrophage proliferation and this could potentially be the mechanism of 

expansion of Ly6Clo macrophages observed here206. Moreover, IL4c could 

promote the conversion of Ly6Chi monocytes to Ly6Clo macrophages, and 

these alternatives are the focus of subsequent chapters.  

 

Amongst the other leukocyte populations IL-4c seemed to cause the most 

marked change in the number of eosinophils even though these cells did not 

express the IL-4Ra. This change therefore likely represents an indirect effect 
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of IL-4 on another cell type leading to an increase in eosinophils. In fact it has 

already been demonstrated that alternatively activated macrophages recruit 

eosinophils to tissues by secreting Ym1183,260,261. Goh et al. already 

demonstrated that eosinophils are important for the innate repair process 

following acute CCl4 mediated liver injury33, and recent work by Toor et al. 

has suggested that low eosinophil counts are associated with poor outcome 

following myocardial infarction, and IL-4c administration may ameliorate 

outcomes by increasing eosinophil numbers262. I would therefore suggest 

that the observed increase in eosinophils is likely beneficial although in 

asthma it is thought that eosinophils are detrimental as they may contribute 

to airway hyperresponsiveness263. Interestingly, although I demonstrated a 

significant reduction in Ly6Chi monocytes at this day 3 timepoint there was 

not a concomitant reduction in neutrophils as was reported by Zigmond et al. 

in APAP injury when monocytes were depleted21. This could be because the 

neutrophilia may have occurred earlier and is addressed in subsequent result 

chapters with the timecourse I performed later during my project.  

 

Initial experiments employed a dose of 2ug of IL-4/mouse because this was 

the dose used by Goh et al. Weight adjusted doses of IL-4c appear to be 

rarely used in the literature but the high dose of 0.2µg/g would equate to 5µg 

of IL-4 in a 25g mouse. This dose of 5µg of IL-4/mouse is used in the 

majority of studies where exogenous IL-4 is studied206,208,210. It therefore 

seemed that this was an appropriate dose to trial to assess whether the 

effects of IL-4c administration could be enhanced with higher doses. I also 

wanted to establish whether there was a true dose dependent effect by 

reducing the dose of IL-4 and so a dose 2.5x lower than initially used was 

also trialed. There did appear to be a dose dependent effect with increasing 

doses of IL-4c leading to reduced serological indices of injury and elevated 

indices of regeneration. Furthermore, there was less variation in ALT and 

AST results with higher doses of IL-4c and less variation in the proportion of 

BrdU+ hepatocytes. The analysis of flow cytometry data revealed that all 
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doses of IL-4c resulted in a significant reduction in frequency and number of 

Ly6Chi monocytes but as with the indices of injury and regeneration there was 

less variation with the higher dose. Furthermore, when the increase in 

number of Ly6Clo macrophages was calculated there were only significantly 

more with the higher dose of IL-4c. Similarly, the increase in number of 

Kupffer cells compared to injury alone was only significant in the high dose of 

IL-4c group. There was a marginally significant increase with the number of 

Kupffer cells in the high dose IL-4c group. All these results suggested that 

the higher dose was more effective. The increase in resident Kupffer cells 

with IL-4c treatment is not surprising given that IL-4c has been previously 

demonstrated to promote resident macrophage proliferation121,207. It is 

notable that the number of Kupffer cells was still far outweighed by the 

dramatic increase in Ly6Clo macrophages. Going forward I decided to use 

the higher dose of IL-4c because it appeared to provide more significant and 

homogenous results.  

 

In homeostasis the resident population of F4/80+ macrophages in the liver 

are termed Kupffer cells, and are located in the sinusoids throughout the 

parenchyma16,264. In tissue sections there appeared to be a loss of F4/80+ 

cells in the parenchyma in CCl4 treated mice  when compared to olive oil 

control mice which would be in keeping with the previously reported 

“disappearance reaction” in acute liver injury21,22,145. However, IL-4c 

appeared to be having an effect on the F4/80+ cells which was evident by a 

dramatic increase in F4/80 cells surrounding the central vein only in the IL-4 

treated group. In conjunction with Andrew Muir I attempted to quantify this 

staining but it was not possible to differentiate between the F4/80+ cells in the 

parenchyma and those surrounding the central vein using a machine learning 

based approach. The assumption was that the cells in the parenchyma 

represented Kupffer cells and those in the necrotic area were the recruited 

macrophages. It remains possible that Kupffer cells may be recruited to the 

necrotic area, however, to identify whether this was the case would require 



  
 

 87 
 

staining for a Kupffer cell specific marker, for instance Tim439. Cathy Hawley, 

another member of the group, tried extensively to get the Tim4 staining to 

work on paraffin embedded sections and found that it only worked on fresh 

frozen sections. Unfortunately, all my relevant samples were archived in 

paraffin embedded blocks.  

 

In this chapter I have identified that IL-4c can be used therapeutically 

following acute liver injury with CCl4. Furthermore, the main effect of IL-4c on 

leukocyte populations appears to be the reduction of Ly6Chi monocytes and 

increase in Ly6Clo macrophages. In the coming chapters I will endeavor to 

further characterize this phenotype using a timecourse and establish the 

intrinsic effect of IL-4Ra signaling on the observed phenotype.  
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Figure 3-1 Serum markers of hepatocyte injury with IL-4c treatment.  

(A) Schematic of experimental model with the green and blue groups representing the 

priming and therapeutic IL-4 regimens respectively. All mice received 2ug IL-4 s.c. in the 

form of IL-4c at the specified timepoints. Red, vehicle treated mice received 100ul PBS s.c. 

at the indicated timepoints. (B-C) Serum ALT and AST by treatment group. N=5-6 pooled 

from 2 independent experiments (one-way ANOVA).  
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Figure 3-2 Changes to necrotic cell area with 
IL-4c treatment. 

(A-C) Representative 50x images with 200x 

inserts of PAS stained sections from the outlined 

groups from the same experiment as Fig. 3.1. 

Arrows demonstrate necrotic area in A and 
cellular infiltrate in B-C. (D) Quantification of 

necrotic cell area in all treatment groups. N=5-6 

pooled from 2 experiments (one-way ANOVA).  
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Figure 3-3 Effect of IL-4c on hepatic regeneration. 

In the same experiment as Fig. 3.1 all mice were pulsed with 1mg BrdU via intraperitoneal 

injection 2 hours prior to necropsy. (A-D) Representative immunohistochemistry images from 

sections stained for BrdU  from vehicle, priming IL-4, therapeutic IL-4 and olive oil 

respectively, scale bar 100µm. (E-G) Quantification of proportion of BrdU+ hepatocytes from 

10 non overlapping fields of view per animal. (E) Pooled results from 2 experiments n=5-6. 

(F-G) Separate graphs of results pooled for E (one-way ANOVA).  
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Figure 3-4 Identification of leukocyte populations in liver. 

(A) Representative flow cytometry plots of cells isolated from CCl4-veh treated liver. Lineage 

gate comprises CD3, CD19, Ly6G and Siglec F. (B) Representative flow plot of 7AAD FMO 

and fully stained sample (from a different experiment to the above plots) 
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Figure 3-5 Positive identification of macrophages in liver. 

(A) Recruited (CD11bhi) Ly6chi  CD64lo monocytes; Ly6clo CD64hi macrophages and Ly6clo 

CD64lo cells identified using CD64. (B) Demonstration of MHCII expression in the 

populations from A. (C) Ly6chi  monocytes, Ly6clo  macrophages and cDC2 cells as identified 
using MHCII. (D) Populations identified using CD64 backgated onto Ly6C MHCII gating 

strategy. (E) Histograms of Ly6C and MHCII expression in Ly6Clo CD64hi cells compared to 

FMO. (F) Identification of kupffer cells and recruited CD11bhi mononuclear phagocytes using 

Tim-4 and CD11b n.b. different experiment to rest of figure. (G) Tim-4 expression in Kupffer 

cells (top) and recruited CD11bhi mononuclear phagocytes (bottom).  
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Figure 3-6 Flow cytometric assessment of the effect of IL-4c on monocyte 
macrophage populations. 

Representative plots from experiment in Fig. 3.1. (A) Representative expression of F4/80 

and CD11b by Live (aqua–) Lin– liver leukocytes (CD45+) from CCl4-treated mice that 

received CCl4 alone (CCl4-veh), with IL-4c 24hrs before and after CCl4 administration (IL4c-

CCl4-IL4c) or IL4c 24hrs after CCl4 (CCl4-IL4c), or from mice that received olive oil alone. (B) 

Representative histograms of F4/80 expression by CD11bhi recruited mononuclear 

phagocytes from mice treated with CCl4 alone or in combination with IL-4c. (C) 

Representative expression of Ly6C and MHCII by CD11bhi cells identified in (A). Means of 

proportion of CD45 for each population ± SD included on plots N=3/group apart from IL4c-
CCl4-IL4c where N=2. 
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Figure 3-7 F4/80 expression in tissue sections. 

Representative 50x immunohistochemistry images with 200x inserts of F4/80 stained 

sections from (A) CCl4-vehicle, (B) CCl4-IL4c and (C) olive oil treated mice.  Increased F4/80 

staining is noted in the necrotic cell area of the IL-4c treated mice (white arrow). 
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Figure 3-8 Effect of varying doses of therapeutic IL-4 on indices of repair and 
regeneration. 

(A) Schematic of experimental model, CCl4 injured mice received 0.032µg/g, 0.08µg/g or 

0.2µg/g IL-4 s.c. in the form of IL-4c or 4µl/g PBS vehicle. (B-D) ALT, AST and bilirubin 

levels measured in peripheral blood. N=8-9, pooled data from 3 independent experiments. 
(E) Quantification of proportion of BrdU+ hepatocytes from 10 non overlapping fields of view 

per animal. (F) % weight change from day 0. N=6, pooled data from 2 experiments (one-way 

ANOVA comparing means to CCl4 + veh group). 
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Figure 3-9 Effect of 
varying doses of IL-
4 on recruited 
monocytes and 
macrophages. 

(A) Representative 
plots of Live (aqua), 

CD45+, Lin–, CD11bhi 

cells demonstrating 
consistent loss of 

Ly6chi monocytes and 

increase in Ly6clo 

MHCIIint 

macrophages. (B,D,F) 

proportion of CD45+ 

cells (C,E,G) number 
of cells per gram of 

liver tissue. N=8-9, 

pooled from 3 

independent 

experiments (one-way 

ANOVA comparing 

means to CCl4 + veh 

group). 
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Figure 3-10 
Effect of 
varied doses 
of IL-4 on 
other 
leukocyte 
populations. 

(A-H) Cell 

populations as 
labelled as a 

proportion of 

CD45+ cells 

and cells/g of 

liver. N=8-9, 

pooled from 3 

independent 
experiments 

(one-way 

ANOVA). 
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Figure 3-11 IL-4ra expression at 24 hours post CCl4. 

(A,C-G) Histograms show representative IL-4R⍺ expression in CCl4 treated mice in dark grey 

with control IL-4R⍺–/– mice also treated with CCl4 in light grey. Delta mean fluorescence 

intensity (MFI) was calculated using separate IL-4R⍺–/– mice given either CCl4 or olive oil. 

(B) Poor separation between KC and recruited necessitated a gating strategy that would 

encompass both KC and recruited macrophages. N=3 per group from 1 experiment. 
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Figure 3-12 IL-4ra expression at 24 hrs post CCl4 with Kupffer cell discrimination. 

Histograms show representative IL-4R⍺ expression in CCl4 treated mice in dark grey with a 

pooled FMO in light grey. Delta mean fluorescence intensity (MFI) was calculated using a 

pooled FMO. (A) Gating strategy used to identify kupffer cells, Ly6chi monocytes and Ly6clo 

MHCIIint macrophages from Live (7AAD), CD45+, Lin– cells. Representative histograms for 

the 3 cell types identified including graphs of delta MFI for IL-4R⍺ expression. (B) delta MFI 

for IL-4R⍺ expression for the outlined cell types. N=3 per group from 1 experiment.  
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Chapter 4 Endothelial contamination of 
Kupffer cells 
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4.1 Introduction 
In Chapter 3 I demonstrated that therapeutic delivery of exogenous IL-4 

promotes hepatic repair and regeneration following acute injury, and that this 

corresponds with a significant concomitant effect on the balance between 

monocyte and macrophage populations. It is known that monocytes and 

macrophages both play divergent, time-dependent roles during acute hepatic 

injury and repair 21,23,52 and it was therefore important to understand if IL-4c 

influenced these roles. However, it was also not clear whether direct IL-4 

signalling to monocytes and macrophages was causing this effect or if it was 

signalling to other cells that could potentially influence monocyte and 

macrophage numbers indirectly. It was therefore important to consider the 

possible effects that IL-4 signalling may have on the parenchymal or stromal 

cells in the liver in promotion of repair and regeneration and orchestration of 

inflammatory cell recruitment. Indeed, Goh et al. have already shown that 

direct IL-4Ra signalling in hepatocytes is important, at least in part, for the 

effects of endogenous IL-4 in promoting liver regeneration33. However, no 

one has yet looked at whether IL-4 of endogenous or exogenous origin 

influences stromal cells during liver regeneration. One such cell is the liver 

sinusoidal endothelial cell (LSEC), which is implicated in regeneration 

following liver injury in a rat model265,266. I therefore sought to investigate 

whether the pro-reparative effect of IL-4 could be related to signalling to the 

endothelial compartment.  

To assess the role of IL-4R signalling in the endothelial compartment, I set 

out to cross the transgenic mouse strain that expresses the tamoxifen-

inducible Cre recombinase under the control of the Cdh5 promoter (Cdh5-

Cre-ERT2267) to the IL-4R⍺fl/fl line28 to abrogate IL-4Ra signalling in 

endothelial cells. While Cdh5, which encodes cadherin-5, is highly expressed 

by all endothelial cells, recent publications have revealed that it is also 

differentially expressed at a gene level by Kupffer cells when compared to 

other tissue resident macrophages50,268. It therefore became important to 
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establish whether Cdh5 expression by Kupffer cells was sufficient to induce 

Cre expression, as this would cause deletion of the IL-4R⍺ in Kupffer cells as 

well as endothelial cells in the Cdh5-Cre-ERT2; IL-4R⍺fl/fl line. Thus, before 

generating the Cdh5-Cre-ERT2; IL-4R⍺fl/fl line, I used the Cdh5-Cre-ERT2; 

mTmG269  reporter line available from Professor Neil Henderson’s group. In 

this system all cells express tdTomato but following tamoxifen administration 

cells that express Cdh5 undergo Cre-mediated switching from tdTomato to 

eGFP expression. I used a combination of flow cytometry and confocal 

microscopy to determine whether Kupffer cell Cdh5 expression was sufficient 

to cause Cre activation. In addition to establishing the efficiency of the Cdh5-

Cre-ERT2 system in targeting LSECs and other liver endothelial cells, this 

approach also enabled me to establish whether the observed Cdh5 

expression in Kupffer cells represented genuine expression or an artefact 

generated by endothelial cell contamination due to the intimate relationship of 

Kupffer cells and LSECs101. This body of work formed a major part of a 

manuscript that was published in the Journal of Leukocyte Biology and is 

inserted below.  

Unfortunately, due to an outbreak of pinworm in the breeding facility there 

was significant disruption to the breeding of the Cdh5-Cre-ERT2; IL-4R⍺fl/fl 

line. I was therefore unable to complete a full characterisation of the line in 

my injury model.  

4.2 Contribution to manuscript 
The manuscript was co-authored by myself and Cathy Hawley, a fellow PhD 

student in the Jenkins group. The experiments in the first two figures that 

identify endothelial cell contamination within Kupffer cells isolated by FACS- 

sorting were all designed, performed and analysed by myself, except for Fig. 

2A, F, G and H which were performed and analysed by Cathy Hawley. The 

data in the subsequent two figures examining differences in leukocyte 

isolation methods were performed and analysed by Cathy Hawley, except for 

one repeat in Fig. 4H which was performed and analysed by Dr Calum Bain. 
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Abstract
Multicolor flow cytometry and cell sorting are powerful immunologic tools for the study of hep-

atic m!, yet there is no consensus on the optimal method to prepare liver homogenates for these

analyses. Using a combination of m! and endothelial cell reporter mice, flow cytometry, and con-

focal imaging, we have shown that conventional flow-cytometric strategies for identification of

Kupffer cells (KCs) leads to inclusion of a significant proportion of CD31hi endothelial cells. These

cells were present regardless of the method used to prepare cells for flow cytometry and rep-

resented endothelium tightly adhered to remnants of KC membrane. Antibodies to endothelial

markers, such as CD31, were vital for their exclusion. This result brings into focus recently pub-

lished microarray datasets that identify high expression of endothelial cell-associated genes by

KCs compared with other tissue-resident m!. Our studies also revealed significant and specific

loss of KCs among leukocytes with commonly used isolation methods that led to enrichment of

proliferating and monocyte-derived m!. Hence, we present an optimal method to generate high

yields of liver myeloid cells without bias for cell type or contamination with endothelial cells.

K EYWORD S

endothelial cell, flow cytometry, Kupffer cell

1 INTRODUCTION

Liver Kupffer cells (KCs) are one of the largest populations of res-

ident m! in the body. KCs are located in the sinusoids of the liver

where they scavenge and phagocytose apoptotic cells and damaged

erythrocytes,1 contribute to maintenance of immunologic tolerance

by priming Foxp3+ T-regulatory cells,2 and capture gut commensal

bacteria that enter the circulation.3 Under homeostatic conditions,

KCs proliferate in situ and persist with relatively little input from

conventional hematopoiesis in adult mice.4–6 However, during liver

inflammation, stress, or injury, Ly6Chi monocytes are recruited to the

liver and subsequently mature into monocyte-derived hepatic m!.
Both KCs andmonocyte-derivedm! have been attributed prorestora-

tive or proinflammatory roles in models of acute and chronic liver

damage.7–9 To better understand the function of KCs and monocyte

Abbreviations: Cdh5, Cadherin 5; CLEC4F, C-type lectin domain family 4member F; KCs, Kupffer cells; LSEC, liver sinusoidal endothelial cells
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derived m!, it is important not only to accurately identify these cells

but also to ensure a comprehensive portrait of the in vivo population

is generated.

Multiparameter flow cytometry is a powerful tool for evaluating

changes in number, frequency, and phenotype of diverse monocyte

and m! populations and is the basis by which these cells are purified

for subsequent functional and genomic analyses. Many protocols have

been used to isolate leukocytes from the liver, but there is no consen-

sus on which method is most valid, particularly for KCs. Furthermore,

although the definition of KCs by flow cytometry is widely accepted

as F4/80hiCD11blo cells, the reliability of this approach has not

been fully investigated. For example, several microarray and RNA-seq

datasets identified Cdh5, a gene typically associated with endothelial

cells,10 as differentially expressed by KCs comparedwith other tissue-

resident m!.11–13
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Here, we demonstrate that the population of KCs conventionally

defined by their F4/80hiCD11blo phenotype contains a significant pro-

portion of contaminatingCD45+CD31hi endothelial cells, and that this

contaminationwas present regardless of themethod used for isolating

leukocytes from the liver. Inclusion of endothelial markers rather than

additional surface markers of m! was critical for excluding these cells

fromanalysis. Furthermore, quantity and quality of isolatedKCs varied

significantly dependent on the purificationmethod used.We therefore

present a comprehensive protocol for faithfully isolating leukocytes

from the liver and a modified gating strategy to effectively eliminate

contaminating endothelial cells.

2 METHODS

2.1 Mice

Wild-type (WT) C57BL/6OlaHsd CD45.2+, congenic C57BL/6

CD45.1+CD45.2+, C57BL/6OlaHsd Csf1r-mApple+ mice,14

and Cdh5-Cre-ERT2 mice15 crossed with the mTmG

(Rosa26Sortm4(ACTB-tdTomato, EGFP)Lou/J) line,16 were bred and main-

tained in specific pathogen-free facilities at the University of Edin-

burgh, UK. Mice were sex and age matched, 6–12 weeks for WT

studies and 11–12 weeks for Cdh5 mice. Bone marrow chimeric

mice were generated as previously described.17 Briefly, C57BL/6

CD45.1+CD45.2+ mice were anesthetized and hind legs irradiated

with 950 rad while remaining tissues were protected by lead. Mice

were reconstituted the next day with 2–5 × 106 donor bone marrow

cells from congenic CD45.2+ animals and rested for 8 weeks prior

to analysis. All experiments were approved by the University of

Edinburgh Animal Welfare and Ethical Review Body under license

granted by the UKHomeOffice.

2.2 Tamoxifen administration

To induce Cre expression in Cdh5-Cre-ERT2:mTmG mice, sterile fil-

tered tamoxifen (Sigma, Irvine, UK; 100 mg/kg) dissolved in corn oil

(Sigma; 20 mg/ml) was administered i.p. for 5 consecutive days and

mice left for 2 weeks.

2.3 CSF1-Fc and BrdU administration

An Fc conjugate of porcine CSF1 (CSF1-Fc) was prepared as

described.18 Analysis of KC and endothelial cell proliferation in

response to administration of CSF1-Fc was performed on cells from a

larger unpublished study aimed at assessing the effect of chronic CSF1

delivery on KCs origin in tissue-protected bone marrow chimeric mice

made as described previously.17 Tissue protected chimeric mice were

given 1 "g/g CSF1-Fc delivered in PBS s.c. or PBS control on day 1, 3,

17, 19, 33, and 35 before analysis on day 37. Mice were pulsed with

1mg BrdU s.c. 2 h before necropsy.

2.4 Isolation of leukocytes from liver

Following perfusion of PBS through the inferior vena cava, livers were

placed into RPMI, finely chopped using a razor blade and digested in

5 ml of enzyme mix (RPMI with 0.625 mg/ml collagenase D, 30 U/ml

DNase [Roche, Burgess Hill, UK], 0.85 mg/ml collagenase V [Sigma],

and 1 mg/ml dispase [Invitrogen, Paisley, UK] for 25 min at 37◦C, in

an orbital shaker with additional manual shaking every 5 min. Digests

were poured through a 100 "m strainer and then prepared according

to the protocols below. Unless otherwise stated, all wash buffers were

kept at 4◦C. At the end of all protocols, cell pellets were resuspended,

passed through a 40 "m strainer, and live cells counted using a Casey

TT counter (Roche).

2.5 300 g centrifugation

Cells were washed in 50ml, then 30ml RPMI, and centrifuged at 300 g

for 5 min, maximum break and accelerator. RBC lysis buffer (Sigma;

2 ml) was added for 2 min, followed by 2 ml FACS buffer (PBS supple-

mented with 0.5% BSA and 2 mM EDTA). Cells were pelleted (300 g,

5 min) and the supernatant discarded.

2.6 33%PercollTM gradient

Cells were washed twice in 50 ml liver wash buffer (PBS/2% FCS) by

centrifugation at 443 g for 6min, maximum break and accelerator. The

pellet was resuspended in a room-temperature 33% Percoll gradient

(25 ml per sample) and spun at 693 g for 12 min, with minimum break

and accelerator. The cell pelletwaswashed in 30ml liverwashbuffer at

300 g for 5min. RBC lysis buffer (5ml) was added for 5min, then 30ml

liver wash buffer and cells spun at 300 g for 5min.

2.7 50 g centrifugation

Cells were washed in 15ml RPMI containing 10% FCS and centrifuged

at 50 g for 10min withminimum break. The supernatant was collected

and spun at 340 g for 10 min, minimum break. The pellet was lysed for

5 min in 2 ml RBC lysis buffer on ice, topped up with RPMI + 10% FCS

and spun at 340 g for 10min, minimum break.

2.8 Collection of discarded fractions

For the 300 g spin and Percoll gradient methods, the supernatant or

both the hepatocyte layer, and the supernatant between the hepato-

cyte layer and the leukocyte pellet, respectively, was collected into a

fresh tube and centrifuged at 400 g for 5 min. The resultant pellets

were counted and stained. For the 50 g slow-spin method, the pellet

generated following the 50 g spin was counted and stained.

2.9 Isolation of leukocytes from lung

Perfused lungs were collected into RPMI, homogenized using scissors

and digested in 2 ml of the enzyme mix detailed above, for 45 min at

37◦C. Digests were filtered through a 100 "m strainer, washed with

FACS buffer and RBC lysed in 3 ml RBC lysis buffer (Sigma) for 3 min.

Afterwashing, cellswerepassed througha40"mstrainer andcounted.

2.10 Flow cytometry

2 × 106 liver cells, or 20 "l of whole blood was incubated with Zombie

Aqua fixable viability dye (Biolegend, London, UK) for 10min at RT and
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then with 0.025 !g anti-CD16/32 (2.4G2; Biolegend) in 10% normal

mouse serum (Life Technologies, Paisley, UK). Cells were then incu-

batedwith antibodies (Supplemental Table 1). Cells werewashed, spun

at 300 g for 5 min and, where necessary, incubated with fluorescently

labeled streptavidin. 7-AAD solution (Biolegend) was added to sam-

ples 10 min before acquisition when comparing isolation protocols.

DAPI was used as a viability marker for FACS. Liver cells were gated

as shown, whereas alveolar and interstitial m" were identified as

CD45+CD11c+SiglecF+ and CD45+CD11c+SiglecF−MHCII+CD64+

cells, respectively.

For BrdU and Ki67 staining, cells were fixed and permeabilized

overnight in FoxP3/Transcription Factor Staining Buffer (eBioscience).

Cells were washed in PermWash (eBioscience) and stained with anti-

Ki67 and anti-BrdU antibodies.

Cellswere acquiredona LSRFortessa (BDBiosciences,Wokingham,

UK) or FACSAriaII (BD) at the QMRI Flow Cytometry and Cell Sorting

Facility, University of Edinburgh, and data analyzed in FlowJo software

(Tree Star, Ashland, Oregon). Fluorescence-minus-one controls were

used to set gates.

2.11 Immunofluorescence

The median lobe from perfused liver of Cdh5-Cre-ERT2:mTmG mice

was fixed in 4% methanol-free PFA (Thermo Scientific, Paisley, UK) at

4◦C for 2–3 h then washed in PBS and resuspended in 15% sucrose

gradient for 1 h at room temperature followed by 30% sucrose at 4◦C

overnight. Tissue was then flash frozen in optimal cutting temperature

(OCT) embedding matrix (Fisher Scientific, Loughborough, UK) and

stored at−80◦C. Seven-micrometer sectionswere cut using a cryostat.

Following blocking with 20% normal goat serum, sections were

stained with rat anti-mouse F4/80 (Abcam, Cambridge, UK; CI:A3-

1) then AlexaFluor-594 goat anti-Rat IgG secondary (Abcam). Total

number of F4/80+ KCs were enumerated per liver slice and GFP and

F4/80 coexpression assessed. Immunofluorescent analysis of single

cells was performed on FACS-purified cells. Ten microliters of sorted

cells was plated on a perfusion open and closed chamber for analy-

sis at 20× magnification and images acquired using a Leica confocal

SP5microscope.

2.12 Statistical analysis

Datawere analyzed in Prism 6 or 7 (GraphPad), with statistics detailed

in relevant figure legends. *P < 0.05, **P < 0.01, ***P < 0.001,

****P< 0.0001.

3 RESULTS

3.1 F4/80hiCD11blo KCs identified by flow
cytometry contain a subset of Cdh5hiCD31hi cells

KCs have been traditionally defined by their F4/80hiCD11blo

phenotype, which distinguishes them from F4/80loCD11b+ bone-

marrow-derived myeloid cells.19 Global transcriptomic analyses have

demonstrated that, like all tissue m", KCs have a unique transcrip-

tional signature,11–13 withCLEC4FandTim4emerging asmarkers that

aid their discrimination from other hepatic monocytes and m".12,20

However, these same analyses also identified Cdh5 (which encodes

cadherin-5), a gene strongly associated with endothelial cells,10 as

part of the KC-specific signature.11–13 Interrogation of the publically

available ImmGen resource (www.immgen.org) revealed a similarly

high enrichment of Cdh5 transcripts in KCs compared with other

tissuem" (data not shown). To establish whether KCs expressed Cdh5,

we used a transgenic mouse strain that expresses tamoxifen-inducible

Cre recombinase under the control of the Cdh5 promoter (Cdh5-Cre-

ERT2)15 crossed tomTmG reportermice.16 While all cells inCdh5-Cre-

ERT2:mTmGmice express tdTomato, tamoxifen administration results

in Cre recombinase activity, excision of the tdTomato cassette, and an

irreversible switch to EGFP expression in Cdh5 expressing cells and

their progeny. Flow cytometric analysis of whole liver isolates gated

on live, CD45+ lineage− leukocytes (Fig. 1A) revealed a clear bimodal

expression of GFP in F4/80hiCD11blo KCs, suggesting higher expres-

sion of Cdh5 by a fraction of these cells (Fig. 1B). Bimodal expression

of the endothelial marker CD31 was also evident (Fig. 1B), and simul-

taneous analysis of GFP and CD31 revealed a bright double positive

population (Fig. 1C) that accounted for ∼10% of the F4/80hiCD11blo

population (Fig. 1D). In comparison, less than 0.52% of lung interstitial

m" and 0.53% of alveolar m" were CD31hiGFPhi suggesting this phe-

nomenonwas not common to all m" populations (Fig. 1D). Back-gating

of the CD31hiGFPhi andCD31loGFPlo populations revealed they could

not be discriminated based on size, granularity, and expression of other

leukocyte markers such as CD45, Ly6C, and MHCII (data not shown).

However, whereas tdTomato expression was significantly diminished

in the CD31hiGFPhi fraction of KCs (Fig. 1E), the CD31lo GFPlo cells

retained identical levels to untreated control mice, indicating that

Cre-mediated excision of the tdTomato cassette had not occurred

(Fig. 1F). A similar minor increase in GFP fluorescence without loss of

tdTomato expression was also observed in B cells, T cells, neutrophils,

and monocytes following tamoxifen treatment (data not shown).

Hence, although F4/80hiCD11blo-defined KCs contain a subset of

CD31hi Cre-expressing cells, it seems likely that the low GFP fluores-

cence of CD31lo KC from tamoxifen-treated mice does not represent

meaningful expression of Cdh5-driven Cre.

3.2 Endothelial cells contaminate the traditional
F4/80hi CD11blo KC gate

We further investigated the identity of the CD31hiGFP+ fraction of

F4/80hiCD11blo cells. Analysis of all CD31hi cells within the liver

preparations revealedbindingofCD45andF4/80antibodies tobe spe-

cific when compared with their respective isotype controls (Fig. 2A).

Unlike CD31lo KCs, the CD31hi F4/80hiCD11blo cells also expressed

high levels of ICAM-2 and Lyve-1 (Fig. 2B), consistent with a lym-

phatic or liver sinusoidal endothelial phenotype. However, tissue sec-

tions from Cdh5-Cre-ERT2:mTmG mice suggested little true colocal-

ization of F4/80 with GFP (Figs. 2C and 2D). Indeed, FACS sorting fol-

lowed by confocal microscopy revealed some CD45+F4/80hiCD31hi

cells to be doublets of F4/80hi KC and CD31hi endothelium (Fig. 2E),
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F IGURE 1 (A) Identification of F4/80hiCD11blo KCs in murine liver. Lineage = CD3, CD19, Ly6G, and Siglec F. (B) Representative GFP and
CD31 expression by F4/80hiCD11blo liver cells from Cdh5-Cre-ERT2;mTmG mice. Proportion of GFP+ and CD31hi cells shown (mean, n = 7, 3
experiments). (C) Representative GFP and CD31 expression by F4/80hiCD11blo liver cells from Cdh5-Cre-ERT2;mTmG mice ± tamoxifen. (D)
The frequency of CD31hiGFP+ cells amongst KCs, lung interstitial and alveolar m!. Liver (n = 7, 3 experiments) and lung (n = 4, 2 experiments).
(E and F) Geometric mean fluorescence intensity (GeoMFI) of dTomato expression by CD31loGFP− KCs (E) and CD31hiGFP+ cells (F) (n= 3/group,
representative of 3 experiments)

whereas the majority of CD31hi cells exhibited punctate colocalized

surface staining of CD45 and F4/80 indicative of endothelial cells to

which surface membrane from KC was tightly adhered (Fig. 2E). Con-

sistent with this, staining for other KC-specific surface markers, such

as Tim4 or CLEC4f,12 could not differentiate the CD31hi and CD31lo

populations despite a very marginal difference in expression intensity

(Fig. 2F). In contrast, expression of a Csf1r-driven mApple transgene, a

cytoplasmic marker of myeloid cells,14 distinguished mApplehiCD31lo

KCs from mApple−CD31hi contaminants (Fig. 2G). Furthermore,

CD31hiF4/80hiCD11blo cells did not proliferate in response to the

m! mitogen CSF1 (Fig. 2H).18,21 Thus, it would seem most likely that

CD45+F4/80hiCD31hi cells identified by flow cytometry represent

endothelial cells with remnants of KC membranes that are largely

devoid of the intracellular components of these cells. Hence, although

transgenic or intranuclear markers of KCs can aid their discrimina-

tion, surface staining forCD31would seem themost technically simple

method for excluding these cells during flow cytometry or FACS.

Of note, unbiased analysis of all CD31hi cells expressing the

hematopoietic marker CD45 revealed them to comprise both

F4/80hiCD11blo cells as described above but also other hematopoietic

cells (Fig. 2I). Rather than bona fide CD45+ endothelial cells, FACS

and imaging of CD45+F4/80−CD31hi cells revealed a population of

endothelial cells that appeared to envelop small CD45+ cells (Fig. 2J).

Although these could be simple doublets, they may also represent

transmigrating hematopoietic cells described in human liver sinusoidal

endothelial cells (LSECs) in vitro.22 Either way, we find no evidence

that CD45+CD31hi cells represent single cells with both hematopoi-

etic and endothelial characteristics akin to those described in

rat liver.23

3.3 Endothelial cell contamination is present
irrespective of liver digestion protocol

Multiple methods for generating single cell preparations of murine

liver leukocytes have been published and while most protocols involve

enzymatic digestion, the separation of leukocytes from hepatocyte

debris is more inconsistent. Hence, to exclude the possibility that the

observed endothelial cell contamination was an artifact specific to

our protocol for isolation of leukocytes from the liver, we compared

the frequency of CD31hi cells in the KCs population retrieved using

3 methods representative of commonly published protocols. In brief,

all methods used the same enzymatic digestion step but employed

either two 300 g centrifugation steps (as used for Figs. 1 and 2),17 an

initial 50 g prespin to first pellet and discard hepatocytes,24,25 or a

33% Percoll gradient to remove the majority of hepatic debris.26,27

The relative frequency of all CD31hi endothelial cells recovered as

a proportion of all live cells was equivalent between the 300 g and

the Percoll gradient methods, though reduced with the 50 g prespin

method, suggesting a proportion of endothelial cells are removed by

this step (Fig 3A). However, there was a clear population of CD31hi
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F IGURE 2 (A) Representative expression of CD45 and F4/80 by
total CD31hi liver cells (n = 6, 2 experiments). (B) Representative
histograms (n = 6, 2 experiments) and delta MFI (n = 3/group, rep-
resentative of 3 experiments) of ICAM-2 and LYVE-1 expression by
F4/80hiCD31hi cells and F4/80hiCD31lo KCs. Significance determined
by t-test. (C) Confocal image of liver from Cdh5-Cre-ERT2;mTmGmice
(dTomato = nonrecombined cells; GFP = recombined cells) stained
with F4/80 (blue). Scale bar, 20 !m. (D) Proportion of F4/80+Cdh5+

cells from (C) (10 FoV at 40× magnification of 4 livers). (E) Repre-
sentative maximal projections of confocal z-stacks of FACS-purified

(continued on the next column)

cells within the F4/80hiCD11blo KC gate using all 3 protocols (Figs. 3B

and 3C), and most pronounced with the 50 g method. Notably,

KC-specific Cdh5 expression was observed in microarray datasets

generated with11,13 or without12 Percoll gradient purification and

low-speed centrifugation. Hence, although it remains possible that KC

express Cdh5 at higher levels than other resident tissuem", it is highly
likely that contaminating endothelial cells contributed significantly to

the high expression of this gene by KCs. The exclusion of CD31hi cells

(Fig. 3D) is therefore a critical step for the faithful identification of KCs

inmouse liver irrespective of isolation protocol.

3.4 Isolationmethod can lead to selective
loss of KCs

After removal of CD31hi endothelial cells, we observed clear differ-

ences in the relative abundance of KCs amongst live CD45+ cells

between isolation methods, with much lower frequencies using both

the Percoll and 50 g prespin methods, whereas the frequency of

F4/80loCD11bhi cells was more consistent (Fig. 4A). To determine

whether the difference in relative abundance in KCs between meth-

ods was due to selective loss of these cells with the Percoll gradient

and 50 g prespin methods or enrichment with the 300 g method, we

analyzed the hepatocyte pellet from the 50 g prespin, the supernatant

from the first 300 g spin, and the hepatocyte layer from the Percoll gra-

dient alongside the normal isolates. KCswere clearly identifiable in the

discards from all protocols but at an elevated frequency in the Percoll

and 50 g spin methods (Fig. 4B). Comparison of the frequency of KCs

of total CD45+CD31− cells within the isolate compared directly with

the frequency of KCs in the discard for each sample showed that KCs

were significantly enriched in the discard of both the Percoll and 50 g

spin methods, but not in the 300 g spin method (Figs. 4C–4E). Thus,

KCswere selectively lost using both thePercoll and the 50 g spinmeth-

ods,whereas the ratio of all leukocytes includingKCswasnot altered in

the discard versus the isolate with the 300 g spin method. The Percoll

method also yielded far fewer CD45+ cells compared with the 300 g

method (Fig. 4F), that together with the lower abundance of KCs, cor-

responded to over a 7-fold reduction in yield of KCs using this method

(Fig. 4G). It was not possible to obtain accurate cell counts from the

50 g method due to large amount of debris seemingly retained with

this method, nor were many KCs present in the pellet extracted from

the discarded Percoll (Fig. 4G), suggesting most remained within the

F4/80hiCD31hi. CD31 (green), F4/80 (blue), CD45 (red), and merge
(purple). White arrows indicate areas of punctate surface F4/80
and CD45 staining by CD31+ cells (n = 5 from 2 separate experi-
ments). Scale bar, 10 !m. (F) Representative Tim4, Clec4f, and CD31
expression by F4/80hiCD11blo cells. (G) Representative mApple and
CD31 expression by F4/80hiCD11blo cells from Csf1r-mApple trans-
genic mice or their negative littermate controls (n = 9, 3 exper-
iments). (H) Proportion of BrdU+Ki67+ cells amongst CD31hi and
CD31lo F4/80hiCD11blo cells after administration of CSF1-Fc or PBS
(n = 4, 1 experiment). Significance determined by 1-way ANOVA.
(I) Overlay of all CD45+CD31hi cells (red) onto CD45+CD31lo cells.
(J) Representative maximal projections of confocal z-stacks of FACS
sorted CD45+F4/80−CD31hi cells, demonstrating a CD45+ cell (red)
enveloped in an endothelial cell (green)
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F IGURE 3 (A)The frequencyofCD31hi cells of all live, single cells. (B andC)Representative flowplots (B) and replicatedata (C) of theproportion
of CD31hi cells amongst F4/80hiCD11blo cells obtainedwith different protocols (300 g, Percoll, 50 g) (n= 4–8/group, 2 experiments). (D) Improved
gating strategy incorporating CD31 to identify endothelial contaminants from the F4/80hiCD11blo KCs population. Significance determined by
1-way ANOVA

F IGURE 4 (A and B) Representative flow plots of all isolated (A) and discarded (B) live CD45+CD31lo cells showing proportions of
F4/80hiCD11blo and F4/80loCD11bhi populations from livers prepared for flow cytometry by 1 of 3 different protocols. (C–E) The relative
frequency of F4/80hiCD11blo KCs, F4/80lo cells granulocytes, B cells and T cells as a proportion of all CD45+CD31lo leukocytes in the cell iso-
late linked to the frequency in the discard for the various protocols (n = 4–8/group, 2 experiments). Significance determined by multiple t-test
(Holm-Sidak correction). (F andG) Number of CD45+ cells or CD45+F4/80hiCD31lo KCs isolated by either 300 g or Percoll method (n= 8/group, 2
experiments). Significance determined by t-test and 1-way ANOVA respectively. (H) Nonhost chimerism amongst KCs and F4/80lo cells from liver
of WT > WT tissue-protected BM chimeric mice isolated by 300 g or Percoll protocol (n = 8/group, 2 experiments). (I) Proportion of Ki67+ KCs
isolated from liver by 300 g or Percoll protocol (n= 4/group, representative of 2 experiments). Significance determined by t-test
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Percoll. Importantly, the loss of a large fraction of KCs using the Per-

coll method also led to different interpretation of important aspects

of KCs biology. Specifically, KCs turnover in CD45.1/CD45.2 congenic

BM chimeras was exaggerated in Percoll preparations compared with

the 300 g method, as was the frequency of KCs positive for the cell

cyclemarker, Ki67 (Figs. 4H–4I). Hence, the choice of isolationmethod

also significantly affected readouts of KCs origin and function. Two

300 g centrifugation steps would appear to give the most accurate,

unbiased assessment of the frequency of KCs within liver leukocytes,

the greatest yield of leukocytes, and hence the most representative

portrayal of the characteristics of KCs in vivo.

For simplicity, only 1 slow prespin (50 g) and 1 density gradient

(33% Percoll) method were compared in our study. However, we

acknowledge that there is considerable variation reported in number

and speed of centrifugations, as well as gradient concentrations

used in protocols to isolate liver leukocytes.11,13,28,29 Nevertheless,

our data suggest that careful optimization of these methods will be

required for studies where KCs are themajor cell of interest.

4 SUMMARY

It is imperative that populations isolated for flow cytometric,

gene comparison, and functional analyses are representative

of those in vivo. We have demonstrated that the established

CD45+F4/80hiCD11blo gating strategy used to identify KCs in

liver preparations also contains a population of endothelial cells. These

cells could not be excluded using antibodies to KCs surface antigens

and because endothelial cells were also found to form aggregates

with other CD45+ cell types, we propose the simplest method to

exclude them from analysis is by inclusion of antibodies to CD31 or

other endothelial markers. We suggest that this strategy be adopted

universally (Fig. 3D), particularly as endothelial contamination was

apparent using all commonly used methods for the preparation of

hepatic leukocytes for flow cytometric analysis. Cell conjugates iden-

tified by flow cytometry can reveal functionally important in vivo cell

interactions30 and hence, endothelial cells to which KC membrane is

tightly bound may well represent those LSECs intimately interacting

with KCs at the point of necropsy. Since KCs remain largely static in

the steady state31 further investigation of this subset of LSECs may

identify factors controlling the turnover and function of KCs.32
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4.4 Conclusion 
In the above manuscript we showed that LSEC are significant contaminants 

found within CD45+ liver leukocyte populations when analysed by flow 

cytometry and they were particularly prevalent within the KC gate. While our 

data cannot discount that Cdh5 may be expressed by KC, the level of 

expression in this population was seemingly insufficient to cause significant 

Cre-mediated excision of the tdTomato cassette in Cdh5-Cre-ERT2; mTmG 

mice. Together these results validated the use of the Cdh5-Cre-ERT2 line as 

a useful tool to specifically interrogate the effect of IL-4R signalling on the 

endothelial population.  

Indeed, in the Cdh5-Cre-ERT2; IL-4R⍺fl/fl line, I observed that all Cre– CD31+ 

CD45– endothelial cells uniformly expressed the IL-4Ra and induction of Cre 

resulted in loss of IL-4R⍺ expression (Fig. 4.1A-D). Importantly, there was no 

loss of IL-4R⍺	expression in Kupffer cells (Fig. 4.1E) or other leukocyte 

populations (Fig. 4.1F), confirming the faithful nature of this Cre driver to the 

endothelial lineage. Although pinworm infection in the animal unit housing the 

Cdh5-Cre-ERT2; IL-4R⍺fl/fl line prevented full investigation of the effect of IL-

4c signalling to endothelial cells during CCl4 injury, I was able to perform 

some preliminary experiments. These experiments suggested that in acute 

CCl4 injury endogenous IL-4 signalling to the endothelia influenced neither 

the composition of the inflammatory infiltrate, including monocyte, neutrophil, 

eosinophil recruitment or macrophage content, nor serological indices of liver 

injury (data not shown). Owing to the issues with the pinworm infection, I 

instead focused on dissecting the effect of direct signalling by exogenous IL-

4 on the function and make-up of the mononuclear phagocyte compartment 

since this could be performed in wild-type mice and other strains housed in a 

separate pin-worm free animal facility at the UoE.  

As mentioned, the main finding in the above manuscript was the presence of 

significant endothelial cell contamination of Kupffer cell populations and also 

other leukocyte populations. It therefore became important to include an 
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endothelial marker in subsequent experiments to ensure that all endothelial 

contaminants were removed from subsequent analysis. Thus, CD31 (also 

known as PECAM-1), was included in all flow cytometric analyses to ensure 

exclusion of endothelial cells, as set out in Fig. 4.1A. 
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Figure 4-1Characterisation of IL-4R⍺ expression in Cdh5-Cre-ERT2; IL-4r⍺fl/fl mice. 

(A) Schematic representation of the model: Cre+ mice were given tamoxifen daily for 5 days 

whilst Cre– mice were given corn oil. (B) Flow plots demonstrating gating strategy to identify 

CD31hi CD45- endothelial cells and CD31lo CD45+ leukocytes. (C) Representative histogram 

of IL-4Ra expression in Cre– CD31+ CD45– endothelial cells. (D-F) Delta MFI for IL-4R⍺ in 

outlined populations. Kupffer cells (F4/80hi CD11blo) and Ly6chi monocytes (Ly6chi MHCIIlo). 

Delta MFI calculated using IL-4R⍺-/- control. N=3 per group (unpaired t test).  
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Chapter 5 Intrinsic effects of IL-4c on 
leukocyte populations  
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5.1 Introduction 
In Chapter 3 I demonstrated that therapeutic administration of exogenous IL-

4 led to a significant improvement in indices of hepatic regeneration and 

repair in the setting of acute liver injury, and that this was paralleled by 

significant changes in the monocyte/macrophage compartment. The 

observed reduction in Ly6Chi monocytes and increase in differentiated 

macrophages may potentially enhance repair. For example, during 

acetaminophen (APAP)-induced acute liver injury Ly6Chi monocytes have 

been shown to express proinflammatory genes, including Trem1, Nos2, 

Cox2, Ccl2 and Ccl721. The pro-inflammatory function of Ly6Chi monocytes 

has been shown to promote pathology in other disease models. For instance, 

Ly6Chi monocytes and their descendants are responsible for driving tissue 

destruction in response to harmless microbiota during chemically-induced 

colitis where they have a similar pro-inflammatory profile to those in APAP 

liver21,116,117, and the inhibition of Ly6Chi monocyte recruitment results in a 

less severe phenotype116. Following myocardial infarction (MI) Ly6Chi 

monocytes dominate the pro-inflammatory phase of injury, whereas Ly6Clo 

macrophages predominate during the recovery phase118,270. A similar pattern 

has been shown in both acute liver injury with APAP and chronic CCl4 

mediated injury whereby Ly6Chi monocytes convert into Ly6Clo 

macrophages21,115. In APAP this conversion process involves downregulation 

of the aforementioned proinflammatory genes and upregulation of genes 

including Trem2, Gpnmb and Retnla21, which are typically associated with 

tissue repair29,185.  

The inference from these studies has been that this switch from 

predominance of Ly6Chi monocytes to Ly6Clo macrophages is an important 

part of the transition from the inflammatory to repair phases of tissue repair, 

however, what drives this switch is unclear. More specifically relating to IL-4, 

it has been long known that IL-4 induces a pro-reparative phenotype in 

macrophages 28,202,271 and recent work in physical injury models has outlined 
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its importance in promoting repair. In the skin it has been shown that IL-4Ra 

signalling to macrophages is required to control the restoration of tissue 

architecture30. Moreover, IL-4/IL-13 activated macrophages are integral to 

rapid mucosal healing following puncture wounds in the colon29. 

As I had observed a loss in Ly6Chi monocytes and an increase in Ly6Clo 

macrophages in response to IL-4 in the context of injury at a single timepoint, 

I sought to determine whether the dynamics of the observed 

monocyte/macrophage phenotype could reveal potential underlying 

mechanisms by performing a timecourse experiment. Furthermore, I wanted 

to establish if direct signalling to mononuclear phagocytes was responsible 

for the observed phenotypic changes and the enhanced repair and 

regeneration upon IL-4c treatment. To this end, I used a variety of 

approaches including LysM Cre; IL-4R⍺fl/– mice, as well as whole body and 

tissue-protected irradiation chimeras to limit IL4R deficiency to particular cell 

types.  

5.2 Kinetics of therapeutic effect of IL-4 
It is known that acute liver injury with CCl4 causes recruitment of leukocytes, 

the composition of which changes over time22. I therefore performed a 

timecourse experiment to establish the temporal changes in the composition 

of the leukocyte compartment in liver and blood following injury with CCl4, 

and assess the effects of therapeutic administration of IL-4c (Fig. 5.1A).  

5.2.1 The effect of IL-4 on kinetics of disease phenotype  
Although the main aim of this experiment was to examine the leukocyte 

dynamics in blood and liver over time, I also performed phenotypic analyses 

of the mice using weight and serum enzymes. Two identical experiments 

were performed and in both experiments I observed initial weight loss in all 

groups (Fig. 5.1B-C), which was more pronounced in the CCl4 treated groups 

compared with the olive oil treated groups. However, it was evident that the 

dynamics of weight loss and recovery were different between experiments, 
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with weights in the CCl4 treated groups returning to baseline on day 3 in 

RL048 but not until day 4 in RL071 (Fig. 5.1B-C). There were also obvious 

differences in the dynamics of serum ALT and AST between experiments. 

Overall I observed a lower ALT on day 1 in RL071 (3320 u/l ± 530.3) 

compared to RL048 (7450 ± 2707.0)(Fig. 5.1D-E). The day 1 ALT levels from 

RL048 was also more in keeping with a previous experiment where ALTs 

were examined 24hrs after CCl4 administration (8393 u/l ± 998). Although 

data from RL071 more closely matched that of previous experiments with a 

trend towards lower levels of AST and ALT in IL-4c treated groups at day 3, 

the levels of ALT at day 1 in this experiment (when peak levels would usually 

be expected) were unusually low. In RL048 it appears that there may have 

been an acceleration in the kinetics as there was a reduction in the ALT in IL-

4c treated mice by day 2. It remains unclear what could account for the 

differences given that the animals used for these experiments were sourced 

from the same supplier and were of similar ages. Furthermore, both 

experiments were performed in the same animal unit using the same batch of 

CCl4. 

Like ALT, cell number data obtained during the timecourse also varied 

considerably between repeat experiments especially in the first 2 days (Fig. 

5.1H-I). This seemed largely due to a different kinetic in cell number in the 

CCl4 + veh alone group, as the kinetic following IL-4c treatment was seemingly 

the same in both experiments. In IL-4c treated mice there were increased 

numbers of cells on day 2 which subsequently dropped on day 3 in both 

experiments.   

5.2.2 Early monocytopenia in tissue with IL-4c treatment 
Unlike other parameters flow cytometric analysis was consistent between 

experiments. Flow cytometric analysis of the CD11bhi population revealed 

marked changes in the Ly6C-defined populations over time (Fig. 5.2A). In both 

groups Ly6Chi monocytes accumulated within the first 24hrs following CCl4 

treatment and their abundance decreased progressively with time, reaching 
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baseline levels (equivalent to recipients of olive oil) by day 4 (Fig. 5.2B). 

Importantly, IL-4c treatment led to a rapid reduction in Ly6Chi monocytes as a 

proportion of total CD45+ leukocytes, returning to baseline by day 3; 24hrs 

earlier than their vehicle control counterparts. The frequency of Ly6Clo CD64hi 

macrophages increased progressively from day 1 in both groups, peaking at 

d3-4 before declining again, although not returning to baseline by d5 (Fig. 

5.2D). Interestingly in these experiments, IL4c treatment did not alter the 

abundance of Ly6Clo macrophages cells in terms of proportion of CD45+ 

leukocytes.  

5.2.3 Increased cDC2 dendritic cells and neutrophils in IL-4c 
treated mice 

Analysis of the other leukocyte populations revealed that concomitant with 

the early reduction in Ly6Chi monocytes on day 2, there was a significant 

increase in the proportion of neutrophils in the IL-4c treated group compared 

to the vehicle control group at this timepoint (29.2% ± 4.2 vs 18.0% ± 

2.6)(Fig. 5.3A). There was a reduction in proportion of KC (Tim4hi) in both 

CCl4 groups but there was no difference with IL-4c treatment (Fig. 5.3B). 

Analysis of eosinophils revealed that the previously observed increase on 

day 3 in the IL-4c treated group was also reflected by an early increase in 

their proportion on day 2 (Fig. 5.3C). There were also subtle changes in the 

lymphocyte populations on day 4 and 5 (Fig. 5.3D-E). As CD64 was used in 

the timecourse to positively identify macrophages it became evident when 

analysing the CD11bhi recruited population that there was expansion of a 

Ly6CloCD64–CD11bhi population at day 2 and 3 that was only observed in the 

IL-4c treated groups (Fig. 5.2A). As outlined in Chapter 3 (Fig. 3.3), MHCII+ 

cells amongst this Ly6CloCD64–CD11bhi population are most probably cDC2 

cells (Fig. 5.2A and 5.3A)56. Thus, consistent with my earlier findings at the 

day 3 timepoint, administration of exogenous IL-4 in the context of CCl4-

induced injury results in changes to the abundance of many leukocyte 

populations. Given the significant contribution of neutrophils, eosinophils, 
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monocytes and macrophages to the injury and repair process in acute liver 

injury, I have decided to focus on these populations going forward21,22,33. 

5.2.4 Increased proliferation observed in all Ly6clo MHCIIint 
macrophages in IL-4c treated mice 

Given the known effects of IL-4c on recruited as well as resident macrophage 

proliferation in, for example, the serous cavities31,121, and also the apparent 

increase in Ly6Clo macrophages in earlier experiments, I also measured the 

effect of IL-4c on proliferation of monocyte/macrophage subsets and how this 

changed over time. Unfortunately, due to limitations in the number of 

parameters available for these analyses because of inclusion of both Ki67 

and BrdU, F4/80 antibody conjugated to PE-Cy7 was used in the first 

timecourse experiment, meaning it was difficult to faithfully differentiate 

between Ly6Clo CD64+ macrophages and Kupffer cells at each timepoint. In 

the repeat experiment, I modified the staining panel to mitigate against these 

issues and was able to incorporate CD64 into the modified staining panel. 

Hence, I initially performed an analysis across both experiments where the 

Ly6Clo MHCIIint population encompasses both recruited macrophages and 

Kupffer cells (Fig. 5.4A). Using this approach, I found a significant increase in 

the proportion of Ki67+BrdU+ macrophages in IL-4c treated mice on day 2 

and 3 when compared to vehicle treated mice (Fig. 5.4B). Inclusion of Tim4 

and CD64 allowed more accurate identification of macrophage subsets in the 

repeat experiment (RL071). Analysis of CD11bhi Tim4lo CD64hi Ly6Clo 

recruited macrophages revealed a trend towards higher proliferation on day 2 

and 3 (Fig. 5.4C) mirroring the result obtained in the pooled all Ly6Clo 

MHCIIint hepatic macrophages population (Fig. 5.4B). The same effect of IL-

4c was found in the Tim4+ KC population in experiment RL071 (Fig. 5.4D). 

Interestingly, IL-4c treatment also induced significant proliferation in the 

Ly6Chi monocytes on day 2 and day 3 (Fig. 5.4E). In fact, the levels of 

proliferation in the Ly6Chi monocytes were greater than those observed 

amongst the more mature Ly6Clo CD64hi macrophages. To establish if this 

was a property of a small subset of Ly6Chi monocytes, for instance those 
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expressing higher levels of MHCII, all day 2 Lin- CD11bhi Ki67+BrdU+ cells 

were backgated onto the CD11b+ population and their MHCII profile 

assessed. This revealed that proliferating myeloid cells were evenly 

distributed throughout the Ly6Chi monocyte population and didn’t simply 

represent a maturing monocyte subset (Fig. 5.4F).  

5.2.5 Reduction in monocytes reflected in blood 
The marked effects of IL-4c on the loss but also proliferative activity of 

hepatic monocytes, prompted me to assess if IL-4c had wider effects on the 

mononuclear phagocytes in the context of acute liver injury. For this reason, 

blood was collected by cardiac puncture post mortem at all timepoints and 

analysed by flow cytometry. Using the same single, live (7AAD–), CD45+ cells 

and lineage gating strategy as in the liver, monocytes were identified as 

CD115+ CD11b+ and then subclassified on their levels of Ly6C expression 

(Fig. 5.5A). In this and subsequent experiments, where accurate identification 

of transition between Ly6Chi and Ly6Clo monocytes was necessary, TREML4, 

a member of the triggering receptor expressed on myeloid cells, was used to 

positively identify Ly6Clo monocytes (Fig 5.5A)63. CCl4 treatment led to a 

monocytosis, although this was somewhat more striking in RL048 than 

RL071 and similar to the hepatic leukocyte populations, it was evident that IL-

4c treatment appeared to be having an early effect on reducing monocyte 

populations (Fig 5.5B). Indeed, administration of IL-4c led to fewer Ly6Chi 

monocytes as a proportion of all CD45+ cells compared to veh treated groups 

in both experiments at all timepoints (Fig. 5.6A-B). As there was considerable 

heterogeneity in the overall frequency of monocytes in these experiments, I 

normalised the proportion of monocytes in the CCl4 + IL-4c mice to the CCl4 

+ veh mice at each timepoint to enable pooling of data from the 2 

experiments.  In so doing it became evident that there was a reduction in 

proportion of Ly6Chi monocytes 24 hours after IL-4c treatment (day 2), 

mirroring that seen in the liver which was sustained until day 3 (Fig 5.6C). 

Although Ly6Clo TREML4hi and transitioning monocytes make up a smaller 
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proportion of total monocytes in the blood, IL-4c administration also caused a 

rapid significant reduction in their proportion that was sustained until day 3 in 

transitioning cells and longer in Ly6Clo monocytes (Fig. 5.6D-E). There was 

also an apparent early neutrophilia in all groups on day 1, including olive oil 

treated, which subsequently waned but did not differ significantly between 

treatments (Fig. 5.6F-G). 

5.2.6 Technical issues in timecourse 
One mouse was removed from the analysis because at the time of injection it 

was noted that most of the IL-4c was not injected due to movement of the 

mouse. Subsequent analysis confirmed that this mouse had not been 

exposed to significant levels of IL-4 because the monocyte/macrophage 

phenotype was not replicated and macrophages from this mouse failed to 

show elevated expression of the alternative activation marker RELMa, which 

is a characteristic feature of macrophages in IL-4c treated mice (data not 

shown). There was also one mouse from RL048 day 2 CCl4 + veh population 

that was excluded from the analysis of proliferation because the BrdU 

staining didn’t work because of an incomplete BrdU injection.  

5.3 Assessing gene deletion efficiency in LysM Cre; 
IL-4Rafl/- mice 

Given the significant phenotype observed within the monocyte and 

macrophage compartment, I sought to establish whether we could 

successfully abrogate signaling to these cells using the Cre-Lox system. 

Lysozyme M is a gene expressed highly by myeloid cells and can be used to 

drive Cre recombinase to cause deletion of loxP-flanked target genes272. 

Generation of IL-4Ra deficiency in macrophages and neutrophils has 

previously been achieved using the LysM Cre; IL-4R⍺fl/– line28. However, 

while this system has been shown to be highly efficient during normal 

physiological conditions, in the context of inflammation the LysM driven Cre 

activity can be variable. For instance, excision of IL-4R⍺ has been shown to 

be poor in recruited macrophages elicited in the peritoneal cavity during 
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thioglycolate induced sterile inflammation and schistosome infection in the 

liver34. To understand the direct effect of IL-4 on monocytes and 

macrophages, including any therapeutic effects, I wanted to establish if I 

could abrogate IL-4Ra protein expression in hepatic monocytes and 

macrophages in the context of CCl4-induced acute liver injury using the LysM 

Cre; IL-4R⍺fl/–.  

5.3.1 Generation of mouse line 
LysM Cre; IL-4R⍺fl/– mice were generated by crossing LysM Cre; IL-4R⍺fl/fl 

with IL-4R⍺–/– mice. The experimental mice generated were IL-4R⍺ 

hemizygous mice, bearing one floxed IL-4R⍺ allele and one null allele (LysM 

Cre+; IL-4R⍺fl/–). This has been shown to be the most efficient way to achieve 

IL4R⍺ deletion since it relies on excision of only one floxed allele273. Cre– 

littermate controls were used as controls.  

5.3.2 Efficiency of IL-4Ra deletion during CCl4 injury 
To assess deletion, male Cre+ and Cre– mice, as well as IL-4R⍺–/– mice, were 

administered vehicle or CCl4 and culled 24hrs later. Consistent with my 

previous results, IL4Ra was expressed by all myeloid cells examined in Cre– 

mice. Staining for IL-4R⍺ on the surface of blood neutrophils revealed 

bimodal expression, with >80% of neutrophils from Cre+ mice lacking the IL-

4R⍺ and this did not change between steady state and CCl4-induced injury 

(Fig 5.7 A-B).  Similar to neutrophils, Ly6Chi monocytes in blood of Cre+ mice 

also demonstrated bimodal expression of IL-4R⍺.	However, only ~50-60% of 

Ly6Chi monocytes had deleted IL-4R⍺	surface expression (Fig 5.7 C-D) and 

the efficiency of Cre excision was reduced in CCl4 injured mice (Fig 5.7D).  

Given that I was also interested in the effects of IL-4 in tissues, I also 

examined the efficiency of Cre mediated excision of the IL-4Ra amongst liver 

leukocytes. Unlike in the blood there was no evidence of bimodal expression 

of the IL-4R⍺	on hepatic Ly6Chi monocytes in either olive oil or CCl4 treated 

mice (Fig 5.7E). This suggests that there is no significant excision of the IL-
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4R⍺	in this population and this is reflected by no difference in DMFI of IL-4R⍺	

between Cre+ and Cre– mice (Fig 5.7F). Owing to the paucity of Ly6Clo 

macrophages in both injured and uninjured liver 24 hours after CCl4, it was 

not possible to assess IL-4R⍺	expression in this population. It was however 

possible to assess the surface IL-4R⍺ expression on resident KC. 

Interestingly, in the olive oil treated population there was bimodal expression 

of the IL-4R⍺	but this was abrogated following CCl4 injury (Fig 5.7G). As 

expected the DMFI of IL-4R⍺	in the olive oil group was significantly lower in 

Cre+ mice but in the CCl4 treated group it was also trending to a lower level in 

Cre+ mice (Fig 5.7H).  

Owing to the restricted availability of mice, this experiment was repeated 

without the olive oil control group. Similar levels of Cre efficiency were 

detected amongst blood neutrophils (87.4%) and blood Ly6Chi monocytes 

(52.7%) as in the previous experiment (Fig. 5.8A-F). Importantly this means 

that ~50% of circulating Ly6Chi monocytes will still express the IL-4R⍺	on 

their surface. Given this poor efficiency, I decided not to use the LysM Cre; 

IL-4R⍺fl/– strain to probe IL-4R signaling in myeloid cells.  

5.4 Whole body irradiation chimeras 
As an alternative approach to determine the contribution of IL-4R⍺	signaling 

to myeloid cells and therapeutic phenotype observed with IL-4c treatment, I 

decided to generate whole body tissue irradiation chimeras. Using WT 

recipient mice and IL-4R⍺–/– BM I was able to limit IL-4R⍺	deficiency to the 

haematopoietic compartment. For this purpose 8 week-old CD45.1+/.2+ 

recipient males were reconstituted with wild-type (WT) or IL-4R⍺–/– (KO) 

donor BM (CD45.2+) 24 hours after whole body irradiation (Fig. 5.9A). The 

use of congenic CD45.1–CD45.2+ recipients enabled me to confirm the 

successful engraftment of donor BM, by assessing chimerism by flow 

cytometry of circulating monocytes 8 weeks post-reconstitution. This 

confirmed 99.2% ± 1.1 and 99.5% ± 0.4 chimerism in the mice given WT BM 
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(WT>WT) and in the WT mice given KO BM (KO>WT) mice respectively (Fig. 

5.9B). As expected Ly6Chi monocytes and Ly6Clo macrophages were 

exclusively of donor origin (CD45.1–CD45.2+) by 8 weeks (Fig. 5.9C-D). This 

model therefore enabled me to establish the effect of IL-4Ra signalling to 

BM-derived cells in the observed monocyte/macrophage phenotype, as well 

as the therapeutic effect of IL-4c on liver repair and regeneration.  

5.4.1 Phenotypic analysis of weight and serum in whole body 
chimeras 

As expected, administration of CCl4 resulted in weight loss in all groups, 

although this appeared to be greater in KO>WT mice irrespective of whether 

they had received IL-4c treatment (Fig. 5.9E), suggesting even signalling by 

endogenous IL-4 to BM may limit weight loss in response to liver injury. 

Analysis of ALT and AST revealed that loss of IL4Ra in the haematopoietic 

compartment did not affect the elevated levels seen in response to CCl4 

either in mice receiving vehice of IL-4c (Fig. 5.9F-G). Similarly, the reduction 

in ALT and AST levels in response to exogenous IL-4c was not affected by 

the loss of IL-4Ra. In the KO>WT recipients IL-4c resulted in a significant 

reduction in ALT and AST that wasn’t evident in the WT>WT recipients (Fig. 

5.9F-G). As in the non-chimeric experiments IL-4c treatment had no effect on 

bilirubin levels (Fig. 5.10H).  

5.4.2 Necrotic cell area and hepatocyte proliferation in whole 
body irradiation chimeras 

A large degree of heterogeneity was apparent within the necrotic cell areas in 

the chimeric mice making it difficult to establish true necrotic areas (Fig 10A-

D). This occurred irrespective of whether recipients were given WT or KO BM 

or vehicle or IL-4c. It was not possible to perform an accurate analysis of 

necrotic tissue vs cellular infiltrate as was previously performed (Fig. 5.10A-

D). I therefore developed a script in Difiniens to quantify total healthy 

parenchyma which excluded both cellular infiltrate and necrosis. This 

surprisingly revealed that there was a trend to lower proportions of viable 
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tissue area in the IL-4c treated mice but that there also seemed to be a trend 

to lower viable tissue areas in all KO>WT mice (Fig5.10E). Furthermore, 

visual inspection of samples revealed that in the IL-4c treated mice there did 

not appear to be a difference in cellular infiltrate between mice receiving WT 

or KO BM.  

In contrast, there did appear to be a trend towards lower hepatocyte 

proliferation in KO>WT than WT>WT mice following treatment with IL-4c  

(16.7% ± 6.5 vs 22.4% ± 5.6) (Fig. 5.11F), which was not apparent in the 

vehicle treated group (14.82 ± 10.6 vs 14.26% ± 6.0) (staining and 

quantification performed by Andrew Muir). Hence, indices of liver injury and 

repair were unaffected by loss of IL-4R⍺	on BM cells. Further experiments 

using WT>KO mice would be able to confirm if the beneficial effect of 

exogenous IL-4 on hepatocyte proliferation act at least in part through 

signalling in haematopoietic cells.  

5.4.3 IL-4Ra signalling is key to observed hepatic 
monocyte/macrophage phenotype 

Analysis of recruited monocytes and macrophages by flow cytometry 

suggested that only when the donor BM cells were IL-4R⍺ replete (WT 

donor) was the reduction in Ly6Chi monocytes and increase in Ly6clo CD64hi 

observed (Fig. 5.11A). Concurrent with previous results there was a 

significant reduction (>5 fold) in the frequency and number of Ly6Chi 

monocytes in WT>WT mice when they were treated with IL-4c (1.16x107 

cells/g ± 5.2x106 vs 1.994x106 cells/g ± 5.42x105)(Fig. 5.11B-C). However, 

administration of IL4c had no impact on the number of Ly6Chi monocytes in 

KO>WT mice (1.33x107 cells/g ± 4.93x106 vs 1.35x107 cells/g ± 2.53x106). 

Similarly, whereas IL4c treatment led to a significant increase in the 

proportion and absolute number of hepatic Ly6Clo CD64hi recruited 

macrophages in WT > WT chimeras (1.094x107 cells/g ± 3.37x106 vs 

2.18x107 cells/g ± 7.67x106), this expansion was absent in KO > WT 

chimeras (1.05x107 cells/g ±  2.528x106 vs 1.319x107 cells/g ± 2.43x106)(Fig. 
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5.11.D-E). Thus, these results demonstrate that IL-4R⍺ signalling to BM-

derived cells is required to produce the IL-4c dependent reduction in Ly6Chi 

monocytes and increase in Ly6Clo macrophages. 

This IL-4R⍺-dependent increase in macrophages in IL-4c treated mice at day 

3 coincides with the increased macrophage proliferation observed during the 

timecourse (Fig. 5.4B-C). I therefore hypothesised that this proliferation could 

contribute, in part, to the observed increase in Ly6Clo CD64hi macrophages in 

the IL-4c treated mice. I therefore next measured proliferation in the whole 

body irradiation chimeras, using the MHCII and Ly6C profile to identify Ly6Chi 

monocytes and recruited Ly6Clo macrophages, and measuring proliferation 

by Ki67+ expression and BrdU+ incorporation (Fig. 5.12A-B). This revealed 

that administration of IL-4c only led to enhanced proliferation of Ly6Chi 

monocytes and Ly6Clo MHCIIint macrophages in the WT>WT mice, while this 

was abolished by deletion of IL-4Ra in the haematopoietic compartment (Fig. 

5.12C). IL-4 driven proliferation within the Ly6Chi monocyte population was 

similarly dependent on expression of IL-4R⍺	by BM cells (Fig. 5.12D).  

These results would suggest that at least part of the observed expansion of 

Ly6Clo recruited macrophages is due to IL-4R⍺	dependent proliferation.  

5.4.4 Effect of IL-4Ra deletion in other leukocyte populations 
with IL-4c treatment  

Unlike monocytes and recruited macrophages, a proportion of Kupffer cells 

and T cells are radio resistant and therefore not fully replaced in whole body 

irradiation chimeras90,274 (Fig. 13.5A). Notably, the size of this radio-resistant 

fraction was similar between recipients of WT and KO BM. As with Ly6Clo 

CD64hi macrophages, the IL-4c related increase in putative cDC2 cells was 

dependent on IL-4R signalling on haematopoietic cells. However, the total 

increase in number of cDC2 cells remained small in comparison to the 

changes in the tissue monocyte/macrophage populations (Fig. 5.13B). 

Interestingly, administration of IL-4c in the context of haematopoietic IL-4R⍺	
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deficiency resulted in expansion of neutrophils in the liver (Fig. 5.13C). In 

contrast, the increase in eosinophils observed with IL-4c treatment did not 

absolutely require haematopoietic IL-4R⍺ signalling because there is no 

significant difference between WT>WT and KO>WT mice (Fig. 5.13D). 

Although the level of eosinophils in KO>WT recipients treated with vehicle 

control was also seemingly increased making it difficult to say with certainty 

that exogenous IL-4c drives eosinophilia solely via signalling to non-

haematopoietic cells (Fig. 5.13D). Interestingly the reduction in B cells in 

response to IL-4c observed in Chapter 3 and in the timecourse did seem to 

be dependent on IL-4Ra signalling to the haematopoietic compartment 

because it was only observed in the WT>WT mice and not KO>WT mice 

(Fig. 5.13E).  

5.4.5 Reduction in circulating Ly6Chi monocytes is dependent 
on BM IL-4Ra signalling 

Given that I had previously observed that IL-4c induced a reduction in the 

proportion of circulating monocytes, the setting of whole body radiation 

chimeras provided the opportunity to assess whether this change was due to 

direct IL-4R signalling on haematopoietic cells. Indeed, there was only a 

significant reduction in the proportion of Ly6Chi and Ly6Clo monocytes in 

blood when IL-4c was administered to recipients of WT BM (Fig. 5.14A-B). Of 

note, IL-4c administration to KO > WT mice resulted in Ly6Chi monocytes 

forming a significantly higher proportion of circulating leukocytes than mice 

treated with vehicle (Fig. 5.14A).  

There were no significant effects in proportion observed in any of the other 

circulating populations despite the elevation in neutrophils observed in the 

tissues. Lymphocytes were not subdivided on the basis of MHCII expression 

due to restrictions placed on the staining panel in order to accommodate 

CD45.1 and CD45.2 staining (Fig. 5.14C-E). Because absolute numbers of 

blood leukocytes were not obtained from this experiment, I have shown the 

various populations as parts of a whole to demonstrate that monocytopenia is 
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only observed in the response to CCl4 + IL-4c when the haematopoietic 

compartment can signal through IL4R (WT > WT chimeras) (Fig. 5.14F). In 

this group there does appear to be an increase in lymphocytes but this is not 

a significant change (Fig. 5.14E). 

5.5 Tissue-protected IL-4Ra–/– chimeras 
The results outlined above established that IL-4R⍺ signalling within the 

haematopoietic compartment was indispensable for the observed effects of 

IL-4c on the monocyte/macrophage compartment during acute liver injury. 

However, it remained unclear whether this was due to cell intrinsic IL-4Ra 

signalling by monocytes and macrophages or if it was related to signalling to 

other BM-derived cells driving a subsequent downstream effect on 

monocytes and macrophages. Therefore, I next generated tissue protected 

BM chimeras to allow direct comparison of the response of IL-4R⍺-sufficient 

and IL-4R⍺-deficient BM-derived cells in the same environment. The hind 

limbs of CD45.1+/.2+ mice were irradiated with a lead shield protecting the 

abdomen, torso and head (Fig. 5.15A). Mice were reconstituted with either 

WT or IL-4R⍺–/– (CD45.2+) BM as before and left for 8 weeks to allow 

maximal engraftment. The degree of engraftment was assessed by pre-

screening prior to injury. Lethal irradiation was only administered to the hind 

limbs, and as such chimerism in these mice was partial, with 15-40% of 

Ly6Chi monocytes deriving from donor BM (Fig. 5.15B-C). The results 

presented are from two separate experiments and it is notable that the 

baseline chimerism of circulating leukocytes was variable and differed 

markedly between experiments, although this is found routinely by other 

members of the Jenkins group. Moreover, in both these experiments the 

baseline chimerism was marginally higher in the KO>WT mice and this 

achieved statistical significance in the second experiment (Fig. 5.15C). This 

suggests that IL-4R signalling could exert a modest regenerative selective 

pressure in the BM during haematopoiesis/reconstitution. The gating of liver 

monocytes/macrophages in these experiments is presented in Fig. 5.15D. As 
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with the blood it was possible to identify the host and donor cells in the 

recruited hepatic monocyte/macrophage populations based on their CD45.1 

and CD45.2 expression (Fig. 5.15D). 

5.5.1 Reduction in Ly6Chi monocytes in blood is dependent 
on intrinsic IL-4R⍺ signalling 

In the blood of WT>WT tissue-protected chimeric mice, there was an 

increase in the proportion of Ly6Chi monocytes between day 0 and day 3 in 

response to CCl4 administration (vehicle treated group; 3.2% ± 0.3 vs 7.1% ± 

2.0 p<0.0001). Conversely and consistent with my previous experiments, IL-

4c treatment led to a significant monocytopenia (Ly6Chi monocytes from 4.4% 

± 1.6 to 0.9% ± 0.5 in CCl4 versus CCl4+IL4c respectively; p<0.0001) (Fig. 

5.16A). Notably there also appeared to be a slight reduction in the proportion 

of Ly6Chi monocytes in the olive oil treated group (4.0% ± 1.3 vs 2.6% ± 0.9, 

p=0.04). That the chimerism in circulating Ly6Chi monocytes was unaffected 

by genotype between day 0 and day 3 in in mice receiving either olive oil or 

CCl4 + veh, demonstrated that endogenous IL-4 does not play a significant 

role in regulating circulating monocyte numbers during these treatments (Fig. 

5.16B). However, IL-4c administration (on day 1) in the context of CCl4-

induced injury resulted in a significant increase in the chimerism of circulating 

Ly6Chi monocytes between day 0 to day 3 exclusively in the recipients of KO 

BM. Thus, when the chimerism of circulating Ly6Chi monocytes at day 3 was 

normalised to that at day 0, only recipients of KO BM treated with IL4c 

showed elevated chimerism (159.2%±39.0) whereas all other groups sat at 

~100% (Fig. 5.16C). These data demonstrate that exogenous IL-4 acts 

directly on Ly6Chi monocytes or their precursors to reduce their frequency in 

the blood. 

5.5.2 Intrinsic IL-4Ra signalling is necessary for loss of 
Ly6Chi monocytes and increase in Ly6Clo macrophages  

Owing to baseline chimerism varying between mice (Fig5.15C) it is routine to 

normalise tissue monocytes/macrophages to that of blood monocytes in the 
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same animal91. Given that IL-4c treatment affected blood chimerism between 

day 0 and day 3 in KO>WT mice (Fig. 5.16B) I have presented the results 

from tissue monocytes and macrophages normalised to both day 0 and day 3 

blood Ly6Chi monocytes (Fig. 5.17A-D).  

When day 3 hepatic Ly6Chi monocyte tissue chimerism was normalised to 

day 0 chimerism of blood Ly6Chi monocytes, the result suggested there was 

an accumulation of KO Ly6Chi monocytes in recipients of KO BM when 

treated with IL-4c (Fig. 5.17A). However, when hepatic Ly6Chi monocyte 

chimerism on day 3 was normalised to Ly6Chi chimerism in blood at the 

same timepoint there was no difference in chimerism in KO>WT mice treated 

with IL-4c (fig, 5.17B). Suggesting loss of Ly6Chi monocytes in the liver 

merely reflects a process that is also occurring in the blood. Performing the 

same analysis with Ly6Clo macrophages I observed that only when 

normalised to the day 3 blood was there any significant change in the 

normalised chimerism of the recruited Ly6Clo macrophages and that in this 

setting there was a lower chimerism in the KO>WT mice treated with IL-4c 

(Fig. 5.17C-D).  

The other leukocyte population where I recognised an effect of intrinsic IL-

4Ra signalling was in the neutrophils. Here, I saw an increase in chimerism 

when KO>WT mice were treated with IL-4c (Fig. 5.17E). However, unlike 

with Ly6Chi monocytes, I did not detect an effect of IL-4c on neutrophil 

numbers on day 3 in previous experiments. Indeed, only in IL-4c treated 

KO>WT mice was there an effect on neutrophil number which was related to 

an increase in the number of KO donor cells (Fig. 5.17F). This suggested that 

exogenous IL-4 was somehow limiting neutrophil numbers. In a collaborative 

project with Professor Sarah Walmsley’s group we have shown that IL-4Ra-

dependent signalling directly inhibits neutrophil survival in the hypoxic lung 

and a similar mechanism could be behind the reduced number of donor WT 

neutrophils in acute liver injury (manuscript in press).  
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Given these complexities, I decided to use a further approach that didn’t rely 

on normalisation to blood Ly6Chi monocytes to analyse the populations 

where I observed a change, i.e. the IL-4c treated populations (Fig. 5.16A-D). 

To perform this analysis, I divided the Tim4lo CD11bhi population into host-

derived (CD45.1+/.2+) and donor-derived (CD45.2+) cells and assessed the 

role of intrinsic IL-4R⍺ signalling in determining the composition of this 

compartment (Fig. 5.18A). This analysis demonstrated that while donor cells 

in the WT>WT tissue protected chimeras phenocopied their host-derived 

counterparts, the composition of the donor cells in the IL4R KO > WT mice 

differed markedly from their host equivalents. Specifically, the reduction in 

Ly6Chi monocytes induced by IL4c was absent amongst KO-derived donor 

cells but present amongst cells derived from WT BM (Fig. 5.18B). Similarly, 

the concomitant increase in Ly6Clo macrophages observed with IL-4c 

treatment was only observed in WT-derived cells (Fig. 5.18C). This result 

confirmed that intrinsic IL-4R⍺ signalling was indispensable for the observed 

monocyte/macrophage phenotype in IL-4c treatment. 

The tissue protected chimeras also provided the opportunity to verify that the 

IL-4Ra-dependent proliferation of recruited monocytes/macrophages 

previously observed was due to intrinsic IL-4R⍺ signalling. Indeed, when 

proliferation was compared between host and donor cells there was a 

significant reduction in proliferation in the donor population in response to 

CCl4 + IL-4c only in the KO>WT mice. This was in both the Ly6Chi monocyte 

and Ly6Clo macrophage populations suggesting that proliferation of both 

populations in response to IL-4c is dependent on intrinsic IL-4R⍺ signalling to 

these cells (Fig. 5.18D-E).  

5.5.3 Technical issues with BM chimeric experiments 
3 samples were excluded from all live analyses because of issues with the 

acquisition of events at flow cytometry. 1 sample blocked the flow cytometer 

and data was therefore lost and 2 samples had <500 live, CD31-, CD45.2+ 

events obtained. It could be that these cells were lost at some point during 
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the staining process as the number of events acquired from all fixed samples 

was sufficient. Notably, because the liver samples were excluded from the 

analysis I have also excluded the paired blood samples from the live 

analyses. It is important to note that inclusion of these samples in the blood 

analyses does not alter the results.  

5.6 Discussion 
In this chapter I have established that the loss of Ly6Chi monocytes occurs 

early following IL-4c administration and this appears to be a systemic effect, 

as it occurs in blood as well as liver. Furthermore, I have demonstrated that 

this loss of Ly6Chi monocytes is dependent on direct IL-4Ra signalling,  

5.6.1 Timecourse 
The timecourse experiment revealed a lot about the dynamics of monocytes 

and macrophages, however the heterogeneity in injury between experiments 

made comparison of injury at each timepoint not possible. It was particularly 

at the early timepoints that there was a significant difference in ALT between 

RL048 and RL071 with the former being more reflective of what I had 

previously observed. Interestingly when one looks at previous publications 

using acute doses of CCl4 they report varying levels of ALT at 24 and varying 

patterns in ALT dynamics. Goh et al. presented data more akin to RL048 with 

a high ALT at 24 hours that reduces dramatically by 48 hours post CCl4, 

however in different experiments in their manuscript they present a wide 

range of mean ALT values at 24 hours33. In contrast, Karlmark published 

data more in keeping with RL071 whereby ALT levels were persistently 

elevated at 24 and 48 hours and then reduced by 72 hours22. It is therefore 

difficult to ascertain which experiment is more reflective of previously 

published data. Both experiments of my timecourse were performed in the 

same animal unit but there was a gap of 7 months between experiments 

which could lead to divergence in microbiota and impact my results because 

it has been shown, particularly in chronic liver injury, that gut microbiota can 

impact on hepatic response to injury275,276. Notably all mice were injected 
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with CCl4 sequentially and used in the order they were injected meaning that 

the time from injection to harvest was the same at each timepoint. 

Furthermore, mice were all sourced from the same in-house breeding stock 

and were age and sex matched. Owing to the logistics of such a large 

experiment it was not possible to use mice from different cages at each 

timepoint and I cannot therefore exclude cage to cage variability as a cause 

for the differences seen, however, mice from the same litters were spread 

across timepoints thus reducing variability to a certain extent. For the above 

reasons it was not possible to pool the results or make any inferences on the 

effect of IL-4c on indices of injury or regeneration during the timecourse. 

While it would have been advantageous to repeat this experiment a third 

time, this was not possible due to time constraints. 

Although there were issues with the analysis of indices of injury, the 

leukocyte dynamics were replicable between experiments and revealed that 

IL-4c has a significant and early effect in reducing the proportion of Ly6Chi 

monocytes in IL-4c treated mice, could this mean that the leukocyte 

dynamics are not related to the serological markers of injury? Data from 

APAP induced liver injury would suggest that this reduction in Ly6Chi 

monocytes could contribute to an early reduction in the inflammatory burden 

in the liver since Ly6Chi monocytes in this context have a pro-inflammatory 

gene profile21. Furthermore, Mossanen et al. and Holt et al. have 

demonstrated that Ly6Chi monocytes contribute to the hepatotoxicity in APAP 

in a CCR2-dependent manner23,145. The loss of monocytes could also be 

responsible for other effects observed in the liver, such as the increased 

presence of neutrophils in mice receiving IL-4c. Indeed, Ly6Chi monocytes 

are thought to regulate and limit neutrophilia in APAP-induced injury, as well 

as other inflammatory pathologies, such as  Toxoplasma gondii infection277. 

Therefore, it is plausible that the early reduction in Ly6Chi monocytes results 

in an increase in neutrophils21 in acute liver injury. 
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While expansion of the Ly6Clo macrophages in response to exogenous IL-4 

was a significant feature of previous day 3 analyses, the increase in these 

cells did not reach statistical significance in my timecourse. Nevertheless, the 

kinetics of this expansion was altered by IL-4c, with maximal numbers 

detected at day 3 in recipients of IL-4c and day 4 in their control counterparts. 

This change in the proportion of Ly6Clo macrophages suggests that IL-4c is 

promoting a pro-reparative milieu in the liver by increasing the number of 

what are considered to be pro-reparative Ly6Clo macrophages21,23,145. This 

could be through promoting the direct conversion of Ly6Chi monocytes into 

Ly6Clo macrophages, which would fit with the current ideas of how these 

cells are related. However, my timecourse analyses revealed that the 

monocyte/macrophage kinetics do not support this. Specifically, the early 

reduction in Ly6Chi monocytes in IL-4c treated mice was not paralleled by an 

immediate increase in Ly6Clo macrophages, suggesting that these 

phenomena might not be related.  

5.6.2 LysM Cre; IL-4R⍺fl/– 
To test the hypothesis that the observed enhanced repair was due to IL-4 

signalling to the monocytes and macrophages the myeloid specific LysM Cre; 

IL-4R⍺fl/– mouse line would seem to be the most appropriate tool. However, it 

had already been demonstrated that in response to sterile peritoneal 

inflammation and Schistosomiasis it was inefficient at deleting the IL-4Ra in 

recruited cells at a gene level34. Here I have demonstrated that in response 

to CCl4 induced inflammation the deletion of the IL-4Ra at a protein level in 

the LysM Cre; IL-4R⍺fl/– mouse line is also inefficient. This could be because 

during emergency haematopoesis that occurs during inflammation the level 

of LysM expression in monocytes is insufficient to induce Cre expression.  

One technical issue encountered was the difficulty in identifying the IL-4Ra+ 

population because IL-4Ra expression is notoriously difficult to identify121. 

This is in part due to the gene dose effect in this model because Cre– cells 

have only one allele of the IL-4Ra because the mice are bred as IL-4R⍺fl/–.  
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5.6.3 Characterisation of IL-4Ra–/– > WT BM Chimeric Mice  
Given the inefficiency of IL-4R⍺ deletion in LysM Cre; IL-4R⍺fl/– mice, I 

decided to use whole body tissue irradiation chimeras to establish whether 

the reduction in Ly6Chi monocytes and increase in Ly6Clo macrophages was 

dependent on IL-4R signalling in the haematopoietic lineage. Furthermore, by 

using whole body irradiation and abrogating IL-4R signaling to all BM cells in 

KO>WT mice, I sought to ascertain whether IL4 responsiveness by 

haematopoietic cells was required for the improved indices of repair and 

regeneration observed with IL-4c treatment. The use of whole body tissue 

irradiation BM chimeras did not allow the selective deletion of the IL-4R⍺ in 

circulating monocytes as it affected all BM cells and also resulted in deletion 

of the IL-4R⍺ in Kupffer cells due to the radiosensitive nature of a subset of 

these cells278. Looking at indices of injury in this model suggested that 

signaling to the haematopoietic compartment was dispensable for the 

reduction of serum markers of injury as IL-4c administration didn’t alter ALT 

or AST significantly when comparing KO>WT versus WT>WT mice. 

Furthermore when IL-4c and veh treatment were compared in KO>WT mice I 

observed a significant reduction in both ALT and AST with IL-4c 

administration suggesting that this was due to signaling to non-BM derived 

cells. This result is intriguing because although the changes in the monocyte 

macrophage compartment are dependent on IL-4Ra signaling (discussed 

below) these changes don’t appear to affect indices of injury. This would be 

in keeping with the work of Goh et al. that suggested that IL-4Ra signaling to 

hepatocyte was important during injury33. Interestingly when comparing IL-4c 

and veh treatment in WT>WT mice there was no statistically significant 

reduction in ALT and AST as previously observed which could suggest that 

the chimeric experimental model is having an effect on the observed 

phenotype and may therefore also affect the results seen in KO>WT mice. 

There could be multiple factors accounting for the altered indices of hepatic 

injury; firstly, these mice have undergone lethal irradiation of their liver which 

has been shown to induce increased ALT, AST and fibrosis up to 10 weeks 
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following irradiation with 6Gy279. The irradiation could therefore affect any 

phenotype previously observed, furthermore the mice used in this experiment 

are older than those used in WT experiments (16 weeks-old vs 8 weeks-old) 

and it has been shown that the effect of acute CCl4 varies dependent on the 

age of the mice. Collins et al. demonstrated that with an acute dose of CCl4 

administered by gavage there was a higher peak ALT in 18 month-old mice 

compared to 6 week-old mice, and they also showed quicker resolution in 

ALT in 9 month old mice compared to 6 week-old mice280. Thus, age could 

be a factor in the different responses seen in my experiments, although I did 

not test this experimentally. Notwithstanding the results regarding indices of 

injury there did appear to be a trend to lower levels of hepatocyte proliferation 

in IL-4c treated KO>WT mice when compared to WT>WT mice, suggesting 

signaling within BM-derived cells could be enhancing liver regeneration which 

has not previously been demonstrated.  

Assessment of the necrotic area proved technically difficult but there was no 

apparent difference in the area of healthy parenchyma. The main difficulty 

with any analysis was the heterogeneity of the cellular infiltrate in the necrotic 

area between all four treatments meaning that to differentiate between them 

was not possible using a computer algorithm. Histopathological assessment 

of PAS stained sections was also performed by a pathologist blinded to the 

samples and the results suggested that there was no enhanced repair in the 

IL-4c treated mice (data not shown).The intriguing result was that visually at 

least there was an infiltrate in both the WT>WT and KO>WT mice following 

IL-4c administration which wasn’t present in vehicle-treated mice. Hence, it 

could be that the cells within the necrotic area are in fact neutrophils in the IL-

4c treated KO>WT mice because there was a significant increase in their 

number observed by flow cytometry. In collaboration with Prof. Sarah 

Walmsley (Centre for Inflammation Research, University of Edinburgh) we 

have shown that IL-4 abrogates the prolonged neutrophil survival normally 

induced by hypoxia both in vitro and in vivo in liver and lung (manuscript in 
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press). This could be important because the IL-4R⍺–/– neutrophils may persist 

at the site of injury and promote repair. While contrary to the classical view of 

neutrophils, recent work has described how neutrophils can participate in 

tissue repair by dismantling damaged blood vessels and orchestrating 

neoangiogenesis, at least in a setting of thermal injury281. Regrettably, there 

is no validated staining protocol for neutrophils on paraffin embedded 

sections in liver and I did not obtain fresh frozen samples during these 

experiments making further interrogation of the cells in the necrotic area 

difficult.  

5.6.4 Effect of IL-4Ra on monocyte/macrophage dynamics 
It was intriguing to see that in the tissue IL-4c induced proliferation of the 

Ly6Chi monocytes. It has been previously shown that monocyte precursors in 

BM are in cell cycle, whereas only a very small fraction of mature monocytes 

show signs of proliferation under normal physiological conditions74,86. To the 

best of my knowledge, it has not been previously reported that these cells 

proliferate in tissue in response to IL-4c stimulation121. I also demonstrated 

using whole body irradiation chimeras that this proliferation was dependent 

on IL-4R signalling to these cells. Notably, these proliferating cells were 

evenly distributed in the Ly6Chi monocyte population and did not represent a 

subset of cells that had acquired characteristics of recruited macrophages 

but not yet downregulated Ly6C, suggesting they were bona fide proliferating 

monocytes. All previous work investigating the proliferative effect of IL-4c in 

tissues has focused on mature macrophages and not monocytes121,123,206. 

Importantly, this behaviour was not seen in Ly6Chi monocytes in blood (data 

not shown) suggesting that while phenotypically identical, monocytes in 

tissue have different responsiveness to growth factors etc. Indeed, newly 

arrived monocytes in other tissues, such as the gut mucosa and dermis have 

been shown to be transcriptionally distinct from their phenotypic counterparts 

in blood97,282. Moreover, it could reflect that for monocytes to proliferate they 
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must receive a co-factor along with IL-4, which could be absent from the 

circulation.  

What is more intriguing is that whilst these cells are proliferating there is also 

a reduction in their number in tissue, which is dependent on intrinsic IL-4Ra 

signalling. It could be that in addition to proliferating, these cells are also 

converting into Ly6Clo macrophages more quickly. This would fit with my 

results as I demonstrated an IL-4Ra dependent increase in Ly6Clo 

macrophages. Indeed it is thought IL-4Ra dependent recruitment of Ly6Chi 

monocytes and conversion into Ly6Clo macrophages is important for the 

repair process in Schistosomiasis204.  Furthermore, a large body of research 

has reported on the importance of IL-4Ra signaling in the conversion of 

Ly6Clo macrophages from a type 1 to a type 2 immune phenotype, but the 

question of whether IL-4 causes conversion of Ly6Chi monocytes to Ly6Clo 

macrophages has not been adequately addressed30,185,208.  For instance, 

although it been suggested that IL-4c promotes this process in the context of 

thioglycolate-induced peritonitis203, it was not formally shown that IL-4c 

specifically drove enhanced conversion of Ly6Chi monocytes to Ly6Clo 

macrophages. Given this body of evidence I was interested in whether IL-4c 

was enhancing conversion of Ly6Chi monocytes into Ly6Clo macrophages. If 

this were the case, one would expect to see that the IL-4c induced reduction 

in Ly6Chi monocytes coincided with a concomitant increase in Ly6Clo 

macrophages. However, I observed that there was an early loss of Ly6Chi 

monocytes in the IL-4c group that occurred on day 2, whereas Ly6Clo 

macrophage expansion was most prominent on day 3 and this was 

associated with elevated levels of proliferation. In conjunction, these results 

suggest that IL-4c may be having effects other than enhancing conversion of 

Ly6Chi monocytes into Ly6Clo macrophages. Indeed as with the work of 

others, IL-4c induced proliferation in Ly6Clo macrophages that was 

dependent on intrinsic IL-4Ra signaling121,203,206. It therefore remains possible 

that IL-4c is having an independent and not yet appreciated effect on Ly6Chi 
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monocytes to reduce their number in tissue and, at the same time, increasing 

the number of Ly6Clo macrophages through proliferation.  

The suggestion that IL-4c may be having direct effects on Ly6Chi monocytes 

or their precursors in the BM was reinforced by the results from the blood 

where it caused a reduction in the proportion of circulating Ly6Chi monocytes 

before they entered the tissue. Furthermore, the tissue protected chimeras 

enabled me to identify that this reduction was dependent on intrinsic IL-4Ra 

signaling on Ly6Chi monocytes before they enter the liver. By normalizing the 

chimerism of day 3 tissue Ly6Chi monocytes to day 3 blood Ly6Chi 

monocytes revealed equivalent reduction in chimerism of both blood and 

tissue Ly6Chi monocytes at day 3. Thus, this suggests that IL-4R⍺ signaling 

on monocytes was not affecting monocyte recruitment to the injured liver in 

IL-4c treatment. I can come to this conclusion because Ly6Chi monocytes in 

tissue are directly recruited from the blood during injury21 and if IL-4c 

treatment had any cell-intrinsic effect on recruitment to the tissue, Ly6Chi 

monocyte chimerism in KO>WT mice it should differ from that in blood, 

however the normalized chimerism was not significantly different to other 

groups.  

In the following chapters I will attempt to address at what point of monocyte 

development and/or differentiation that IL-4 affects in context of acute liver 

injury and the potential mechanisms involved. 
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Figure 5-1 Phenotypic analysis of timecourse. 

(A) Schematic of experimental model mice. Mice were injected i.p. with 1mg BrdU 2 hrs 

before necropsy. (B-C) Weight change from baseline in RL048 (B) and RL071 (C). (D-G) 

Levels of ALT (D-E) and AST (F-G) present in serum of mice at days 1-5 after being 

administered olive oil, CCl4 or CCl4 +IL4-c on day 0 from experiments RL048 and RL071. (H-

I) Total numbers of liver leukocytes obtained from mice at days 1-5 after being administered 

olive oil, CCl4 or CCl4 +IL4-c on day 0 from experiments RL048 and RL071. N=3 at each 
timepoint apart from day 3 RL071 CCl4 + IL-4c where one sample was excluded. Mean ± SD 

(one-way ANOVA).  
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Figure 5-2 Recruited monocyte/macrophage dynamics over time. 

(A) Representative Ly6C and CD64 expression by live (7AAD-) CD31– CD45+ Lin– Tim4lo 

CD11bhi single liver cells from mice treated with CCl4 + veh or CCl4 + IL-4c at d0. (B-C) 

Recruited hepatic Ly6Chi CD64lo monocytes and Ly6Clo CD64hi macrophages as a proportion 
of CD45+ cells at each timepoint. N=5-6 mice/group pooled from 2 independent experiments, 

mean ± SD (CCl4 + veh and CCl4 + IL-4c compared using multiple t tests with Holm-Sidak 

correction).   
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Figure 5-3 Hepatic leukocyte dynamics over time. 

(A-E) Frequency of liver neutrophils (A), Kupffer cells (Tim4hi CD11blo; B), eosinophils (C), T 

cells (D) and B cells (E) of CD45+ cells from mice at days 1-5 after being administered olive 

oil, CCl4 or CCl4 +IL4-c on day 0. (F) Representative expression of Ly6C and CD64 by Live 

(7AAD–) single CD31-CD45+Lin- Tim4-CD11bhi liver cells (left) and expression of MHCII by 

Ly6C-CD64- cells (right) from a mouse given CCl4+vehicle 3 days earlier. (G) Frequency of 

liver cDC2 of CD45+ cells from mice at days 1-5. N=5-6 mice/group pooled from 2 

independent experiments, mean ± SD (CCl4 + veh and CCl4 + IL-4c compared using 
Students t tests with Holm-Sidak correction).  
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Figure 5-4 Proliferation in recruited monocytes/macrophages over time. 

(A) Gating used in fixed samples to identify CD11b+ cells from Live, single, CD31–, CD45+, 

Lin– cells.  Monocytes identified as the Ly6Chi population.  KC and recruited macrophages 

are identified as Ly6Clo MHCIIint cells. Within both these populations proliferating cells are 

identified as Ki67+ BrdU+. (B) pooled proliferation of KC and recruited macrophages. (C) 

Ly6Clo CD64hi recruited macrophage proliferation (Live, single, CD31–, CD45+, Lin-, Tim4lo, 

CD11bhi) from RL071. (D) Tim4+ KC proliferation (Live, single, CD31–, CD45+, Lin-, Tim4hi, 

CD11lo) from RL071. (E) Recruited Ly6Chi monocyte proliferation. N=5-6 mice/group pooled 

from 2 independent experiments in (B) & (E). N=2-3 in (C) & (D), mean ± SD (CCl4 + veh 

and CCl4 + IL-4c compared using multiple T tests with Holm-Sidak correction). (F) Back 

gating of all proliferating CD11bhi cells onto CD11bhi population as identified in (A).  
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Figure 5-5 Monocytes in blood over time. 

(A) Identification of leukocyte populations in blood from a CCl4 + veh mouse. Lineage gate 

comprises CD3, CD19, Ly6G and Siglec F. (B) Representative Ly6C and TREML4 

expression by single, Live (7AAD), CD45+, Lin–, CD11bhi, CD115hi blood monocytes from 

CCl4 + veh and CCl4 + IL-4c groups at each timepoint.  
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Figure 5-6 Blood monocyte and neutrophil dynamics over time. 

IL-4c or veh administered on day 1 (A-B) Proportion of Ly6Chi monocytes in blood over time 

in RL048 and RL071. (C-D) Pooled proportion of Ly6Chi, Ly6Clo and transitioning blood 

monocytes normalised to CCl4 + veh group. Each sample was normalised to the mean 
proportion of CD45 cells in the CCl4 + veh group on that day. (F-G) Proportion of neutrophils 

in blood over time in RL048 and RL071. (H) Pooled proportion of neutrophils normalised to 

CCl4 + veh group. Each sample was normalised to the mean proportion of CD45 cells in the 

CCl4 + veh group on that day. N=3 mice/group in RL048, n=2-3 mice/group in RL071 and 

n=5-6 mice/group in pooled samples; mean ± SD (CCl4 + veh and CCl4 + IL-4c compared 

using multiple T tests with Holm-Sidak correction).  
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Figure 5-7 Assessment of LysM Cre; IL-4R⍺fl/- mice in CCl4 injury. 

(A,C,E,G) Representative histograms of IL-4R⍺ expression in outlined cells  from olive oil 

and CCl4 + veh treated mice. (B & D) Proportion of IL-4R– blood cells by treatment group. (F 

& H) Comparison of delta MFI of blood neutrophils calculated using IL-4R⍺-/- for each 

treatment group. N=3 mice/group in Cre+ and CRE-, n=1 in IL-4R⍺-/- controls; mean ± SD 

(one-way ANOVA). 
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Figure 5-8 Analysis of relevant monocytes and macrophages in LysM Cre; IL-4R⍺fl/– 
mice following CCl4 injury alone. 

(A&D) Representative histograms of IL-4R⍺ expression in blood neutrophils and Ly6Chi 

monocytes from CCl4 treated mice. (B & E) Proportion of IL-4R– blood neutrophils and 

Ly6Chi monocytes (C & F) Delta MFI of blood neutrophils and Ly6Chi monocytes calculated 

using IL-4R⍺-/-. (C-D) N=3 mice/group in Cre+ and CRE-, N=1 in IL-4R⍺-/- controls; mean ± 

SD (unpaired T test). 
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Figure 5-9 Phenotypic assessment of whole body irradiation chimeras. 

(A) Schematic representation of whole body irradiation chimeras. Ly5.1 mice were irradiated 

with a total of 980 rads and reconstituted 24 hours later with either wild-type (WT) CD45.2 or 

knock-out (KO) IL-4R⍺–/– bone marrow via tail vein injection. (B) Baseline Ly6Chi monocyte 

chimerism in blood on day 0. (C-D) Chimerism of recruited Ly6Chi CD64lo monocytes and 

Ly6Clo CD64hi macrophages in liver on day 3. (E) Weight change from baseline in WT and 
KO recipient mice treated with CCl4 + veh (red) or CCl4 + IL-4c (blue). (F-H) Serum markers 

of liver injury (ALT, AST and bilirubin) in the same groups. N=7 mice/group, pooled from 2 

independent experiments; mean ± SD (one-way ANOVA). 
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Figure 5-10 Necrotic cell area and proliferation in chimeric mice. 

(A-D) 5x representative images from PAS stained sections from the various treatment 

groups. (E) quantification of necrotic area including cellular infiltrate. (F) Hepatocyte 

proliferation as quantified by proportion of BrdU+ hepatocytes.   
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Figure 5-11 Recruited monocyte/macrophage dynamics in chimeric mice. 

(A) Representative expression of Ly6C and CD64 by recruited Live (7AAD), single, CD31–, 

CD45+, Lin–, F4/80lo, CD11bhi cells from WT and KO recipients in CCl4 + veh and CCl4 + IL-

4c groups. (B-C) Proportion of CD45+ cells and number of cells/g of liver for recruited Ly6Chi 

CD64lo monocytes. (D-E) Proportion of CD45+ cells and number of cells/g of liver for 

recruited Ly6Clo CD64hi macrophages. N=7 mice/group, pooled from 2 independent 

experiments; mean ± SD (one-way ANOVA). 
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Figure 5-12 Recruited monocyte/macrophage proliferation in chimeric mice. 

(A) Representative plots of Live (FVD), single, CD31–, CD45+, Lin–, F4/80lo, CD11bhi  cells 

from both WT and KO recipients treated with CCl4 + veh. Ly6Chi monocyte and Ly6Clo 

MHCIIint macrophage proliferation identified by Ki67 and BrdU staining. (B) The same plots 

as (A) but for CCl4 + IL-4c treated mice. (C) Proportion of proliferating Ly6Clo MHCIIint 

macrophages. (D) Proportion of proliferating Ly6Chi monocytes. N=4-7 mice/group, pooled 

from 2 independent experiments; mean ± SD (one-way ANOVA). 4 mice excluded from 
proliferation analysis due to a technical issue as no BrdU incorporation could be detected in 

any leukocyte or non-leukocyte compartment.  
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Figure 5-13 Changes in other fully chimeric leukocyte populations. 

(A) Liver tissue chimerism of leukocyte populations, Kupffer cells defined as F4/80hi CD11blo, 

all treatments pooled together. (B-E) Comparison of proportion of CD45 cells and total cell 

number/g of liver for populations that are completely chimeric in liver tissue. N=7 mice/group; 
mean ± SD (one-way ANOVA). 
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Figure 5-14 Changes in leukocytes in blood in chimeric mice. 

(A-E) Comparison of proportion of CD45+ blood leukocytes between treatment and recipient 

BM groups. Monocytes defined using Ly6C and FSC-A as TREML not used. (F) Parts of a 

whole for all leukocytes in blood depending on treatment and donor BM. N=7 mice/group; 

mean ± SD (one-way ANOVA). 
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Figure 5-15 Tissue protected irradiation chimeras. 

(A) Schematic representation of tissue protected irradiation chimeras. (B) Identification of 

donor and host cells in blood: Live (Aqua), single, CD45.2+, Lin–, Ly6Chi monocytes from 

KO>WT mouse in RL020. (C) Baseline chimerism in circulating Ly6Chi monocytes in RL013 

and RL020. (D) Identification of host and donor cells in recruited cell population (Live (Aqua), 

single, CD31–, CD45.2+, Lin–, Tim4lo, CD11bhi). Host (CD45.1+ CD45.2+) and donor (CD45.1- 

CD45.2+) cells can be identified in recruited Ly6chi monocytes and Ly6clo MHCIIint 

macrophages by expression of CD45.1 and CD45.2. N=10-12 mice/group; mean ± SD 

(unpaired t test).  
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Figure 5-16 Blood Ly6Chi monocytes in tissue protected irradiation chimeras. 

(A) The proportion of Ly6Chi monocytes of total CD45+ cells in blood of BM chimeric mice 

treated with olive oil, CCl4+veh and CCl4+IL4c at day 0 (before treatment) and day 3. N=5-7 

mice/group, pooled from 2 independent experiments (multiple t tests with Holm-Sidak 

correction). (B) Non-host chimerism of blood Ly6Chi monocytes at day 0 and day 3 in each 

group. (C) Non-host chimerism of blood Ly6Chi monocytes from day 3 normalised to 
chimerism day 0. N=5-8 mice/group pooled from 2 independent experiments; mean ± SD 

(multiple t tests with Holm-Sidak correction for (A, B), one-way ANOVA for (C). 
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Figure 5-17 Recruited monocyte/macrophage chimerism in tissue protected irradiation 
chimeras. 

(A-B) Chimerism of liver Ly6Chi monocytes normalised to the chimerism of blood Ly6Chi at 

day 0 (A) or day 3 (B). (C-D) Chimerism of liver Ly6Clo MHCIIint macrophage normalised to 

the chimerism of blood Ly6Chi at day 0 (C) or day 3 (D). (E) Chimerism of liver neutrophils 

normalised to the chimerism of blood neutrophil at day 3. N=5-8 mice/group pooled from 2 

independent experiments, mean ± SD (one-way ANOVA). (F) Number of neutrophils/g by 

origin. N=5-8 mice/group pooled from 2 independent experiments, mean ± SD (one-way 
ANOVA of donor cells, no significant differences between host cells). 
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Figure 5-18 Recruited monocyte/macrophage dynamics in tissue protected irradiation 
chimeras. 

(A) Left hand: identification of host and donor populations in recruited Live (Aqua), single, 

CD31-, CD45.2+, Lin–, Tim4lo, CD11bhi cells. Representative Ly6C and MHCII expression in 

host and donor recruited cells in CCl4 + IL-4c mice. (B) Comparison in CCl4 + IL-4c mice of 

proportion of recruited (CD11bhi) cells in (A) that are Ly6Chi monocytes depending on IL-4R⍺ 

phenotype. (C) The same analysis as (B) but for Ly6lo MHCIIint macrophages. N=7-8 

mice/group from 2 independent experiments; mean ± SD (one-way ANOVA). (D-E) 

Recruited hepatic Ly6Chi monocyte and Ly6clo MHCIIint macrophage proliferation. N=6-8 

mice/group from 2 independent experiments; mean ± SD (multiple T tests with Holm-Sidak 
correction). 
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Chapter 6 The effect of IL-4 on monocyte 
viability 
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6.1 Introduction 
The results in Chapter 5 outlined that cell intrinsic IL-4Ra signalling was 

indispensable for the reduction in Ly6Chi monocytes and increase in Ly6Clo 

macrophages observed in response to IL-4c. I also saw that the reduction in 

Ly6Chi monocytes was not limited to those in the injured liver but that there 

was also an IL-4Ra-dependent reduction in circulating Ly6Chi monocytes. IL-

4c has been used extensively to mimic the context of type 2 immunity and 

drive ‘alternative’ activation of tissue resident macrophages and examine 

differences between these and recruited macrophages203,208. However, none 

of these studies have focussed on the role of IL-4c in influencing the biology 

of Ly6Chi monocytes. Furthermore, whether Ly6Chi monocytes are affected in 

the context of type 2 infection, in which IL-4 is highly abundant, remains 

unclear. For instance, whereas minimal changes in Ly6Chi monocyte 

numbers are reported during L. sigmodontis infection 123,204, S. mansoni 

induces a potent monocytosis at 7 weeks post infection in C57Bl/6 mice123. 

Thus, it was therefore not evident from the literature what mechanism 

underpinned the reduction in Ly6Chi monocytes that I had observed in IL-4 

treated mice. 

In this chapter I initially aimed to establish what is driving the IL-4Ra 

dependent reduction in Ly6Chi monocytes and whether this could be driven 

by increased conversion of Ly6Chi monocytes to Ly6Clo macrophages. During 

my timecourse the reduction in the proportion of Ly6Chi monocytes 24 hrs 

after IL-4c administration didn’t coincide with a concomitant increase in 

Ly6Clo macrophages, suggesting that there may be other effects of IL-4c on 

Ly6Chi monocytes in addition to any effect on conversion. Furthermore, 

results from BM chimera experiments suggested that the cell intrinsic effects 

of IL-4c could be related to effects on circulating Ly6Chi monocytes before 

they enter the tissue or even before they leave the BM. For that reason, I 

wanted to examine the global effects of IL-4c were on monocytes in both 

injury and repair, including any effect on BM egress.   
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6.2 Exogenous IL-4 does not enhance Ly6Chi 
monocyte differentiation into Ly6Clo macrophages  

Previous work has shown that circulating Ly6Chi monocytes give rise to 

recruited Ly6Clo macrophages in the context of APAP and chronic CCl4 

induced liver injury21,115. I therefore set out to establish whether there was a 

precursor-product relationship between recruited Ly6Chi monocytes and 

Ly6Clo macrophages in the CCl4 model of acute liver injury and if so, whether 

this was enhanced by IL-4. To test this hypothesis, I performed monocyte 

adoptive transfer experiments to track the fate of monocytes during acute 

liver injury with or without exogenous IL-4. Ly6Chi monocytes were isolated 

from bone marrow of Csf1r-EGFP transgenic mice (herein referred to as 

MacGreen)283 using FACS and then adoptively transferred i.v. into CCl4 

injured mice at the same 24hr timepoint that they received either vehicle or 

IL-4c (Fig. 6.1A). Ly6Chi monocytes were isolated from bone marrow as 

single, Live (DAPI–), CD45+, Lin (CD3, CD19, Siglec F, Ly6G)–, CD117 (c-

kit)–, CD11bhi cells expressing high levels of GFP (Fig. 6.1B)283,284. This 

allowed sorting of monocytes without using an antibody against the CSF1R 

whilst simultaneously allowing fate mapping in recipient mice that also didn’t 

rely on antibody staining. 2 days after transfer, liver leukocytes were 

analysed by flow cytometry and the presence of GFP+ cells amongst CD11bhi 

cells was assessed. identified as: single, Live (7AAD), CD31-, CD45+, Lin 

(CD3, CD19, Siglec F, Ly6G) –, CD11bhi. A clear population of GFP+ cells 

could be identified and importantly, essentially all donor cells adopted a 

Ly6CloCD64+CD11bhi Tim4– phenotype by this time (Fig. 6.1C, D) consistent 

with recruited macrophages. Importantly, similar proportions of transferred 

Ly6Chi monocytes had converted into Ly6Clo CD64hi macrophages in the 

CCl4 + veh and CCl4 + IL-4c groups, 95.0% ± 3.2 and 97.24% ± 1.9 

respectively (Fig. 6.2A-B). Notably, by this time, no donor GFP+ cells were 

detected within blood or spleen (Fig. 6.2C). Of note, 1 mouse was excluded 

from analysis due to a documented problematic IV injection and a failure to 

find any GFP+ cells at necropsy. Although this experiment worked technically, 
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it was clear that the 48 hour timepoint it was too late to identify an effect of IL-

4 on conversion to Ly6Clo macrophages. Therefore I next examined the fate 

of monocytes 24 hours after transfer. While this was performed as a single 

experiment with two recipient mice per group, there was no obvious 

difference in monocyte differentiation at this earlier timepoint, with the vast 

majority of cells in both groups retaining expression of Ly6C and only 

expressing low levels of CD64 (Fig. 6.2E). Thus, taken together, these 

results suggested that IL-4 was not promoting enhanced conversion of 

Ly6Chi monocytes to Ly6Clo macrophages.   

6.3 Effect of IL-4c on monocytes and macrophages in 
other tissues 

Given that IL-4c did not appear to cause accelerated conversion of Ly6Chi 

monocytes by day 2 post-injury, the reduction in frequency of Ly6Chi 

monocytes at this time most likely reflected a genuine loss of these cells. 

Thus, I next sought to establish whether this loss was specific to the liver or if 

it was a more global phenomenon, and if this occurred in the absence of liver 

injury121,206. The spleen is known to act as a reservoir of Ly6C monocytes 

that can be mobilized following tissue injury 119. Hence, I examined the 

abundance of monocytes in the blood and liver, as well as the spleen from 

mice given CCl4 ± IL-4c. Furthermore, because CCl4 is known to cause toxic 

effects in rat and mice kidneys285–287,  I also examined the effect of IL-4c 

therapy on monocyte/macrophage dynamics in this site, thereby modelling 

another inflammatory milieu. Mice were injured with CCl4 as before and 

treated with either IL-4c or veh 24 hours later, and compared with olive oil 

control mice ± IL-4c (Fig. 6.3A). All mice were then culled on day 3 following 

CCl4 injury and leukocytes isolated from liver, blood, spleen and kidneys as 

outlined in the methods section.  
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6.3.1 Identification of monocytes and macrophages in spleen 
and kidney  

Gating strategies were developed for both splenic and kidney 

monocyte/macrophage populations based on the gene expression profiles 

published by the ImmGen Consortium94. 

Isolated leukocytes from spleens were analysed by flow cytometry. Red pulp 

macrophages were identified as single, live (7AAD–), CD45+, Lin (CD3, 

CD19, Ly6G and Siglec F) –, and F4/80hi CD11blo cells (Fig 6.3B). Amongst 

F4/80lo CD11bhi cells, cDC were excluded on the basis of high CD11c and 

MHCII co-expression and Ly6Chi monocytes identified amongst the 

remaining CD11c–/lo cells (Fig. 6.3B).  

Identification by flow cytometry of renal monocytes and macrophages in 

leukocyte isolates involved the following strategy: removal of debris and 

subsequent identification of single, live (7AAD–), CD45+, Lin (CD3, CD19, 

Ly6G and Siglec F) – cells. Myeloid cells were then selected on the basis of 

CD11b, accounting for the CD11bint profile of tissue resident renal 

macrophages, and then Ly6C and CD64 expression to positively identify the 

monocyte/macrophage lineage. Resident macrophages were then identified 

as F4/80hi while F4/80lo cells encompassed recruited Ly6Chi monocytes and 

Ly6Clo MHCII+ macrophages (Fig. 6.3C). 

6.3.2 Exogenous IL-4 causes a tissue-wide reduction in 
Ly6Chi monocytes independent of injury 

Analysis of the various tissues following CCl4 injury revealed that IL-4c 

induced a significant reduction in frequency of Ly6Chi monocytes in all 

tissues (Fig. 6.4B). There was also a significant reduction in frequency of 

Ly6Chi monocytes in the blood and spleen of control (olive oil) mice receiving 

IL-4c (Fig. 6.4C), although no change was observed in the frequency of 

Ly6Chi monocytes in the kidneys and livers of these mice.  Indeed, analysis 

of cell numbers in the liver revealed no significant change in the monocyte 

number in uninjured mice upon treatment with IL-4c (Fig. 6.5A). CCl4 + veh 
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resulted in a significant increase in Ly6Chi monocytes, however addition of IL-

4c resulted in a two-fold reduction in the mean number of hepatic Ly6Chi 

monocytes and abrogation of the increase in Ly6Chi monocytes observed in 

CCl4 + veh mice (Fig. 6.5A). There was also a two-fold reduction in the mean 

number of Ly6Chi monocytes in blood with IL-4c treatment in injured mice but 

none of the observed changes were statistically significant (Fig. 6.5B). As in 

the liver, there was a significant increase in the number of splenic Ly6Chi 

monocytes upon injury but in contrast to the liver IL-4c caused a significant 

reduction in the number of splenic Ly6Chi monocytes in both injured and 

uninjured mice when compared to vehicle treated mice (Fig. 6.5C). Finally, 

only in injured mice did IL-4c have a significant effect on the number of renal 

Ly6Chi monocytes (Fig. 6.5D).  

In summary IL-4c caused a global reduction in proportion of Ly6Chi 

monocytes in liver, blood, spleen and kidney (Fig. 6.4B&C). Furthermore, in 

tissues IL-4c treatment abrogated any observed increase in the number of 

Ly6Chi monocytes caused by CCl4 injury (Fig. 6.5A,C-D).  

6.4 Effect of IL-4c on recruited and resident 
macrophages in different tissues 

Owing to the previously observed effects of IL-4c promoting expansion of 

hepatic resident and recruited macrophages, I wanted to also examine the 

effect of IL-4c on these populations both in the injured liver and in other 

tissues. In the liver IL-4c resulted in an increase in number of KC in both 

injured and uninjured mice (Fig. 6.6A). However, in the spleen and kidney IL-

4c only had a significant effect on red pulp macrophages in uninjured mice 

and not any other groups (Fig. 6.6B&C). Ly6Clo macrophages in the liver 

increased in number in injured mice treated with IL-4c, although this did not 

reach significance as in previous chapters (Fig. 6.6D). There was no effect of 

IL-4c on splenic Ly6Clo monocytes or recruited kidney Ly6Clo macrophages 

(Fig. 6.6E&F).   
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6.5 The effect of IL-4c on egress of leukocytes from 
bone marrow 

From these results, it was evident that IL-4c has systemic effects on Ly6Chi 

monocytes in both injured and control mice. I therefore hypothesised that IL-

4c could be altering monocyte biology at the level of the BM, for instance by 

altering the rate of Ly6Chi monocyte egress. To test this hypothesis, I used a 

short-term BrdU pulse-chase method to measure monocyte release into the 

circulation (Fig. 6.7A)86,117. Mice were administered BrdU 12 hours prior to 

being sacrificed on day 3 of the CCl4 model. Because circulating monocytes 

do not proliferate to any great extent in steady state, BrdU positive 

monocytes in circulation represent cells that have arisen from proliferating 

transitional premonocytes in the bone marrow that have entered circulation 

within the 12 preceding hours78. At necropsy blood was taken via cardiac 

puncture whereupon leukocyte populations were identified as previously 

described (Fig. 5.5) and the proportion of BrdU+ cells determined in all 

populations.  

6.5.1 No reduction in output of circulating Ly6Chi monocytes 
with IL-4c treatment 

Analysis of Ly6Chi monocytes in blood revealed a baseline output of 26.5% ± 

8.6 for Ly6Chi monocytes in control (olive oil + veh) mice (Fig. 6.7B-C), which 

is similar to that reported for steady state previously 86,90. This was 

significantly increased in CCl4 + veh mice (53.9% ± 9.7) suggesting injury 

drives increased monocyte production. Importantly, administration of IL-4c 

had no impact on this elevated level of monocyte output (56.3% ± 9.1) (Fig. 

6.7C), despite an expected reduction in frequency/numbers of Ly6Chi 

monocytes. Notably, IL-4c administration in the absence of inflammation 

(olive oil + IL-4c) appeared to significantly increase monocyte output from BM 

(60.7% ± 10.9) (Fig. 6.7C). This effect of IL-4c in control mice appeared to be 

almost exclusive to Ly6Chi monocytes, as no differences were detected in 

Ly6Clo monocytes, neutrophils and B cells, although there were small but 

significant increases in the proportion of BrdU+ T cells and eosinophils in 
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control mice given IL-4c (Fig. 6.7C-H). Hence, the equivalent degree of BrdU 

incorporation in monocytes from injured mice treated with or without IL-4c 

would suggest that the global reduction in monocytes that accompanies IL-4 

treatment does not occur due to decreased output from the bone marrow.  

6.6 Exogenous IL-4 increased death of Ly6Chi 
monocytes in vivo 

I next hypothesised that IL-4c was influencing monocyte viability. To test this 

hypothesis, I decided to harvest 24 hours after administration of IL-4c 

because we saw that there was already a significant reduction in monocytes 

in both tissue and blood at this timepoint (Fig. 5.2 & 5.6). Furthermore, to 

determine whether IL-4c affect BM output at this earlier timepoint, I 

performed a 12 hours BrdU pulse chase assay as before (Fig. 6.8A). As a 

control, I also included Il4ra–/– mice to show definitively that the effects of 

treatment with IL-4c were due to IL-4Ra signalling. At the end-point blood, 

liver and spleen were all analysed.  

6.6.1 IL-4c causes a significant reduction in monocytes 
across all tissues within 24hrs   

As previously observed at the 48hrs timepoint in section 6.3.2, there was a 

significant reduction in proportion of Ly6Chi monocytes in blood 24hrs after 

treatment with IL-4c (Fig. 6.8B) but this loss was abrogated when IL-4c was 

administered to IL-4Ra–/– mice (Fig. 6.8B). Consistent with the experiments in 

section 6.4.1, IL-4c had no effect on the output of Ly6Chi monocytes from the 

bone marrow at this 24hr time point, with no difference in the proportion of 

BrdU+ monocytes amongst groups (Fig. 6.8C). The degree of BrdU labelling 

at 24hr reflected my previous results at 48hrs, with 52.3% ± 6.6, 51.5% ± 4.1 

and 49.3% ± 5.8 of Ly6Chi monocytes being BrdU+ in the CCl4 + veh, CCl4 + 

IL-4c and IL-4Ra–/– CCl4 + IL-4c groups respectively. Furthermore, as 

observed at 48hrs post IL-4c treatment, there was a significant reduction in 

number of splenic and hepatic Ly6Chi monocytes 24hrs following IL-4c 

treatment, a reduction that was abrogated in IL-4Ra–/– mice (Fig. 6.8D-E).  
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It should be noted that the results from the BrdU pulse-chase experiment are 

from a single experiment due to a failure to detect any BrdU incorporation in 

the repeat experiment. Although the exact reason for these issues is unclear, 

it was likely due to a problem with the stock of BrdU used or the DNase step 

because it was a universal problem in all samples. Furthermore, one sample 

in the CCl4 + veh group in the initial experiment didn’t have any positive 

BrdU+ cells in any populations and was therefore excluded from the analysis 

as it was assumed that there had been an issue with the injection of BrdU.  

6.6.2 IL-4c decreases viability of circulating Ly6Chi 
monocytes as measured by 7AAD 

To assess monocyte viability, I first assessed the proportion staining positive 

for 7-AAD, a fluorescent dye that intercalates into DNA of cells with reduced 

membrane integrity. It was evident by looking at 7AAD staining in circulating 

Ly6Chi monocytes that IL-4c treatment was leading to increased levels of 

apoptotic/dead monocytes (Fig. 6.9A-B), which was abolished in IL-4Ra–/– 

mice (Fig. 6.9C). Similar results were obtained from blood Ly6Chi monocytes 

from my timecourse analysis (Fig. 6.9D). When the proportion of 7AAD+ cells 

was analysed in the spleen it was apparent that although both experiments 

showed a significant increase in 7AAD+ Ly6Chi monocytes with IL-4c 

treatment, the degree of change caused by IL-4c was different between 

experiments (Fig. 6.9E-F). Notably however, there was no significant 

difference in proportion of 7AAD+ Ly6Chi monocytes in the liver (Fig. 6.9G).  

6.6.3 IL-4c treatment induces an increase in circulating 
apoptotic Ly6Chi monocytes 

To qualify the decreased viability observed, I also assessed expression of 

phosphatidylserine using the annexin V reagent. Using an FMO to set the 

annexin V+ gate, I found there was a significant increase in the proportion of 

annexin V+ circulating Ly6Chi monocytes in the IL-4c treated group that was 

not observed in IL4Ra deficient mice (Fig. 6.10A&B). Interestingly, the 

increased level of 7-AAD+ cells amongst splenic Ly6Chi monocytes treated 
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with IL-4c was not paralleled by increased proportions of annexin V+ cells. In 

one experiment there was a very high proportion of annexin V+ cells in all 

groups which makes this result interesting in itself as it could suggest that 

there is something that has affected the viability of all the cells. This meant 

that the data from the two experiments could not be pooled and have 

therefore been presented side by side (Fig. 6.10C-D). In agreement with 

7AAD uptake, there was no significant effect of IL-4c on the proportion of 

annexin V+ hepatic Ly6Chi monocytes (Fig. 6.10E).  

Notably the disparity observed in the 7AAD staining in splenic Ly6Chi 

monocytes between experiments was also reflected by a significant 

difference in annexin V staining. This suggested that the difference in 

staining reflected genuine differences in cell viability between experiments 

rather than technical differences in staining between experiments (Fig. 6.9D 

and 6.10C). A possible explanation could be that a technical error in the 

processing resulted in increased death in all groups in RL052 splenic Ly6Chi 

monocytes.  

Using annexin V in combination with 7AAD enabled the subdivision of 

annexin V+ cells into early apoptotic and late necrotic populations in the blood 

(Fig. 6.11A). This analysis in blood demonstrated that there was an increase 

in the proportion of both early apoptotic and late apoptotic/necrotic Ly6Chi 

monocytes with IL-4c treatment (Fig. 6.11B-C).  

6.7 Assessing Ly6Chi monocyte viability in vitro 
To interrogate the decreased viability observed in vivo, I developed an assay 

to assess monocyte viability in vitro. To do this, Ly6Chi monocytes were 

FACS purified (gating in Fig. 6.12A) from the BM and cultured overnight in 

the presence of recombinant CSF1 or different concentrations of recombinant 

IL-4.  Ly6Chi monocytes were isolated as in Fig. 6.12A and cultured for 16 

hours in low adherence plates with a variety of treatments as outlined. The 
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following day cells were analysed by flow cytometry with Ly6Chi monocytes 

being identified as single, CD45+ and Ly6Chi (Fig. 6.12B).  

6.7.1 Ly6Chi monocyte viability is reduced by rIL-4 in a dose 
dependent manner 

I first performed a pilot experiment, pooling cells from multiple mice to allow 

for technical replicates within each treatment. This showed that the viability of 

monocytes cultured in media alone was only 60.0% ± 5.2, which could be 

significantly improved (95.3% ± 1.4) by the addition of murine recombinant 

colony stimulating factor 1 (rCSF-1; 50ng/ml). Notably, addition of IL-4, 

regardless of concentration, significantly reduced viability compared with both 

the rCSF-1 and non-supplemented media groups (Fig. 6.12C).  

Given the intriguing result from the pilot experiment, I sought to establish if 

the decreased viability was dose dependent and I therefore titrated the dose 

of IL-4 further, from 20ng/ml to 0.02ng/ml. As before, I observed a significant 

reduction in viability with 20ng/ml and 2ng/ml concentrations of rIL-4 but this 

was lost when a dose of 0.02ng/ml was used (Fig. 6.13A-B). As baseline 

viability in media alone cultures was variable between two repeat 

experiments (Fig. 6.13C), the viability in treatment groups was normalised to 

the baseline group of media alone (Fig. 6.13D) thereby allowing the data to 

be pooled. This pooled analysis revealed that decreased viability returns to 

baseline with decreasing rIL-4 concentration but even 0.2 ng/ml appears to 

have a significant effect on monocyte viability (Fig. 6.13D).     

To ensure the decreased viability was due to the actions of IL-4 specifically, I 

performed an experiment combining rIL-4 with a neutralising anti-IL-4 

antibody (11B11). Importantly, the decreased viability observed with the 

2ng/ml dose of rIL-4 was reversed by the addition of 11B11 into the culture, 

demonstrating that the increased levels of cell death were due to the direct 

effect of IL-4 (Fig. 6.13E). 
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6.7.2 IL-4-induced reduction in viability is abrogated by 
addition of CSF-1 

Mirroring the dependence of most tissue macrophages on CSF1 in vivo, it is 

common to use rCSF-1, or a source of CSF-1 such as L929 media288,289, to 

generate BM-derived macrophages (BMDM). Indeed, I observed in my pilot 

experiment that addition of rCSF-1 significantly increased monocyte viability 

(Fig. 6.12C). Thus, I next asked if rCSF-1 could rescue the decreased 

viability observed in rIL-4 treated monocytes. Co-culture of monocytes with 

2ng/ml rIL-4 and 50ng/ml of rCSF-1 resulted in an improvement in viability 

from 26.4% ± 11.0 with IL-4 alone to 79.3% ± 6.3, but also a significant 

increase in viability compared to cells cultured in media alone 54.1% ± 18.0 

(Fig. 6.14A). As before, because of variability between experiments, I have 

also presented normalised viability where the viability in each condition has 

been normalised to the media alone baseline viability. This analysis also 

demonstrates that the reduced viability is rescued by exogenous CSF-1 (Fig. 

6.14B). Using a reducing concentration of rCSF-1, it was apparent that 

viability of monocytes decreased with concentration of rCSF-1 and that with a 

dose of 3.125ng/ml of rCSF-1 addition of rIL-4 decreased viability 

significantly compared to rCSF-1 alone 62.6% ± 0.7 vs 69.5% ± 1.8 

respectively (Fig. 6.14C). Thus, although this experiment was only performed 

once due to time limitations, monocytes appeared to become more sensitive 

to IL-4-induced death under CSF-1 limited conditions.  

6.7.3 rIL-13 has a similar effect to rIL-4 
Because IL-13 also signals through the type 2 IL-4R, I assessed whether IL-

13 had similar effects on monocyte viability to IL-4. Notably, addition of IL-13 

(20ng/ml and 2ng/ml) caused a significant reduction in viability compared to 

media alone and the effect was comparable to that caused by addition of IL-

4(2ng/ml). Thus, while only performed once, this experiment suggests a likely 

equivalent potential for both IL-4 and IL-13 to control of monocyte viability 

(Fig. 6.14D).  
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6.7.4 IL-4c has no effect on viability in cultured macrophages 
It is well established that IL-4 causes ‘alternative’ activation, proliferation and 

accumulation of tissue resident macrophages 121,174. However, given my 

findings showing a role for IL-4 in reduced monocyte viability, I wanted to 

assess whether this also occurred in mature macrophages and if this was a 

phenomenon that had been overlooked previously. I decided to use 

peritoneal macrophages for this purpose as they are easy to obtain and their 

extraction requires little manipulation (e.g. no enzymatic digestion). 

Peritoneal macrophages were sorted by FACS as single, live (DAPI), CD45+, 

Lin–, CD102+ (Fig. 6.15A). After 16 hours in culture viability was analysed the 

following day by flow cytometry (Fig. 6.15B). Strikingly and in contrast to 

Ly6Chi monocytes, viability of macrophages was unaffected by addition of IL-

4, with no significant difference between any of the groups (Fig. 6.15C). 

6.8 Nanostring analysis of circulating Ly6Chi 

monocytes 
To gain further insight into the effects of IL-4 on monocytes, I decided to 

analyse what, if any, changes were happening at the gene level. Because the 

reduction in frequency of circulating monocytes happens at least by 24 hours 

following IL-4c treatment (Fig. 6.8B), I sorted blood Ly6Chi monocytes from 

olive oil, CCl4 + veh and CCl4 +IL-4c treated mice at this timepoint (Fig. 

6.16A). Monocytes were sorted and then analysed using the Nanostring 

Mouse Myeloid V2 assay profiling 754 genes. Due to time constraints in my 

project, I have not been able to validate any of the observed gene differences 

but have focused more on the overall pattern observed.  

6.8.1 No significant change in olive oil compared to CCl4 + 
veh 

Upon analysis, there were no genes in the comparison of olive oil and CCl4 + 

veh that reached significance (adj p-value < 0.05) and demonstrated a Log2 

fold-change of at least ±1.5 (Fig. 6.16B). This means that the changes 

observed are of doubtful biological significance and for this reason no further 
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analysis was performed on these samples. Interestingly, this was despite the 

clear increase in turnover of monocytes upon injury revealed by the 12 hr 

BrdU pulse chase experiment (Fig. 6.7C).  

6.8.2 IL-4c causes marked changes in gene expression of 
Ly6Chi blood monocytes 

There was a significant down regulation of genes with IL-4c treatment. Of the 

317 genes with enough reads of sufficient quality to be included in the 

analysis, 202 genes had a Log2 fold-change of at least ±1.5 and a p-value of 

<0.01. Of these genes with a p-value of <0.01, 190 were significantly 

downregulated when comparing expression in CCl4 + IL-4c vs a baseline of 

CCl4 + veh (Fig. 6.16C). Of the genes with a Log2 fold-change of at least 

±1.5, I have presented the 50 most significantly changed genes in the bar 

chart (Fig. 6.16D) and they are also annotated in the volcano plot (Fig. 

6.16C). It is notable that there are multiple genes associated with cell 

adhesion and migration that are downregulated and of the most significantly 

downregulated genes, the one with largest change is Nr4a1 (Log2 fold 

change of -5.18)(Fig. 6.16D). Although not one of the 50 most significantly 

altered genes, Cx3cr1 showed a large change in expression, with a Log2 fold 

change of -7.38 and an adjusted p-value of 0.00036. Interestingly, high 

expression of Cx3cr1 and Nr4a1 are features of Ly6Clo monocytes and given 

one fate of Ly6Chi monocytes is to differentiate into Ly6Clo monocytes, these 

data suggest that IL-4 could change the fate of monocytes in blood. The most 

upregulated gene was Ccl24, also known as eosinophil chemotactic protein 

2. Notably, within the 50 most significantly altered genes the only other genes 

that were upregulated were Cdc20, Kif20a and 280104Rik which are all 

involved in cell cycling. Unfortunately, the Nanostring platform did not include 

specific genes that are solely associated with cell cycling, such as Mki67.  

Thus, as well as affecting the turnover dynamics of monocytes, exogenous 

IL-4 results in marked changes in the transcriptional profile of these cells. 
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6.9 Conclusion 
During this chapter I have outlined that the loss of Ly6Chi monocytes 

observed in the liver following IL-4c administration to CCl4 injured mice is not 

solely limited to the liver but is also observed in blood, spleen and kidneys. 

Furthermore, I have found that IL-4c administration both in vivo and in vitro 

specifically affects the viability of Ly6Chi monocytes which may contribute to 

the loss of Ly6Chi monocytes. I have also attempted to identify the gene 

expression profiles that underpin these changes.   

6.9.1 Adoptive transfer 
In the first section of this chapter, I showed that Ly6Chi blood monocytes are 

recruited to the liver following CCl4-induced acute injury where they convert 

into Ly6Clo CD64hi macrophages. These findings are in keeping with previous 

work that utilised adoptive transfer of cells to demonstrate the 

monocyte/macrophage dynamics during APAP-induced acute liver injury and 

chronic liver injury with CCl421,115. Importantly, my work demonstrates that 

administration of exogenous IL-4 does not alter this conversion. My initial 

experiments assessed the fate of monocytes 48hrs after transfer and 

because they had all converted to Ly6Clo macrophages, this timepoint was 

deemed too late to detect any accelerated conversion induced by IL-4c 

therapy. Indeed, Ramachandran et al. have shown that adoptively transferred 

Ly6Chi monocytes convert into Ly6Clo cells with 20 hours of transfer, albeit in 

the chronic CCl4 model of liver injury115. However, I performed additional 

analysis at an earlier timepoint (24hrs) and detected no difference in the fate 

of monocytes in the presence of exogenous IL-4 but I can’t exclude that this 

could occur between the 24 and 48 hour timepoint. Unfortunately, I was 

unable to repeat this latter experiment in the time available due, in part, to 

difficulty in obtaining MacGreen donor mice. Having established the system, 

a repeat experiment could include more end points (e.g. 24, 36 and 48 hrs), 

to ensure any effect of IL-4c was not being missed. The kinetics of Ly6Chi 

monocyte differentiation that I observed was slower than that seen in the 
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APAP model, wherein Ly6Chi monocytes started to differentiate within 24hrs 

by losing Ly6C and gaining F4/80 expression, and full differentiation was 

evident 48hrs after APAP, although some Ly6Chi monocytes remained21. This 

may reflect the nature of the model, with APAP damage occurring within 

12hours and recovery by 72hours41. Alternatively, monocyte differentiation 

may be distinct based on the context of the environment into which they 

arrive. 

Although I did not manage to definitively demonstrate the effect of IL-4c on 

conversion, subsequent results suggested that IL-4c was having effects on 

monocytes in blood unrelated to the inflammatory milieu of the CCl4 injured 

liver. I therefore decided to concentrate on dissecting this global process 

rather than the conversion hypothesis which was limited to the liver. 

6.9.2 IL-4c causes a systemic reduction in Ly6Chi monocytes  
There was a significant reduction in the proportion of circulating Ly6Chi 

monocytes with IL-4c treatment not only following injury with CCl4 but also in 

uninjured mice. This implied that IL-4c was having a significant effect on 

monocytes in homeostasis and that an inflammatory environment is not a 

pre-requisite for the observed reduction in Ly6Chi monocytes. Indeed, 

analysis of the spleen, which acts as a reservoir of Ly6Chi monocytes when 

emergency haematopoiesis is overwhelmed119, revealed a similar significant 

reduction in Ly6Chi monocytes with IL-4c treatment in both injured and 

uninjured mice. This was also reflected by a significant reduction in numbers 

of Ly6Chi monocytes in the spleen which was not seen in the blood. 

However, this probably reflects that counting method used for blood was not 

optimal which led to variable cell numbers. Interestingly, in the absence of 

injury, IL-4c had no significant effect on the proportion or number of Ly6Chi 

monocytes identified in kidney or liver. This could reflect the fact that, unlike 

the spleen, these tissues are not reservoirs of Ly6Chi monocytes. Instead, 

monocytes are recruited during inflammation where they become the 

dominant mononuclear phagocytes in these tissues21,130,290,291. For this 
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reason, the increased number of Ly6Chi monocytes observed in the kidney 

upon CCl4 injury would be expected given that it has been demonstrated to 

cause renal inflammation, although the leukocyte populations have not been 

previously quantified 285–287. It would therefore appear to be the case that IL-

4c only causes reduction in Ly6Chi monocytes in the liver and kidney 

following injury with hepatic and nephro-toxins. However, when examining 

numbers of cells this reduction with IL-4c treatment was only statistically 

significant in the kidney. In the liver, there was a non-significant reduction in 

the number of Ly6Chi monocytes which contrasted results from previous 

experiments where IL-4c caused a significant reduction in Ly6Chi monocytes 

on day 3 when compared to vehicle controls (Fig. 3.9C and 5.11C). I suspect 

that the result was not significant because one mouse had a high total liver 

cell count and it is reassuring that when looking at percent of CD45% cells 

there was a highly significant (p<0.001) reduction in Ly6Chi monocytes. 

The expansion of resident macrophages in uninjured liver and spleen in 

response to IL-4c treatment is consistent with previous work examining 

macrophage IL4 responsiveness121,292. Notably, there was no appreciable 

change in the number of resident macrophages in the kidney, although the 

underlying reasons for this remain unclear. Although speculative, it is 

plausible that tissue resident macrophages in the kidney fail to express IL-4R 

to the same level as their counterparts in other tissues. Alternatively, 

anatomical positioning in the kidney may restrict some macrophages 

exposure to IL-4c and it is therefore foreseeable that IL-4c may not have the 

same effect as it does in the spleen and liver293.  

6.9.3 No effect of IL-4c on egress of Ly6Chi monocytes from 
bone marrow 

It was evident from the above results that the reduction in monocytes caused 

by IL-4c was not limited to the liver or to the setting of inflammation. This 

implication that IL-4c was having a global effect lead me to address whether 

it was reducing BM egress of Ly6Chi monocytes because it has been 
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suggested that in neutrophils IL-4 actually inhibits migration of neutrophils 

from the BM to tissues294. My short-term BrdU pulse-chase experiments 

supported published work demonstrating BM output of Ly6Chi monocytes 

was approximately 26% over 12hours117. Furthermore, Ly6Chi monocyte 

labelling of ~60% appears to be the maximal labelling achievable during 

inflammation86,117. In my model this is the level achieved in both CCl4 injured 

groups, but also in the olive oil + IL-4c group, suggesting that IL-4c is not 

restricting BM egress of monocytes and if anything, promotes monocyte 

output. To the best of my knowledge, this is the first demonstration that 

exogenous IL-4 can alter monocyte dynamics at the level of the BM. 

Because I did not perform analysis on BM, it remains unclear as to what point 

in monocyte development/differentiation that IL-4c is having an effect. I 

cannot therefore rule out that it may have an effect on the incorporation of 

BrdU by monocytes in the BM. An effect on the BM would seem unlikely, 

however, because the proportion of BrdU+ Ly6Chi monocytes was the same 

between CCl4 + veh and CCl4 + IL-4c groups and if IL-4c were affecting BrdU 

incorporation in the BM it would also need to simultaneously affect egress 

from the BM. The absence of neutrophil BrdU labelling in all groups was 

initially confusing as I would have expected to see some labelling in CCl4 + 

veh mice given the neutrophilia associated with CCl4 injury. However, this 

may reflect the fact that BrdU labels immature neutrophils which have to 

mature before appearing in blood; a process estimated to take 48-72 hours. 

Thus, mature neutrophils would not be labelled in a 12 hour BrdU pulse 

chase system295.  

In conclusion, it would seem likely that the reduction in circulating Ly6Chi 

monocytes in response to IL-4c is not a reflection of reduced output from the 

BM. Although, it is important to note that to show this definitively a time 

course assessing BrdU labelling of Ly6Chi monocytes in BM and circulation in 

both IL-4c and veh treated mice would be needed. Sadly, I did not have time 

to perform this experiment during my PhD.  



  
 

 176 
 

6.9.4 IL-4c decreases viability of circulating Ly6Chi 
monocytes 

That monocyte output was unaltered by IL-4c raised the question, what is the 

underlying cause of monocytopenia in IL-4c-treated mice? The two remaining 

options were that IL-4c was causing sequestration of monocytes in another 

as yet unidentified tissue or that it was affecting their viability. While I cannot 

rule out the former explanation, my ex vivo analysis of markers of viability 

strongly suggests IL-4 does drive substantive apoptosis of monocytes in vivo.  

Owing to the significant reduction in hepatic and circulating Ly6Chi 

monocytes observed on day 2 and the large reduction in splenic Ly6Chi 

monocytes on day 3, I assessed apoptosis within these different populations 

on day 2 as it seemed likely this would potentially yield the greatest 

proportion of dying cells. 

Having established that Ly6Chi monocytes dynamics following IL-4c 

treatment were the same on day 2 as day 3 in blood, liver and spleen I could 

then attempt to establish whether IL-4c was influencing Ly6Chi monocyte 

viability. 7-AAD binds to DNA and therefore enables the identification of dead 

and dying cells where it can cross the disrupted cell membrane296. Annexin V 

allows the identification of apoptotic cells because it binds to phosphatidyl 

serine exposed on the surface when apoptotic cells flip their cell membrane, 

however it also enters cells with disrupted membranes and so stains necrotic 

and late apoptotic cells too297,298. Combined analysis of 7AAD and Annexin V 

staining patterns in the blood revealed that there was a distinct population of 

early apoptotic cells in addition to the late apoptotic/necrotic cells that was 

significantly greater in frequency when injured mice were treated with IL-4, 

demonstrating a novel finding that IL-4 drives apoptosis of circulating 

monocytes in vivo at least following acute liver injury. 

Notably in the liver there were no significant effects of IL-4c on either 7-AAD 

or annexin V positivity, suggesting there may be protective factors that could 

prevent monocyte death present in the liver (discussed below). 
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6.9.5 IL-4c decreases viability of Ly6Chi monocytes in vitro 
I initially developed an in vitro culture system for Ly6Chi monocytes to assess 

the effect of IL-4c on their phenotype. There is a paucity of literature on in 

vitro culture systems for monocytes, primarily because they are used as a 

means to make macrophages rather than interrogate the biology of 

monocytes150,255,288. Not including any monocyte/macrophage survival factors 

in the culture was intentional to preserve the monocyte phenotype, as was 

the decision to culture cells in low adherence plates since it has been long 

suggested that adherence to plastic can alter their activation state299. It has 

previously been shown that rCSF-1 is important for survival of monocytes in 

culture because if it is removed early (on day 4) from cultures of BMDMs 

there is decreased viability observed300. Furthermore, Louis et al. 

demonstrated that CSF-1 is required for the in vitro survival of blood Ly6Chi 

monocytes82 it is therefore not surprising that I observed a reduction in 

viability in monocytes cultured in media alone. It has been previously 

reported in the early nineties that IL-4 can affect monocyte viability of human 

peripheral blood mononuclear cells (PBMCs) in vitro220,301. In contrast to my 

data, these studies suggested that IL-4 only affected viability of PBMCs 

activated in vitro by inflammatory stimuli (IL-1, TNF-a and LPS).  However, 

Mangan et al. analysed death in vitro at a 48 hrs timepoint when they found 

that in unstimulated cells viability was already as low as 10%220. This makes 

it difficult to ascertain whether IL-4 decreases viability at this late timepoint 

when there are already very few viable cells; indeed, when they looked 

earlier IL-4 appeared to decrease viability when given to unstimulated cells 

and those stimulated with IL-1 but had no effect on LPS treated cells. Given 

that the half-life of Ly6Chi monocytes during homeostasis is 20hrs86 and I 

have demonstrated that there is increased BM output of Ly6Chi monocytes 

during injury, it will be important to examine viability at the earlier timepoint 

that I have done here. 
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It is also important to consider that following injury there was a significant 

reduction in the proportion of Ly6Chi monocytes in all tissues analysed (Fig. 

6.4) and not just blood and spleen. This could reflect that monocytes elicited 

by an inflammatory stimulus may be intrinsically more susceptible to death, a 

theory proposed by Mangan et al.220. An intrinsic susceptibility to death could 

result in increased output of Ly6Chi monocytes from the BM in an attempt to 

replace the ‘unfit’ circulating cells (Fig. 6.7). Further insight might be provided 

by transcriptomic analysis of these cells and this is discussed later.  

Mangan et al. did also demonstrate that the viability of PBMCs cultured with 

CSF-1 was the same following 48 hours of culture whether they were 

cultured with or without IL-4220. My results concurred with this and I found 

that the addition of CSF-1 largely overcame the effect of IL-4, hence, high 

concentrations of CSF-1 appear to be able to inhibit IL-4-induced apoptosis 

of both mouse and human monocytes in vitro. These results emphasise the 

beneficial effect of CSF-1 which acts as a survival signal for macrophages302 

and in my and Mangan et al.’s work it appears to promote survival in 

monocytes. Increased tissue concentrations of CSF-1 could explain why the 

viability of liver Ly6Chi monocytes was unaffected IL-4c. Indeed, it has 

previously been demonstrated that in the liver tissue there is an increase in 

CSF-1 mRNA expression which peaks at 24hrs following APAP induced 

injury21 and it is also known that following APAP injury in humans the levels 

of circulating CSF-1 in serum increase16. To add further weight to my 

hypothesis, it would be worth quantifying serum and tissue levels of CSF-1 

over time.  

6.9.6 Significant reduction in gene expression in IL-4c treated 
monocytes 

It was notable that there was no difference in gene expression between olive 

oil and CCl4 + veh treated mice. This is surprising because during other 

inflammatory stimuli, such as Toxoplasma gondii infection, monopoiesis is 

affected giving rise to phenotypically- and transcriptionally-distinct 
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monocytes277. Furthermore, using single-cell RNAseq it has recently been 

proposed that different infective stimuli can alter the Ly6Chi monocyte 

progenitor to be either granulocyte-monocyte progenitors (GMPs) or 

monocyte-dendritic cell progenitors (MDPs) which confers a different genetic 

signature on the Ly6Chi monocytes303. Finally, during bleomycin-induced 

sterile damage, Satoh et al. demonstrated the appearance of distinct pro-

fibrotic monocytes which they termed segregated-nucleus-containing atypical 

monocytes (SatM)304. Given the above results and the fact that CCl4 injury 

appears to induce increased turnover of Ly6Chi monocytes, it is surprising 

that the Nanostring analysis failed to identify any differences in the genetic 

profile of the circulating Ly6Chi monocytes. This could be related to the 

limited pool of genes that are examined by the Nanostring platform and more 

powerful RNAseq analysis could potentially identify differences.  

The major finding from my Nanostring analysis of monocyte gene expression 

was that IL-4 appeared to largely result in down-regulation of gene 

expression when compared with that of control cells from uninjured or injured 

mice. While this could reflect the restricted 770 genes measured in the 

Nanostring, it closely parallels the effect of IL-4 on gene expression in 

inflammatory monocyte-derived macrophages recruited into the peritoneal 

cavity, as determined by microarray203.  Specifically, Gundra et al. found that 

in thioglycolate elicited monocyte-derived macrophages from mice treated 

with IL-4, there was a down regulation of 1,249 genes compared to 

upregulation of only 368 genes203. Hence, further unbiased transcriptomic 

analysis of the effect of IL-4 on blood monocytes may reveal if these cells 

largely respond to IL-4 by downregulation rather than up-regulation of gene 

expression. How IL-4 promotes apoptosis remains unclear. Notably, I did not 

identify obvious changes in expression of genes that could be responsible for 

the enhanced apoptosis, for example expression of antiapoptotic genes such 

as BCL2 appeared to remain unaffected. Amongst the most differentially 

expressed genes were Nr4a1 and Cx3cr1, both of which have been 
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proposed as a critical regulators of Ly6Clo monocytes65–67,136,305.  Specifically, 

it is thought that NR4A1 and CX3CR1 play a role in promoting monocyte 

survival, with mice deficient for Nr4a1 or Cx3cr1 having significantly fewer 

circulating Ly6Clo monocytes. However, according to the Immgen database, 

Nr4a1 and Cx3cr1 is upregulated by Ly6Chi monocytes in blood compared 

with their counterparts in BM. Thus, it is plausible that NR4A1 and CX3CR1 

play a similar role in promoting survival in Ly6Chi monocytes. Indeed, Nr4a1–

/– cells appear to have a competitive disadvantage over their WT 

counterparts in generating Ly6Chi (and Ly6Clo) monocytes in the setting of 

mixed radiation BM chimeras65. Therefore, IL-4R signalling in monocytes 

may cause downregulation of NR4A1 and prevent monocyte endurance. 

Interestingly, loss of Nr4a1 leads to DNA damage in monocytes and if I had 

had more time, this would have been an important feature to check in IL-4 

treated monocytes.  

Interestingly, the most significantly upregulated gene was CCL24 which was 

also observed by gundra et al. in resident and monocyte derived 

macrophages from mice treated with IL-4c203. It is also important for 

eosinophil recruitment306 and could therefore underlie the increased 

eosinophil numbers seen in the injured liver following delivery of IL-4c (Fig. 

3.10A). This data gives an idea of the global gene changes resulting from 

exposure to IL-4 and reveals down regulation of certain genes associated 

with monocyte survival. However, it doesn’t provide the depth of analysis 

required to ascertain what pathways underlie the mechanism of increased 

apoptosis that was observed in Ly6Chi monocytes (Fig. 6.11). More in-depth 

analysis using RNAseq could potentially provide further insight into the 

underlying mechanisms of the increased Ly6Chi monocyte death. Given the 

findings of separate subsets of Ly6Chi monocytes during inflammation 

demonstrated by others277,303,304 it may be that single-cell RNAseq would be 

a more powerful tool to elucidate the pathways involved.  
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6.9.7 Summary 
In this chapter I have demonstrated that following IL-4c administration there 

is a global reduction in Ly6Chi monocytes which appears to be dependent on 

the death of Ly6Chi monocytes and not an alteration in their output from the 

BM. Going forward I wanted to assess whether this finding could be applied 

to other models of inflammation that are characterised by a Ly6Chi 

monocytosis.  
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Figure 6-1 Monocyte adoptive transfer. 

(A) Schematic of adoptive transfer model. GFP+ Ly6Chi monocytes were sorted by FACS as 

in (B) and injected via tail vein on the same day as IL-4c or veh treatment. (B) BM was 

sorted by FACS identifying single, Live (DAPI), CD45+, CD11b+, Lin (NK1.1, CD19, CD3, 

Ly6G, Siglec F)–, CD117 (c-kit)+, GFP+, Ly6c+. (C) On day 3 following harvest recruited 

hepatic mononuclear phagocytes are identified as live (7AAD), CD31–, CD45+, Lin–, Tim4lo, 

CD11bhi. GFP positive and negative cells are identified within this CD11bhi population. (D) 

Gating strategy used to identify proportion of Ly6Clo CD64+ macrophages within live (7AAD), 

Lin-, CD45+ GFP+ cells.   
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Figure 6-2 Maturation of GFP+ monocytes. 

(A) Ly6C and CD64 expression by live (7AAD–), CD31–, CD45+, Lin–, Tim4lo, CD11bhi liver 

cells from recipients of CCl4 + veh (red) or CCl4 + IL-4c (blue) with donor monocyte-derived 

cells overlaid (green). (B) Proportion of adoptively transferred cells that have adopted the 

Ly6Clo CD64hi phenotype. N=6 mice/group, pooled from 2 independent experiments 

(unpaired t test). (C) Representative plots of GFP+ cells in blood and spleen. (D) Schematic 
of adoptive transfer of GFP+ Ly6Chi monocytes administered 24 hrs after veh and IL-4c 

treatment and harvested 24 hrs later. (E) Ly6C and CD64 expression by live (7AAD–), 

CD31–, CD45+, Lin–, Tim4lo, CD11bhi liver cells from recipients of CCl4 + veh (red) or CCl4 + 

IL-4c (blue) with donor monocyte-derived cells overlaid (green). N=2 from 1 experiment.   
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Figure 6-3 IL-4c treatment in multiple tissues. 

(A) Schematic of experimental model mice, blood, liver, spleen and kindeys were harvested 

on day 3. (B-C) Representative plots of gating strategy used to identify monocytes and 

macrophages in spleen and kidney. Lineage gate in both panels comprised: CD3, CD19, 
Ly6G and Siglec-F.   
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Figure 6-4 Effect of IL-4c on monocyte populations. 

(A) Representative expression of Ly6C and MHCII by Lin– CD11bhi cells from liver, blood, 

spleen and kidney of mice administered olive oil or CCl4 ± IL-4c. (B) Frequency of Ly6Chi 

monocytes of total CD45+ cells in each tissue in mice administered either olive oil + veh or 

olive oil + IL-4c. N=6 mice/group (multiple t tests with Holm-Sidak correction). (C) Frequency 

of Ly6Chi monocytes of total CD45+ cells in each tissue in mice administered either CCl4 + 
veh or CCl4+ IL-4c. N=6 mice/group (multiple t tests with Holm-Sidak correction).  
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Figure 6-5 Effect of IL-4c on monocyte numbers. 

(A-D) Number of Ly6Chi monocytes in liver, blood, spleen and kidney of mice administered 

olive oil or CCl4 ± IL-4c. N=6 mice/group, pooled from 2 experiments, mean ± SD (one-way 
ANOVA).  
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Figure 6-6 Number of macrophages in tissues. 

(A-F) Number of resident and recruited macrophages per tissue. N=6 mice/group, pooled 

from 2 experiments, mean ± SD (one-way ANOVA).  
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Figure 6-7 Proportion of BrdU+ cells in blood. 

(A) Schematic of experimental model all mice were given either olive oil or CCl 4  + veh or IL-

4c 24 hours later. All mice were pulsed with 1mg BrdU i.p 12 hours prior to necropsy on day 

3. (B) Representative plots of  BrdU and FSC-A expression in Live (7AAD), CD45+, Lin 

(CD3, CD19, Ly6G and Siglec F)–, CD11b+, CD115+, Ly6Chi monocytes. (C-H)  Proportion of 

BrdU+ cells for identified leukocyte populations. N=6 mice/group, pooled from 2 experiments, 

mean ± SD (one-way ANOVA).    
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Figure 6-8 Ly6Chi monocyte dynamics in blood, spleen and liver 24 hrs after IL-4c. 

(A) Schematic of experimental model all mice were given CCl4 and then veh or IL-4c 24 

hours later. A control population of 5 IL-4Ra-/- mice were given CCl4 + IL-4c. All mice were 

pulsed with 1mg BrdU i.p 12 hours prior to necropsy on day 2. (B) Proportion of Ly6Chi 

monocytes in blood. N=10 mice/group, N=5 mice group for control, pooled from 2 

experiments, mean ± SD (one-way ANOVA). (C) Proportion of BrdU+ Ly6Chi monocytes N=3-

5 mice/group mean ± SD (one-way ANOVA). (D-E) Number of Ly6Chi monocytes in spleen 

and liver. N=10 mice/group, N=5 mice group for control, pooled from 2 experiments, mean ± 
SD (one-way ANOVA). 
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Figure 6-9 Assessment of monocyte viability in response to IL-4. 

(A) Representative expression of  Ly6C and 7AAD staining by Live (7AAD), CD45+, Lin 

(CD3, CD19, Ly6G and Siglec F)–, CD11b+, CD115+, Ly6Chi monocytes. (B) Comparison of 

proportion of 7AAD+ Ly6Chi monocytes in blood from separate experiments. (N=5). (C) 
Proportion of 7AAD+ Ly6Chi monocytes in blood. (N=10 and 5 for control). (D) Comparison of 

proportion of 7AAD+ Ly6Chi monocytes in blood from separate experiments. (N=6). (E-F) 

Comparison of proportion of 7AAD+ Ly6Chi monocytes in spleen from RL052 and RL077 

respectively (N=5 and 2-3 for control). (G) Proportion of 7AAD+ Ly6Chi monocytes in liver 

pooled data from 2 experiments (N=10 and 5 for control). Mean ± SD (one-way ANOVA).  
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Figure 6-10 Proportion of Annexin V+ of monocytes and macrophages in tissues.  

(A) Representative plots of  Ly6C and Annexin V. expression in Live (7AAD), CD45+, Lin 

(CD3, CD19, Ly6G and Siglec F)–, CD11b+, CD115+, Ly6Chi monocytes. (B) Proportion of 

Annexin V+ Ly6Chi monocytes in blood (N=10 and 5 for control). (C-D) Comparison of 

proportion of Annexin V+ Ly6Chi monocytes in spleen from RL052 and RL077 respectively 

(N=5 and 2-3 for control). (E) Proportion of Annexin V+ Ly6Chi monocytes in liver (N=10 and 

5 for control) pooled data from 2 experiments (N=10 and 5 for control). Mean ± SD (one-way 
ANOVA).  
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Figure 6-11 Late and early apoptotic Ly6Chi monocytes. 

(A) Representative plots of  7AAD and Annexin V. expression in Live (7AAD), CD45+, Lin 

(CD3, CD19, Ly6G and Siglec F) –, CD11b+, CD115+, Ly6Chi monocytes. (B) Proportion of 

early apoptotic blood Ly6Chi monocytes. (C) Proportion of early apoptotic blood Ly6Chi 

monocytes. N=10 and 5 for control, pooled from 2 experiments, mean ± SD (one-way 
ANOVA).  

  

A

Annexin V

7A
A

D

CCl4 + veh CCl4 + IL4c
Annexin V FMO Annexin V FMO

1.60.1

93.9 4.4

0.20.8

99.0 0.0

5.10.7

84.8 9.4

0.25.7

93.9 0.2
Early	
apoptotic

Late
apoptotic

0

10

20

30

40

%
 a

nn
ex

in
+  

7A
A

D
-

CCl4 
+ veh

CCl4 + IL-4c

WT
IL-4Ra-/- 

* *
ns

Early apoptotic blood 
Ly6Chi monocytes

0

5

10

15

%
 a

nn
ex

in
+  

7A
A

D
+

CCl4 
+ veh

CCl4 + IL-4c

** **
ns

Late apoptotic blood 
Ly6Chi monocytes

WT
IL-4Ra-/- 

B C



  
 

 193 
 

 

 

Figure 6-12 In vitro culture of monocytes. 

(A) Gating strategy to sort Ly6hi monocytes from bone marrow. (B) Gating strategy to identify 

live and dead Ly6Chi monocytes following in vitro culture. (C) Proportion of viable monocytes 
according to culture conditions. N=3 technical replicates per group, 3 donor mice, mean ± 

SD (one-way ANOVA).  
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Figure 6-13 Dose effect of rIL-4 in vitro. 

(A-B) Proportion of viable Ly6Chi monocytes. N=3 biological replicates/group. (C) 

Comparison of viability in untreated monocytes from RL045 and RL053. (D) Ly6Chi monocyte 

viability normalised to no treatment group. N=6 biological replicates/group pooled from 2 

experiments. (E) Ly6Chi monocyte viability following treatment with 11b11 (1mg/ml). N=5-7 

biological replicates pooled from 2 experiments, mean ± SD (one-way ANOVA).  
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Figure 6-14 Effect of CSF-1 on viability in vitro. 

(A) Proportion of viable Ly6Chi monocytes. N=5-6 biological replicates/group. (B) Ly6Chi 

monocyte viability normalised to no treatment group. N=5-6 biological replicates/group 

pooled from 2 experiments. (C) Dose titration of rCSF-1 in Ly6Chi monocytes cultured with 

media or media + rIL-4. N=3 biological replicates/group, mean ± SD (multiple t tests with 
Holm-Sidak correction). (D) Proportion of viable Ly6Chi monocytes cultured with rIL-13 or rIL-

4. N=3-4 biological replicates/group. Unless otherwise stated mean ± SD (one-way ANOVA).  
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Figure 6-15 Peritoneal macrophages in vitro. 

(A) Gating strategy to sort CD102+ macrophages from bone peritoneal washes. (B) Gating 

strategy to identify live and dead CD102+ macrophages following in vitro culture (D) 

Proportion of viable CD102+ macrophages following overnight culture with combinations of 

rIL-4 and rCSF-1. N=6 biological replicates/group pooled from 2 experiments, mean ± SD 
(one-way ANOVA). 
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Figure 6-16 Nanostring on circulating Ly6Chi monocytes. 

(A) Schematic of experimental plan mice either received olive oil; CCl4 + veh or CCl4 + IL-4c. 

(B) Volcano plot of olive oil vs a baseline of CCl4 + veh. (C) Volcano plot of CCl4 + IL-4c vs a 

baseline of CCl4 + veh. (D) Log2 fold-change of 50 most significantly differentiated genes in 

CCl4 + IL-4c vs a baseline of CCl4 all P<0.01. 
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Chapter 7 Therapeutic IL-4c in APAP and DSS 
colitis 
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7.1 Introduction 
I observed in earlier chapters that therapeutic IL-4c treatment improved 

indices of acute liver injury secondary to CCl4-induced hepatocyte necrosis. I 

have also demonstrated in this injury setting that coincident with accelerated 

repair, therapeutic IL-4c causes a significant reduction in recruited Ly6Chi 

monocytes and an increase in recruited Ly6lo macrophages. Due to a lack of 

reliable genetic tools to comprehensively determine a causative effect 

between IL-4R signalling to monocytes and monocyte-derived macrophages 

and the observed acceleration in repair, I chose instead to focus the final 

months of my PhD research on the novel role for IL-4 in driving monocyte 

death. Therefore, I chose to establish whether this effect of IL-4c could be 

replicated in other models of inflammation characterised by Ly6Chi 

monocytosis. Similar to acute CCl4 injury, acetaminophen (APAP) causes 

zone 3 necrosis around the central vein and regeneration is dependent on 

recruitment of monocytes42,45,307. As a brief reminder, pro-inflammatory 

Ly6Chi monocytes are recruited following APAP injury within the first 12 hours 

and contribute to the injury, but are also required for tissue repair by 

converting into Ly6Clo macrophages which are characterised by high 

expression of pro-reparative genes 21,23. The importance of the initial 

recruitment of Ly6Chi monocytes is emphasised by the impaired healing 

observed when their recruitment was inhibited using Ccr2–/– mice or the anti-

CCR2 monocyte depleting antibody (MC21)21,145. I therefore hypothesised 

that therapeutic IL-4c administration in APAP injured mice would be 

beneficial by reducing the number of pro-inflammatory Ly6Chi monocytes 

while promoting expansion of pro-reparative Ly6Clo macrophages. Given the 

pan-tissue nature of the phenotype observed with IL-4c treatment, I also 

decided to examine a model of monocytic inflammation in another tissue. 

Dextran sodium sulphate (DSS) induced colitis is one of the commonest 

models of human inflammatory bowel disease (IBD). DSS is administered in 

the drinking water which leads to disruption of the epithelial barrier and 

subsequent exposure of the lamina propria to luminal microbiota that in turn 
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drives a submucosal inflammatory response and intestinal ulceration308. The 

resulting illness develops over the course of a week with mice reaching a 

humane endpoint at between day 6 and 8253,309,310. The humane endpoints 

are defined by a clinical score which is calculated on a daily basis by 

quantifying: weight loss; stool consistency; blood loss and general 

appearance253. This daily score enables longitudinal assessment of disease 

severity and therefore offers the potential to assess in real-time the effect of 

IL-4c over the disease course. Importantly, DSS colitis is characterised by an 

increase in CCR2 dependent Ly6Chi monocytes in the colonic lamina propria 

during inflammation116,117. Furthermore, it has been shown that depleting 

monocytes using the MC21 antibody results in an amelioration in DSS colitis, 

as measured by a reduced endoscopic colitis score, less weight loss and a 

reduction in colonic pro-inflamatory cytokines (e.g. IL-6, IL1b and IFNg)116. I 

therefore hypothesised that reducing Ly6Chi monocytes using IL-4c would 

also be beneficial.  

Hence in this chapter I will use two disease models in which monocytes are 

considered to potentiate pathology but which manifest in distinct tissue sites 

to determine whether therapeutic IL-4 can coincidentally knock down 

monocytosis and lead to reduced disease severity.    

7.2 Early IL-4c treatment in APAP 
Zigmond et al. had previously observed in APAP that the hepatic Ly6Chi 

monocytosis peaks at 24hrs post injury and returns to basal levels by 72hrs 

by which time Ly6Chi monocytes have converted to Ly6Clo macrophages21. 

This is significantly earlier than I observed in the acute CCl4 injury model 

where the Ly6Chi monocytosis persisted until at least 72 hours post-injury 

(Fig. 5.2)21. Given the earlier apparent conversion and/or loss of monocytes 

during APAP I decided in my pilot experiment to administer IL-4c at 12 hours 

after administration of APAP rather than at 24hrs as done in the CCl4 model, 

and harvest mice 12 hours later (Fig. 7.1A).  
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7.2.1 Early IL-4c administration is detrimental in APAP 
12 hours following treatment with IL-4c or veh it was evident by observation 

of the animals that the IL-4c group were sicker than the veh treated group, 

with decreased movement and piloerection exhibited by all IL-4c treated mice 

compared with only one veh treated mouse. However, there was no 

difference in weight loss between treatment groups at the endpoint (Fig. 

7.1B) and due to the small sample size, it was also not possible to say with 

any confidence whether there was a definitive effect of IL-4c on serological 

markers of liver injury such as ALT, AST, bilirubin and albumin (Fig. 7.1C-F). 

Due to technical reasons, I was unable to obtain blood from one of the mice 

in the IL-4c treated group.   

7.2.2 Trend to reduced Ly6Chi monocytes with IL-4c   
There was a trend to a reduction in the proportion of Ly6Chi monocytes in the 

livers of mice given APAP + IL-4c compared to APAP + veh treatment 

(20.2% ± 5.5 vs 36.6% ± 17.4), however this was not evident when corrected 

for numbers and may reflect changes in other CD45+ populations (Fig. 7.2A-

B). There was no apparent change in proportion of recruited Ly6Clo MHCIIint 

macrophages between veh and IL-4c treated groups (Figs. 7.2C-D), which 

remained conspicuously absent in all groups. There was however a reduction 

in Kupffer cells with APAP treatment when compared to PBS controls but 

there was no difference between IL-4c and veh treated mice (Fig. 7.2E-F). I 

did observe a trend to an increase in both proportion and number of 

neutrophils in the APAP + IL-4c group when compared to APAP and saline 

(Fig 7.2G-H). Zigmond et al. suggested that persistent neutrophilia that arises 

in the absence of monocytes is detrimental in liver injury21 and I therefore 

sought to determine if there was any correlation between the high neutrophil 

counts found during flow cytometric analysis and the elevated hepatic serum 

enzymes. Indeed, there was a significant correlation between enzyme level 

(ALT and AST) and neutrophil number, with a pearson correlation of 0.88 and 

0.89 for ALT and AST respectively (Fig. 7.2I-J). Notably, the mouse from the 
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APAP + veh group with the highest ALT and AST demonstrated decreased 

movement at the time of necropsy and had elevated numbers of neutrophils 

when compared to the other mice in this group (Fig. 7.2H). This pilot 

experiment suggested that IL-4c treatment might have an effect on 

neutrophils which may be of interest given the known role of Ly6Chi 

monocytes in regulating neutrophil number21. The lack of obvious 

improvement in animal health and indeed, potential decline as determined by 

clinical signs, meant that, in consultation with the named veterinary surgeon, 

I deemed it not appropriate to repeat this experiment from a 3R perspective. 

7.3 IL-4c treatment 24 hours after APAP 
Due to the potential detrimental effect of IL-4 treatment when delivered 12hrs 

post APAP injury and the working hypothesis that this might primarily be due 

to increased numbers of neutrophils, I hypothesised that IL-4c administration 

at 24hrs post injury may be beneficial as Zigmond et al. showed that 

neutrophil numbers had plateaued by this point21. I therefore performed a 

second pilot experiment where IL-4c was administered 24 hours following 

APAP and harvest mice 48 hours later (Fig. 7.3A).  

7.3.1 Phenotypic analysis following IL-4c administration 
As before, IL-4c treatment had no effect on mouse weight (Fig. 7.3B). There 

was a trend to lower ALT (Fig. 7.3C) and a significant reduction in AST (Fig. 

7.3D) in mice treated with IL-4c compared to veh, 114.0 u/l ± 42.0 vs 249.7 

u/l ± 142.8 and 109.2 u/l ± 28.5 vs 234.3 ± 93.2, respectively. There was no 

significant difference in bilirubin or albumin between treatment groups (Fig. 

7.3E-F). Furthermore, there was no evidence of decreased mobility or 

piloerection in any of the mice as was seen with administration of IL-4c at 

12hrs.  

7.3.2 Effect of IL-4c treatment on leukocyte populations  
Analysis by flow cytometry revealed a possible trend to a reduction in number 

of Ly6Chi monocytes following IL-4c treatment compared to veh (1.4x106 
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cells/g ± 8.8x105 vs 4.4x106 cells/g ± 1.9x106) (Fig. 7.4A-B). However, unlike 

in CCl4 injury, this was not reflected by a concomitant increase in Ly6Clo 

CD64hi macrophages and there was in fact a significant reduction in 

proportion of Ly6Clo macrophages with IL-4c treatment, although this wasn’t 

reflected by a reduction in numbers (Fig. 7.4C-D). As with CCl4 there was a 

significant reduction in proportion of Kupffer cells in all groups that received 

APAP when compared to veh, although this did not translate to a significant 

difference in numbers (Fig. 7.4E-F). In contrast to early administration of IL-

4c in APAP, there was no effect of IL-4c administration on neutrophil 

numbers (Fig. 7.4G-H). Similar to my observations in the CCl4 model, there 

was a significant increase in proliferation in hepatic Ly6Chi monocytes but 

there was no effect on Ly6Clo macrophage proliferation, which was 

unexpected (Fig. 7.4I-J). In the blood, as with IL-4c treatment in CCl4 injury 

there was a reduction in the proportion of Ly6Chi monocytes (Fig. 7.4K). 

Hence, as with CCl4-mediated injury, delivery of IL-4c at 24hrs post APAP led 

to reduced indices of injury and loss of Ly6Chi monocytes from the blood. 

However, in contrast to CCL4-mediated injury and the promising pilot data 

generated following delivery of IL-4 at 12hrs post APAP injury, the numbers 

and frequencies of monocytes in the liver remained largely unaffected 

following delivery of IL-4 at 24hrs post APAP. Furthermore, the potential 

increase in hepatic neutrophils seen with IL-4 delivery at 12hrs post APAP 

was not observed following delivery of IL-4 at 24hrs post APAP.  

7.3.3 Technical issues 
One of the wild type control mice has been excluded from analyses because 

it had an ALT of 1340 u/l, a level normally observed in mice experiencing 

liver injury and it also had a significantly elevated proportion of hepatic Ly6Chi 

monocytes on analysis suggesting that for some reason this mouse had an 

acute liver injury. Furthermore, one of the mice in the APAP + veh group had 

a white lesion in the left lobe of liver at necropsy and I therefore analysed the 

caudate lobe of this mouse liver too. Analysis of the results showed that in 
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the left lobe there was a significant inflammatory infiltrate associated with the 

lesion I have therefore presented the results from the caudate lobe as these 

were in keeping with the results from the other APAP + veh mice. Finally, one 

of the blood samples from a mouse in the uninjured group was significantly 

haemolysed rendering the interpretation of bilirubin invalid.  

7.4 DSS colitis model 
As outlined above, I wanted to establish if IL-4c administration following 

initiation of DSS colitis could be beneficial. It was therefore necessary to 

establish the dynamics of 2% DSS colitis in our animal unit because the rate 

of onset of colitis is highly dependent on the gut microbiota311. In a pilot 

experiment, I administered 2% DSS to wild type mice for 6 days (Fig. 7.5A). 

As has been reported in the literature, there was an initial weight gain in the 

DSS treated group compared to the H2O control group312,313 (Fig. 7.5B). This 

weight gain persisted until day 6 when there was a significant reduction in 

weight compared to the H2O group, this was also reflected by a significant 

increase in the disease activity index (DAI) at this point (Fig. 7.5C).  

7.4.1 Analysis of monocytes and macrophages in DSS colitis 
To interrogate the effects of IL-4c on the monocyte/macrophage populations, 

I performed flow cytometric analysis of enzymatically digested colon, as per 

published protocols 314. Monocytes and macrophages were identified as 

previously described as single, live (7-AAD), CD45+, Lin (CD3, CD19, Ly6C 

and NK1.1)–, Siglec F–, CD11bhi, Ly6Chi and CD64hi (Fig. 7.5D)117. Within this 

population it was possible to identify newly arrived Ly6Chi MHCIIlo monocytes 

(P1), transitioning Ly6Chi MHCIIhi (P2) and Ly6Clo MHCIIhi colonic 

macrophages (P3)90. As described previously116,117, there was a significant 

increase on day 6 in the proportion of P1 and P2 monocytes in the colons of 

mice that received DSS, that was paralleled by a significant reduction in 

proportion of resident macrophages (P3) (Fig. 7.6A-B). When corrected for 

number of cells/colon there was a trend for an increase in P1 monocytes in 

DSS-treated mice (3.3x105 cells/colon ± 2.2x105 vs 1.7x104 cells/colon vs 
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4.0x103) accompanied by a significant increase in the P2 population (3.5x105 

cells/colon ± 1.4x105 vs 2.0x104 cells/colon vs 5.1x103) and a trend towards 

reduced numbers of the P3 macrophages in the DSS group (2.9x105 

cells/colon ± 1.7x105 vs 4.6x105 cells/colon vs 7.8x104) (Fig. 7.6C). As 

expected from the work of others, the development of DSS colitis also 

resulted in a significant increase in the proportion of circulating Ly6Chi 

monocytes (Fig. 7.6D)116,117. 

7.5 IL-4c treatment during DSS colitis 
Having established in the pilot experiment that there was the expected Ly6Chi 

monocytosis present in the colons of mice given DSS, I next needed to 

establish at what timepoint to administer IL-4c to modulate the inflammatory 

response. Unpublished work by Dr. Calum Bain had shown that there is a 

Ly6Chi monocytosis in the colon on day 3 prior to the development of any 

clinical signs of colitis, suggesting this could be an ideal time to intervene 

with IL-4c.  To ensure there was a Ly6Chi monocytosis in my hands with this 

model, I first performed analysis of colons at day 3 of DSS delivery. Analysis 

of colons revealed there to be a limited but significant increase in the 

proportion of P1 monocytes at this timepoint but no change in P2 or P3 

populations, offering a potential target for IL-4c treatment (Fig. 7.7A).   

7.5.1 Inconsistent outcomes in IL-4c treatment in DSS 
Given these results, I decided to administer IL-4c on day 3 and again on day 

5 and day 7 to account for the half-life of IL-4c (~48 hours)32 (Fig. 7.7B). The 

experiment involved 3 cages of mice that received DSS. One cage (cage 3, 

n=4) was harvested on day 3 to provide an indication of the leukocyte 

populations at the time when IL-4c was administered. Cage 1 (n=7) and cage 

2 (n=5) had 3 mice in each cage that received IL-4c and the rest received 

veh control, these 2 cages were harvested on day 8. At necropsy on day 8, 3 

age matched wild type mice were sourced from the same breeding colony to 

be used as controls for the colon lengths and subsequent flow cytometry. 

Notably one mouse in the DSS + veh group in cage 2 had to be culled on day 
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6 because of significant weight loss. Another DSS + veh mouse in cage 1 

demonstrated piloerection and decreased movement on the day of necropsy 

and was found to have a hydronephrotic kidney secondary to ureteric 

obstruction and was therefore excluded from analysis. When mice from the 

two cages were analysed together there was no apparent difference in 

weight loss, DAI or colon length between treatment groups (Fig. 7.7C-E). 

However, it appeared that, when analysed separately, there was a slight 

difference in the kinetics of weight loss between cages 1 and 2, with weight 

loss in cage 1 starting in the veh group on day 6 that by day 7 and 8 was 

significantly greater than in the IL-4c treatment group (Fig. 7.7F.i). 

Contrasting this, it appeared that the weight loss in cage 2 may have 

commenced earlier and by day 8 all mice had reached the humane end-point 

of 20% weight loss, unlike cage 1 where no mice reached the threshold of 

20% weight loss (Fig. 7.7F.ii). Furthermore, when I analysed the DAI, IL-4c 

treatment significantly improved the scores of mice in cage 1 while in cage 2 

the trend was the opposite with higher scores in the IL-4c treated mice (Fig. 

7.7G). DSS-induced colitis is characterised by colon shortening and so I 

analysed the colon length in each group. While IL-4c treatment reduced 

colon shortening in mice from cage 1, this was not the case in cage 2 (Fig. 

7.7H).  

To circumvent the difficulties of cage to cage variability, I performed a further 

set of experiments where 10 mice from the same cage were given 2% DSS 

colitis and either IL-4c or veh every 48 hours from day 3 onwards (Fig. 7.8A). 

Although I initially planned the necropsy on day 8, in the first of these 

experiments this had to be brought forward to day 7 due to most mice 

reaching the humane endpoints. Therefore, in the second experiment I chose 

day 7 as the end point to make these experiments comparable. In experiment 

1 the weight loss in the IL-4c treated group paralleled that of the veh treated 

group until day 7 (Fig. 7.8B). However, in the IL-4c treatment group one 

mouse was culled on the afternoon of day 5 due to significant weight loss 
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and 2 were culled on the morning of day 7 because they were exhibiting 

clinical signs consistent with reaching a humane endpoint and were therefore 

culled prior to being weighed. This had the effect of skewing the results 

because once the sick mice were removed from the analysis the weight loss 

in the IL-4c group seemed to be less significant on day 7 (fig. 7.8B).  In 

experiment 2 the weight loss was, if anything, greater in the IL-4c treated 

group following the commencement of IL-4c treatment on day 3 (Fig. 7.8C). 

Of note in experiment 2, one mouse from each group was culled due to 

significant weight loss on day 5. In experiment 1 there was no difference in 

DAI scores with mice starting to exhibit clinical scores of more than 2 by day 

6 (Fig. 7.8D). In experiment 2, mice were starting to exhibit DAI scores of 

more than 2 by day 6 with a significantly worse score in the IL-4c treated 

mice by day 7 (Fig. 7.8E). The trajectory of the DAI scores and weight loss 

appeared less precipitous in experiment 2.  

In the above experiments only in one cage did administration of IL-4c starting 

on day 3 appear to have a beneficial effect and this coincided with later onset 

of symptoms in all mice as indicated by the DAI score. Indeed in the larger 

experiment IL-4c had no beneficial effect on weight loss and DAI score with it 

proving to significantly worsen the DAI in one cage.  

7.5.2 Effect of IL-4c administration from day 3 on colonic 
monocytes in DSS colitis  

The administration of IL-4c meant that the protocol to isolate lamina propria 

leukocytes had to be adjusted, as cell viability with the standard protocol was 

very poor. I shall address this further in the discussion section. Furthermore, 

because the end-point was brought forward due to welfare reasons in the 

second set of experiments, I was unable to perform flow cytometry on the 

colon samples due to unavailability of flow cytometers and a lack of 

assistance to harvest a large number of colons and perform the specialised 

leukocyte isolation protocol. 
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IL-4c treatment caused a significant reduction in the proportion of P1 

monocytes causing a reduction to baseline levels (Fig. 7.9A). Notably the 

reduction in P1 monocytes was not just reflective of an IL-4c mediated 

increase in MHCII expression because there was no accompanying increase 

in P2 and P3 populations, which are defined by MHCII expression (Fig. 7.9B-

C). Furthermore, when colonic monocytes and macrophages were defined by 

Ly6C and CD64 expression, the same pattern of a significant reduction in the 

proportion of Ly6Chi monocytes was evident (Fig. 7.9D). As with acute liver 

injury, there was a significant reduction in proportion of circulating Ly6Chi 

TremL4– monocytes with IL-4c treatment compared to veh (Fig. 7.9E). 

Furthermore, there was also a reduction in transitioning Ly6Chi TremL4+ 

monocytes with IL-4c treatment compared to all groups (Fig. 7.9F).  

7.5.3 Administration of IL-4 from day 2 is detrimental in DSS 
colitis 

The only time when IL-4c appeared to show any potential benefit was when 

mice demonstrated colitic signs as defined by an elevated DAI at a later time 

point (Fig. 7.7G). I hypothesised that administration of IL-4c earlier on day 2 

of DSS rather than day 3 may be beneficial to all mice because it has been 

shown that delivery of the anti-CCR2 antibody (MC21) from day 2 

ameliorates DSS-induced 116.  

I therefore performed two identical experiments where 10 mice from the 

same cage were given 2% DSS and either IL-4c or veh every 48 hours from 

day 2 onwards with harvest on day 7 (Fig. 7.10A). One mouse in the DSS + 

IL-4c group was culled on day 6 in experiment 1 as it had reached the 

humane endpoint of >20% weight loss. Once again, the baseline kinetics 

were different between experiments with weight loss below baseline 

occurring in the veh treated group on day 6 in experiment 1 but on day 7 in 

experiment 2 (Fig. 7.10B-C). In contrast to results obtained when IL-4c was 

delivered on day 3, there was significantly greater weight loss in the IL-4c 

treated group compared to the veh treated group in both experiments when 
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IL-4c treatment was started at day 2 (Fig. 7.10B-C). This increased weight 

loss in the IL-4c treatment group was also reflected in the DAI score which 

was significantly higher in IL-4c treated mice from day 5 onwards in 

experiment 1 and day 7 in experiment 2 (Fig. 7.10D-E). The detrimental 

effect of IL-4c was further emphasised when I analysed the colon lengths at 

day 7 which trended towards being shorter in the IL-4c group when 

compared to the veh group in both experiment 1 (5.9cm ± 1.1 vs 6.5cm ± 0.9) 

and experiment 2 (5.8cm ± 0.8 vs 7.0cm ± 0.9) (Fig. 7.10F-G). When the 

colon lengths were pooled, it revealed a significant shortening in the colons in 

the IL-4c treated group when compared to the veh group (Fig. 7.10H).  

7.5.4 Administration of IL-4c from day 2 has an inconsistent 
effect on colonic monocytes and macrophages 

Analysis of leukocytes on day 7 revealed that in both experiments there was 

an increase in the proportion of P1 monocytes in DSS treated mice given  

veh treatment compared to naïve controls, although this only reached 

significance in the first experiment (Fig. 7.11A-B). Furthermore, there was a 

significant reduction in P1 monocytes with IL-4c treatment in experiment 1, 

although it must be noted there were only two viable samples in the IL-4c 

treatment group (Fig. 7.11A), whereas there was no effect of IL-4c treatment 

on the frequency of colonic monocytes in experiment 2 (Fig. 7.11B). Analysis 

of the P2 transitioning monocytes showed that in experiment 1 there was no 

effect of IL-4c and in experiment 2 the proportion of P2 monocytes in the IL-

4c treated group was significantly increased over veh controls (Fig. 7.11C-D). 

There were also no differences in either experiments in the proportion of P3 

macrophages, including when compared to wild type mice (Fig. 7.11E-F). 

7.6 Discussion 
In this chapter I attempted to establish whether the effect of IL-4c on 

monocytes could be replicated in 2 different models of hepatic and colonic 

inflammation characterised by monocytic infiltration of the affected organ.  



  
 

 210 
 

7.6.1 IL-4c in APAP 
The pilot study in which I administered IL-4c early (12hrs) post APAP-driven 

injury produced a promising trend towards a reduction in the proportion of 

Ly6Chi monocytes in the liver but this was not actually reflected in a reduction 

in their number. Furthermore, IL-4c administration at this timepoint made 

mice sick and I observed a linear correlation between neutrophil number and 

serological markers of injury (ALT and AST). Could this increase in 

neutrophils result in a more detrimental outcome for these mice? The exact 

roll of neutrophils following DILI is complex and controversial but it is thought 

that the initial recruitment of neutrophils to the liver during the 

necroinflammatory phase is an essential part of the inflammatory response 

where they are involved in the clearance of debris. However because they 

also produce toxic nitric oxide (NO) and ROS, it is important that their 

behaviour is regulated and that they are removed when they are no longer 

required so that they do not cause excess liver damage 19,281,315–317. It has 

been proposed by the Graubardt et al. that following APAP induced injury 

Ly6Chi monocytes and Ly6Clo macrophages regulate this neutrophil 

activation, apoptosis and clearance 21,52. They proposed that during the 

necroinflammation phase of injury Ly6Chi monocytes activate ROS 

production in neutrophils and positively mediate the phagocytosis of necrotic 

debris; however, later on during the repair phase they promote apoptosis of 

neutrophils and macrophages remove these dead cells.52. Could it be that an 

effect of IL-4c on Ly6Chi monocytes is altering neutrophil dynamics in my 

model? Interestingly, IL-4c failed to induce neutrophil accumulation when 

given at 24hrs but also failed to give rise to elevated clinical signs and 

appeared to be beneficial by measurements of liver enzymes in serum.  

Could IL-4c be having a direct effect on neutrophils? In non-sterile injury, 

Woytschak et al. have suggested that neutrophil influx and migration during 

bacterial skin infection is actually inhibited by administration of IL-4, which 

they propose antagonises granulocyte stimulating factor (G-CSF)294.  
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Specifically, Woytschak et al found that the reduction in neutrophils in skin 

wounds resulted in greater susceptibility to infection. Another model of a mild 

hepatitis involves the administration of a-Galcer which is an agonist of iNKT 

cells that causes a rapid production of Th2 (IL-4) and subsequently Th1 

(IFNg) cytokines and a mild hepatitis318. In this model, it is suggested that 

iNKT cells rapidly produce IL-4 which promotes neutrophil accumulation 

resulting in hepatitis. They concluded that the hepatic accumulation of 

neutrophils was dependent on IL-4Ra/STAT6 signalling because they 

identified less neutrophils in tissue sections at 16 and 72 hours post 

a-Galcer administration in IL-4–/– and IL-4Ra–/– mice. Concurrent with this 

observed reduction in neutrophils they also observed a reduction in ALT, 

AST and necrotic cell area in both IL-4–/– and IL-4Ra–/– mice. Interestingly 

this result contrasts what was observed by Goh et al. and Ryan et al. where 

indices of injury were worse in IL-4Ra–/– mice following acute CCl4 and APAP 

respectively33,173. Furthermore, both the Woytschak and Wang data contrasts 

my results in whole body BM chimeric mice (Fig. 5.13C) and tissue protected 

chimeric mice (Fig. 5.17E), which suggest that exogenous IL-4c limits 

neutrophil numbers. Work performed in collaboration with Professor Sarah 

Walmsley’s group would suggest that this is due to IL-4Ra-dependent 

signalling directly inhibiting hypoxic neutrophil survival (manuscript in press).  

Hence, while IL-4R signalling to neutrophils may directly limit their 

survival/accumulation, this could be context and time dependent due to the  

effect of monocyte-dependent mechanisms that normally act to counter-

regulate neutrophil recruitment21,52. Therefore in my model there could be a 

cell intrinsic inhibitory effect of IL-4c administration counterbalanced by a 

promotion of neutrophil survival through IL-4-driven monocyte death. 

Interestingly in my CCl4 timecourse experiment there was an increase in 

proportion of neutrophils on day 2 with IL-4c treatment but I did not observe 

the same detrimental effect on the mice as I observed with the increase in 

neutrophils in APAP. It could be that at this timepoint in CCl4 injury increased 



  
 

 212 
 

neutrophils are not detrimental and therefore an increase in proportion does 

not have a negative effect, indeed they may well be beneficial at this 

timepoint as they have been shown to have an important role in the 

clearance of necrotic debris following sterile liver injury52,281. Furthermore the 

increase in Ly6Clo macrophages the following day during the repair phase in 

CCl4 enhance clearance of the dead neutrophils as Graubardt et al. propose 

is important in APAP 52.  

Using the working hypothesis that a too early reduction in monocytes was 

detrimental to mice during APAP, I performed one further pilot experiment to 

administer the IL-4c treatment 24 hours after APAP. This regime did not 

result in elevated clinical signs and indeed, like in IL-4c treatment following 

CCL4 injury, it led to a significant reduction in AST. Furthermore IL-4c 

treatment resulted in a significant reduction in the proportion of circulating 

Ly6Chi monocytes. However, no significant difference in the numbers or 

frequencies of recruited hepatic Ly6Chi monocytes was detected. Due to the 

lack of significance in either the 12hr or 24hr regime pilot experiments, it 

remains impossible to say if IL-4 may have an effect on monocyte numbers in 

the APAP model. The lack of a strong effect when IL-4 was given at 24hrs 

and mice harvested at 72hrs may be related to the more rapid resolution of 

Ly6Chi monocytosis during APAP injury. Zigmond et al. found that by 72 

hours following APAP administration the proportion of Ly6Chi monocytes had 

returned to baseline suggesting that to observe a difference in proportion of 

Ly6Chi monocytes in my model it might be necessary to harvest mice a day 

earlier21. In order to take this work forward it would be necessary to perform a 

timecourse to determine if there is any significant effect of IL-4c 

administration on Ly6Chi monocyte dynamics in APAP. Performing a 

timecourse would also enable further assessment of the effect of IL-4c on 

indices of repair and regeneration because administration at 24hrs post injury 

showed a non-significant reduction in ALT and a significant reduction in AST 

(Fig. 7.3). Notably Mossanen et al. showed that administration of an oral 
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CCR2/CCR5 inhibitor (Cenicriviroc) at 1-2hrs post APAP resulted in reduced 

liver injury but did not appear to have an effect on the subsequent repair 

process23. Their data would suggest that attempting to reduce Ly6Chi 

monocytes at 12 hours, as I have done, is too late since the injurious effect of 

Ly6Chi monocytes has already occurred.   

Another intriguing result from this series of APAP experiments was that there 

was no increase in proportion of macrophages following IL-4c treatment as 

had been observed with CCl4 injury. In fact, at the 72hr timepoint there was a 

trend for a reduction in their proportion when compared to the veh treated 

group. In keeping with their lack of expansion, there was also no increase in 

proliferation of these Ly6Clo CD64hi macrophages with IL-4c treatment in 

APAP (Fig. 7.4J), which again contrasted what I had found in the CCl4 model 

(Fig. 5.4). The reason for not seeing significant proliferation in Ly6Clo 

macrophages in APAP could be related to the timing of the response to 

injury. Alternatively, the nature of the insult may limit other factors, such as 

CSF1 which might act in concert with IL-4 to promote proliferation. As 

outlined above, a timecourse experiment examining proliferation and levels of 

e.g. CSF1 would be necessary in order to address these alternatives.  

Due to the time constraints of my PhD, the lack of a strong effect of IL-4c on 

hepatic monocytosis, and because it became apparent that the difference in 

monocyte/macrophage dynamics between the CCl4 and APAP model would 

have necessitated another timecourse, I chose to focus on the DSS model of 

colitis model rather than repeating the pilot APAP experiments. Furthermore, 

while the APAP model did appear to be promising in that there was a 

significant reduction in AST and a trend to a reduction in ALT at the day 3 

timepoint, the issue remained that I was unable to assess the effect of IL-4c 

treatment on functional outcomes. One possible way of assessing functional 

outcomes would be to determine survival with humane end points. In this 

experiment the administration of a higher dose of APAP would result in a 

significant proportion of mice reaching predefined humane endpoints41 
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whereupon I could assess whether IL-4c treatment was protective. However, 

having discussed this with colleagues who had performed similar 

experiments they had found that any intervention was required around the 

time of APAP administration because most of the deaths occurred within the 

first 24 hours. Given that I thought early IL-4c administration was detrimental 

this did not seem to be a viable experimental model. In contrast, the DSS 

model of colitis did offer a model of Ly6Chi monocytosis where the duration of 

the model enabled longitudinal assessment of disease severity using DAI 

and body weight116,253.  

7.6.2 IL-4c in DSS-induced colitis 
Having validated that there was a significant colonic Ly6Chi monocytosis in 

2% DSS colitis at both day 3 and 6, I decided to administer IL-4c every 

second day from day 3 onwards. However, these experiments were 

hampered by the large degree of cage to cage variability in disease 

susceptibility. This has been reported previously and is attributed to 

differences in the commensal microbiota. Consistent with this, germ free 

mice develop less histological damage to colonic mucosa when administered 

DSS 319. More recently it has been shown that in NMRI mice microbiota is 

required for development of normal DSS colitis but the absence of microbiota 

impairs intestinal barrier function320. Li et. al set out to establish the effects of 

different microbiota by analysing the effect of the 2.5% chronic DSS colitis 

model on 3 separate groups of age and sex matched specific pathogen free 

C57Bl/6 mice purchased from the same supplier at different times and 

subsequently housed in the same animal facility310.  Even in mice from the 

same supplier and housed in the same facility they demonstrated significant 

differences in DAI, weight loss and colon length between groups and found 

that these differences were dependent on initial gut microbiota. Potential 

difference in microbiota could explain the differences in response to DSS 

particularly because I was unable to obtain mice from the same mother for all 

experiments. Given the number of mice needed, it was not feasible to co-
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house all mice in an attempt to reduce microbiota variability. Furthermore, co-

housing and mixing of bedding was limited by my use of male mice, which 

become aggressive in these conditions 312,321. To mitigate against the 

variable onset of colitic symptoms, I decided to start IL-4c administration a 

day earlier to ensure that the IL-4c was present at the start of the 

monocytosis, Interestingly when IL-4c was administered on day 2 the colitis, 

as assessed by weight loss, DAI score and colon length, was worse in the IL-

4c treatment groups irrespective of whether cages developed onset of colitic 

symptoms on day 5 (first experiment) or day 6 (second experiment). This 

could be explained by previously published work suggesting that 

administration from day 0 of exogenous IL-33 in the 3.5% acute DSS colitis 

model results in exacerbation of colitis in an IL-4 dependent manner322. 

Others have also shown that constitutive absence of IL-4 in IL-4–/– mice 

results in less severe colitis323. This result would suggest that IL-4 

administration at the start of colitis would likely be detrimental. Given that in 

experiment 1 I observed a reduction in proportion of Ly6Chi monocytes with 

IL-4c, why did I not replicate the results of Zigmond et al. and demonstrate 

improvement in colitic signs? Firstly, using MC21, Zigmond et al. 

demonstrated complete inhibition of Ly6Chi monocytes, while treatment with 

IL-4c only caused partial knock-down. Secondly, the MC21 antibody is 

specific for CCR2-bearing cells, which largely relates to monocytes in blood, 

whereas IL-4c will affect any cell that expresses the IL-4Ra, including T and 

B cells that Stevceva et al. proposed could be deleterious in DSS colitis when 

activated by IL-4323. Finally, IL-4 appears to have differing effects on 

circulating and tissue-resident monocyte/macrophages, which is unlikely to 

be the case with CCR2 blockade due to the lack of CCR2 by mature 

intestinal macrophages90,117. One technical issue common to all the DSS 

experiments was that administration of IL-4c had a detrimental effect on the 

yield of live cells. For this reason I have not presented cell numbers because 

the cell counts obtained in the IL-4c treated colons are artificially low due to 

the death of cells during the digestion process. It is known that type 2 
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immune cytokines increase mucus production in the gut154 and this increased 

mucus is thought to be important for protection against helminth infection by 

impeding their ability to interact with the host and to thrive and survive324. It is 

therefore plausible that during the leukocyte isolation process the exposure 

of the mucus and its contents could impact on leukocyte survival as it is 

designed to be a harsh environment for helminths to which leukocytes are 

not normally exposed due to the epithelial barrier. To mitigate against this, I 

adapted the digestion protocol to use a more gentle enzyme cocktail 

comprising Liberase TL and DNAse rather than a combination of collagenase 

V, collagenase D, dispase and DNAse as previously published314. This was 

guided by work that had been done Dr. Jones in Professor MacDonald’s 

group at the University of Manchester where they found that the liberase 

digestion protocol lead to improved leukocyte viability in the Th2 setting 

(personal communication). Although the gentler digestion process resulted in 

better cellular yields from IL-4c treated mice, there were still samples that 

had to be excluded due to very high levels of cell death. One further 

approach would have been to perform analysis of sections of colon, however 

there is not a reliable antibody to identify monocytes in tissue sections and it 

would therefore require repeating the experiments using reporter strains that 

can identify cells of a monocyte origin such as a Csf1r-EGFP 283 or a 

Cx3cr1+/gfp reporter line 62.  

7.6.3 Summary 
IL-4c administration in DSS colitis, like in APAP, could potentially be 

beneficial with the appropriate timing.  The advantage of DSS colitis was the 

duration of the model enabled longitudinal assessment of DAI, however the 

variability meant that it was difficult to accurately time the administration of 

the IL-4c. With further experiments using tools to homogenise the microbiota 

between mice (cross-fostering, antibiotics and even fecal gavage)321 it may 

be possible to establish a beneficial effect with IL-4c treatment. In this setting 

it would be necessary to recharacterize the dynamics of disease activity and 
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also perform a timecourse to characterise the monocyte response. I would 

hope that by doing this I would be able to establish the ideal time to 

administer IL-4c to cause a beneficial reduction in Ly6Chi monocytes similar 

to that seen with MC21 administration. I would expect that early 

administration of IL-4c would be best i.e. day 2 or 3 post starting DSS, indeed 

as I saw above IL-4c administration starting on day 3 appeared to beneficial 

in 1 cage.  It would be also interesting to assess the effect on colonic 

macrophages as Smith et al. previously demonstrated that in BALB/c mice S. 

mansoni infection conferred protection against DSS colitis that was 

dependent on infiltrating colonic macrophages325.  
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Figure 7-1 Phenotypic assessment of APAP overdose with early IL-4c . 

(A) Schematic of injury model APAP was administered I.P. and then IL-4c or veh 12 hours 

later. (B) Weight change from baseline. (C-F) Serum markers of liver injury. N=3-4 

mice/group, mean ± SD (one-way ANOVA). 
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Figure 7-2 
Assessment of 
hepatic leukocyte 
populations post 
APAP + early IL-4c. 

(A-H) Proportion and 

number of Ly6Chi 

moncytes, Ly6Clo 

MHCIIint macrophages, 

Kupffer cells (F4/80hi 

CD11blo) and 
neutrophils. N=4 

mice/group, mean ± SD 

(one-way ANOVA). (I-J) 

Correlation of ALT and 

AST to neutrophil 

count. N=12 (Pearson 

correlation). 
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Figure 7-3 Phenotypic assessment of APAP overdose with late IL-4c. 

(A) Schematic of injury model APAP was administered I.P. and then IL-4c or veh 24 hours 

later. (B) Weight change from baseline. (C-F) Serum markers of liver injury. N=4-6 and 1-2 

for WT control, mean ± SD (one-way ANOVA). 
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Figure 7-4 
Assessment of 
leukocyte 
populations post 
APAP + late IL-4c. 

(A-H) Proportion and 

number of hepatic 

Ly6Chi monocytes, 
Ly6Clo CD64hi 

macrophages, Kupffer 

cells (Tim4hi CD11blo) 

and neutrophils. (I-J) 

Proportion of 

proliferating (Ki67+ 

BrdU+) hepatic Ly6Chi 

monocytes and Ly6Clo 
macrophages. (K) 

Proportion of blood 

Ly6Chi monocytes. 

N=5 + 2 WT control 

mice/group. Mean ± 

SD (one-way 

ANOVA). 



  
 

 222 
 

 

Figure 7-5 DSS colitis model. 

(A) Schematic of model: mice were given 2% DSS in their drinking water or water alone for 3 

or 6 days and then harvested. (B) Weight change from day 0. (C) Severity score. N=8 

mice/group but 4 per group harvested on day 3, mean ± SEM (DSS and water compared 

using multiple t tests with Holm-Sidak correction). (D) Gating strategy employed to identify 
colonic monocyte and macrophage populations, Lineage gate: CD3, CD19, Ly6G and 

NK1.1. 
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Figure 7-6 Characterisation of the monocyte/macrophage compartment in DSS-
induced colitis. 

(A) Representative plots of Live (7AAD), CD45+, Lin–, Siglec f–, CD11bhi monocytes and 

macrophages. (B) Proportion of P1, P2 and P3 mononuclear phagocytes. (C) Number/colon 
of P1, P2 and P3 mononuclear phagocytes. N= 2-4 mice/group, mean ± SD (unpaired t test). 

(D) Proportion of Blood Ly6Chi monocytes. N= 4 mice/group, mean ± SD (unpaired t test).  
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Figure 7-7 Determining the effects of IL-4c on disease progression of DSS-induced 
colitis.  

(A) Proportion of P1, P2 and P3 mononuclear phagocytes on day 3 following start of DSS 

model. (B) Schematic of model: mice were given 2%DSS in their drinking water and given IL-

4c 0.2mg/g IL-4c or veh control every 48 hours from day 3 onwards. (C & F) Weight loss 

from day 0 pooled and individual cages mean ± SD (multiple t tests with Holm-Sidak 

correction). (D & G) Disease activity index pooled and individual cages mean mean ± SD 

(multiple t tests with Holm-Sidak correction). (E & H) Colon length by pooled and individual 

cages with representative pictures with naïve H2O controls. Mean ± SD (one-way ANOVA). 
Cage 1 n=3 mice/group, cage 2  n=3 for IL-4c and 2 for veh until day 6. 
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Figure 7-8 Determining the effects of IL-4c on disease progression of DSS-induced 
colitis. 

(A) Schematic of model: 10 mice/experiment were given 2%DSS in their drinking water and 

given IL-4c 0.2mg/g IL-4c or veh control every 48 hours from day 3 onwards. (B-C) Weight 

loss from day 0 in both experiments. Mean ± SD. (D-E) Disease activity index by cage. Mean 
± SD.  (multiple t tests with Holm-Sidak correction). N=5 mice/group. Experiment 1: 3 IL-4c 

mice culled on day 6-7; Experiment 2: 1 IL-4c and 1 veh mouse culled on day 5.  
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Figure 7-9 Mononuclear phagocytes following IL-4c during DSS. 

(A-C) Proportion of P1, P2 and P3 mononuclear phagocytes following start of DSS model. 

Empty circle signifies cage 2. N=3 mice/group. (D) Proportion of Ly6Chi CD64lo monocytes 

and Ly6Clo CD64hi macrophages. N=3 mice/group. (E-G) Proportion of monocytes in blood. 

Empty circle signifies cage 2. N=3-6 mice/group. Mean ± SD (one-way ANOVA).  
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Figure 7-10 Administration of IL-4 from day 2 is detrimental in DSS colitis. 

(A) Schematic of model: 10 mice/experiment were given 2%DSS in their drinking water and 

given IL-4c 0.2mg/g IL-4c or veh control every 48 hours from day 2 onwards. (B-C) Weight 

loss from day 0 in both experiments. Mean ± SEM. (D-E) Disease activity index by cage. 

Mean ± SD.  (multiple t tests with Holm-Sidak correction). (F-G) Colon length by cage and 

combined. Mean ± SD (one-way ANOVA). N=5 mice/group. Experiment 1: 1 IL-4c mouse 

culled on day 6.  
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Figure 7-11 Analysis of monocyte/macrophage populations in DSS colitis ± IL-4c 
starting on day 2. 

(A-F) Proportion of P1, P2 and P3 mononuclear phagocytes by experiment. N= 2-5 

mice/group, mean ± SD (one-way ANOVA).  
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Chapter 8 Discussion 
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8.1 IL-4c as a therapeutic 
As emphasised in the introduction there is a significant burden of acute drug-

induced liver injury with more than 50% of all incidences of acute liver failure 

in the USA and UK attributable to this cause1. Acute liver failure has 

significant mortality, and in its most severe form, the only treatment is liver 

transplantation which necessitates lifelong immunosuppression, increasing 

the risk of opportunistic infections and individuals developing 

lymphoproliferative disease326. Furthermore, liver transplantation in the 

setting of acute liver failure is associated with a 21% 1 year mortality1. Thus, 

there is an urgent need to develop therapies that can avoid the use of the 

limited resource of liver transplantation. I have built on the work of Goh et al. 

and demonstrated that IL-4c administration following acute DILI with CCl4 

results in an improvement in measures of hepatic injury and regeneration33. I 

observed that IL-4c administration 24hrs following CCl4 mediated injury 

resulted in a reduction of the markers of hepatic injury: ALT, AST and 

necrotic cell area 48hrs later. Furthermore, this regimen of IL-4c 

administration also resulted in an increase in hepatic regeneration as 

measured by hepatocyte proliferation.  

The results from my series of exploratory experiments designed to determine 

whether IL-4 has a similar therapeutic potential in the clinically relevant APAP 

model of DILI and a model of colitis were less clear. APAP overdose is the 

most common cause of acute DILI in the UK and US and although CCl4 

replicates the zonal necrosis of APAP overdose, the underlying mechanisms 

of injury differ as do the leukocyte dynamics and dynamics of injury and 

regeneration18,21,22,145,327. Unfortunately, I was unable to establish whether 

there was a therapeutic benefit to IL-4c administration in APAP, possibly due 

to the seemingly faster dynamics of injury and leukocyte recruitment when 

compared with CCl4. There did certainly appear to be a time dependent effect 

of IL-4c administration in both APAP and DSS colitis; earlier administration 

was detrimental in APAP and the timing of administration in relation to onset 
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of colitis in the DSS model appeared to have an effect on severity scoring as 

there were animals that appeared to demonstrate a less severe phenotype 

with IL-4c treatment. The effect of timing may be related to the changes in 

monocyte/macrophage dynamics, as recent work using transcriptomic 

analysis of human monocytes has suggested that IL-4 has a time dependent 

effect on mononuclear phagocyte differentiation in vitro, even in the absence 

of an inflammatory stimulus217. Furthermore, altering the balance of other 

leukocytes either directly or indirectly will have an effect on the repair 

process. Indeed in the liver following APAP it has been shown that Ly6Chi 

monocytes have a direct effect on reducing neutrophil number and reducing 

their immune function52.  In the DSS model I did not identify any definitive 

effect on the analysed leukocyte populations that corelated with poor 

outcomes. Nevertheless, IL-4c had a consistent effect of reducing Ly6Chi 

monocytes in the colitis model. Although throughout my project I have 

focused primarily on the effect of IL-4c on myeloid cells it could be that 

effects on parenchymal or stromal populations may alter outcome as these 

are important in liver injury and DSS colitis45,328. Due to time and resource 

constraints I was unable to assess this using BM chimeric mice. 

Nonetheless, approaches that specifically target the monocyte/macrophage 

lineage could be beneficial therapeutically. For instance, could it be possible 

to use diabodies as outlined in RA in the introduction to target IL-4c to 

specifically target the monocytes and macrophages to mitigate any negative 

off target effects?246.  

Although it is inconclusive as to whether IL-4c administration is of benefit in 

these other models of sterile inflammation, the one result that was 

consistently replicated across all models of injury was the reduction in the 

proportion of circulating Ly6Chi monocytes. I will therefore now focus my 

discussion on interpreting both the in vitro and in vivo data pertaining to the 

effects of IL-4c on the monocyte/macrophage populations.   
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8.2 Effect of IL-4c on recruited monocytes and 
macrophages  

The reduction in Ly6Chi monocytes resulting from treatment of CCL4-injured 

mice with IL-4c was associated with an increase in recruited Ly6Clo 

macrophages. Owing to the previously documented pro-reparative effects of 

recruited Ly6Clo macrophages in APAP and the reported pro-inflammatory 

function of Ly6Chi monocytes21,23, I had hypothesised that a reduction in 

Ly6Chi monocytes and an increase in Ly6Clo macrophages in conjunction 

with the direct pro-regenerative effects of IL-4 on hepatocytes demonstrated 

by Goh et al. would enhance the repair process in acute CCl4 injury. To 

abrogate IL-4Ra signalling to monocytes and their progeny I attempted to 

use the LysM Cre; IL-4R⍺fl/– line. I established, however, that the LysM Cre; 

IL-4R⍺fl/– line led to deletion of IL-4Ra in only a very limited proportion of 

monocytes during CCl4 induced inflammation and was not going to be useful 

to dissect whether the enhanced repair observed with IL-4c treatment was 

due to the changes elicited in the monocyte/macrophage compartment. 

Hence, although whole body irradiation is an imperfect tool, I used it to 

attempt to establish if IL-4 signalling to the haematopoietic was important in 

the observed phenotype. As discussed in Chapter 5, because there are 

caveats to this model (e.g. age of the mice and the potential effects of 

ionising irradiation on response to injury), the fact that there was no 

significant effect on serological markers of injury does not rule out a role for 

haematopoietic cells in the beneficial effect of IL-4c. One encouraging result 

was the trend to reduced hepatocyte proliferation in mice where IL-4R 

deficiency was restricted to the haematopoietic compartment (i.e. KO > WT 

mice). Importantly because BM chimeras results in the loss of IL-4Ra on not 

only monocytes and macrophages but also other leukocyte populations, 

changes in these other populations might antagonise and mask the potential 

beneficial effects of IL-4c administration on monocytes/macrophages. For 

example, recent work from a collaboration with the Walmsley group suggests 
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IL-4 signalling may limit the enhancement of neutrophil survival that occurs in 

hypoxic environments (in press). 

Ideally, I would use a monocyte specific Cre to target these cells in order to 

overcome the above problems, however this unfortunately has not yet been 

developed. There is encouraging work from the group of Florent Ginhoux 

who presented work at Keystone Myeloid 2018 pertaining to a monocyte 

marker Ms4a3 that is reported to be exclusively expressed on cMOPs, the 

progenitor of monocytes. Thus, when mice in whom Cre is driven by Ms4a3 

are crossed with Rosa26-TdTomato reporter mice, monocytes are very 

efficiently labeled, although notably so are neutrophils and eosinophils. It 

may be therefore that a monocyte specific Cre driver is on the horizon which 

would help in establishing the role of monocytes in the observed phenotype.   

8.2.1 Effect of IL-4c on Ly6Chi monocytes  
The CCl4 injury model provided a platform to study the effect of exogenous 

IL-4 signaling to mononuclear phagocytes during sterile inflammation. As 

would have been predicted by previous work, the expansion of Ly6Clo 

macrophages was IL-4Ra dependent and involved IL-4Ra dependent 

proliferation121,206. Importantly, this expansion did not appear to result from 

increased conversion of Ly6Chi monocytes but, as outlined in Chapter 6, I did 

not get the opportunity to show this definitively. The expansion of Ly6Clo 

macrophages was not observed in all experiments, whereas reduction in 

Ly6Chi monocytes was a constant feature in recipients of IL-4c. Strikingly, the 

reduction in Ly6Chi monocytes was not only found in the liver but also the 

blood, spleen and kidneys of CCl4 injured mice and even in the blood and 

spleen of uninjured mice. IL-4c appeared to induce Ly6Chi monocyte 

apoptosis in circulating cells, and not affect their egress from the BM. Notably 

IL-4c had no effect on Ly6Chi monocyte viability in the liver but did reduce the 

viability of BM derived Ly6Chi monocytes in vitro.  
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This in vitro work suggests that other signals such as CSF-1 can rescue the 

decreased viability observed so it is possible that tissue related signals such 

as growth factors could promote the survival of Ly6Chi monocytes once they 

enter the tissue. To establish if CSF-1 is an important survival signal in 

tissues a future direction could be to assay CSF-1 levels in both tissue and 

blood during injury to determine if there is a difference in concentrations. 

Another approach would be to deliver CSF1-Fc in combination with IL-4c to 

determine if this protects against IL-4 induced death. An alternative 

mechanism underlying the protection of monocytes from death could be that 

once these Ly6Chi monocytes enter the tissue they may have already begun 

to differentiate from their blood counterparts sufficiently that their response to 

IL-4 changes away from a pro-apoptotic response to a pro-proliferative one 

more in keeping with macrophages. Indeed, monocytes in the colonic 

mucosa and dermis have been shown to be transcriptionally-distinct from 

their phenotypically identical counterparts in blood98,282. Thus, it is entirely 

plausible that liver monocytes are at a different stage of differentiation. 

However, as far as I am aware, a comparison of hepatic and circulating 

Ly6Chi monocytes has not been performed but is clearly warranted. This 

could be done by comparing blood and tissue monocyte expression of other 

monocyte specific markers like CCR2 and CD1460 or by comparing their 

transcriptome. In addition to directly comparing tissue and blood monocytes 

at a population level, the application of single cell RNA sequencing 

(scRNAseq) could allow dissection of the differentiation trajectory of 

monocytes in different contexts. This is an experiment that I am planning to 

perform in the near future.  

Another surprising finding was the IL-4Ra dependent proliferation of liver 

Ly6Chi monocytes in response to IL-4c in CCl4 and APAP injured mice. 

Monocytes are known to exit cell cycle before exiting the BM and while IL-4 is 

known to trigger proliferation in tissue resident macrophages206, proliferation 

of monocytes in the setting of type 2 immunity has not been described 



  
 

 235 
 

previously. As described in the Introduction, CXCR4hi premonocytes in the 

bone marrow proliferate under normal physiological conditions. Upon 

downregulation of CXCR4, which is thought to act as an “anchoring signal” 

through interacting with CXCL12, they are able to egress which is paralleled 

by an exit from cell cycle78.  In their work, Chong et al. also demonstrated 

that CXCR4 signal was also important in the margination of Ly6Chi 

monocytes in the lung during inflammation78. Could this “anchoring signal” be 

important to allow monocytes to proliferate and once monocytes are 

anchored in the tissue they can proliferate and therefore respond to the 

strong signal to proliferate from IL-4c. A future experiment looking at CXCR4 

expression in both blood and tissue monocytes would be interesting to 

assess whether this is one potential mechanism in the observed phenotype.   

These differential responses of monocytes to IL-4 depending on their 

environment would be in keeping with the recent work by Borsugi et al. and 

Minutti et al. who have both proposed that the environment affects the 

acquisition of an alternatively activated phenotype in macrophages210,329. 

Indeed, Minutti et al. demonstrated in the liver co-factors are required to 

generate the stereotypical proliferation and RELMa expression in 

macrophages following IL-4c administration. In the liver the co-factor was 

identified as C1q, but whether C1q has distinct effects on monocytes is 

unknown. To determine if a co-factor is responsible for protecting liver 

monocytes, a future experiment could examine the response of FACS-

purified Ly6Chi monocytes from injured liver to IL-4c exposure in vitro where 

co-factors would be absent.  

To the best of my knowledge, the apoptosis of circulating Ly6Chi monocytes 

or their proliferation in response to IL-4 has not been reported before. My 

proposed model for IL-4c in acute CCl4 injury is outlined below (Fig. 8.1). 
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Figure 8-1 Model of the effect of IL-4c on monocytes and macrophages during acute 
liver injury with CCl4. 

CCl4 injury results in recruitment of Ly6Chi monocytes from the bone marrow into the 
circulation and these cells are subsequently recruited to the injured liver where they convert 

into Ly6Clo macrophages. IL-4c causes apoptosis of circulating Ly6Chi monocytes and death 

of Ly6Chi monocytes in the splenic reservoir resulting in a reduction of Ly6Chi monocytes. In 

the liver IL-4c causes proliferation and alternative activation of recruited Ly6Clo macrophages 

causing an increase in their number. In vitro CSF1 inhibits IL-4 driven Ly6Chi monocyte 

death and this could be a protective mechanism for Ly6Chi monocytes upon entering the 

liver. Concurrent with the death of circulating Ly6Chi monocytes IL-4c also promotes their 

proliferation without causing an increase in their number in the liver.  
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8.3 Future directions 
The finding that IL-4c was inducing apoptosis of Ly6Chi monocytes echoed 

and extended in vitro work with human PBMCs from 1992220 by 

demonstrating a direct effect of IL-4c on monocyte viability in vivo. The fact 

that a similar effect has been shown in human PBMCs is also relevant as it 

increases the possibility that the therapeutic effects observed in murine 

models could be translatable to humans. To take things forward it is 

important to try to elucidate the mechanisms underlying the decreased 

viability of Ly6Chi monocytes.  

8.3.1 Transcriptomic analysis 
As an initial step in this process that was feasible within the time and financial 

constraints of my PhD, I first examined gene expression in circulating Ly6Chi 

monocytes using the Nanostring platform. I used this platform because of the 

small amount of input material required (5000 cells) and the low yield of 

circulating monocytes in the IL-4c treated mice.  

Analysis of circulating Ly6Chi monocytes using the Nanostring platform 

revealed a significant downregulation of 211 genes in CCl4 + IL-4c treated 

mice when compared to CCl4 + veh mice. This was even more interesting 

because the CCl4 + veh vs olive oil comparison revealed no significant 

changes in transcriptome. Linking the results of the Nanostring analysis to 

potential mechanisms underlying the observed increased monocyte death 

with IL-4c the downregulation of Nr4a1 and Cx3cr1 were potentially 

interesting. The former has been demonstrated to be important for Ly6Chi 

monocyte survival65,67,330 and the latter has been proposed to be important in 

Ly6Clo monocyte survival as CX3CR1 signaling promotes the expression of 

the anti-apoptotic protein Bcl2331.  This could be important because although 

Ly6Chi monocytes do not express high levels of CX3CR1 they are universally 

positive for this chemokine receptor62.   
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To complement the Nanostring data I have also performed scRNAseq using 

the 10x genomics platform on hepatic mononuclear phagocytes. This 

approach also allowed for more in-depth sequencing of monocytes than was 

achievable with Nanostring, although I only sequenced tissue monocytes and 

not circulating monocytes due to the cost of the assay. With regards to the 

monocytes, scRNAseq also provided the opportunity to address the 

relationship between tissue Ly6Chi monocytes and recruited Ly6Clo 

macrophages. Pseudotime analysis will allow the identification of potential 

relationships between cell clusters, making it possible to reconstruct the 

developmental progression of cells. This could potentially identify whether IL-

4c affects the transition from Ly6Chi monocyte to Ly6Clo macrophage as this 

remains an outstanding question from my project332,333. As alluded to above 

the scRNAseq was only performed on hepatic mononuclear cells and it would 

have been useful to have blood Ly6Chi monocytes in order to answer the 

questions outlined earlier as to whether once monocytes were recruited into 

tissue they are partially differentiated and can therefore behave differently in 

response to IL-4c (i.e. with regards to proliferation and survival). I hope that 

the scRNAseq analysis will at least help to answer some of the outstanding 

questions from my project. 

8.3.2 Pathophysiological relevance 
Given that this project has evolved from one looking at the therapeutic effect 

of exogenous IL-4c to one examining the effect of IL-4 on monocytes, an 

important outstanding question is whether there is a pathophysiological 

setting where IL-4 causes a measurable decrease in viability of Ly6Chi 

monocytes. In an attempt to address this, we made contact with Prof K. Else 

at the University of Manchester whose group are studying the effect of IL-4 

signalling to macrophages during infection with the intestinal nematode 

Trichuris muris. They have been using CX3CR1cre:IL4Rafl/fl mice infected 

with T. muris, however they have not found a reliable change in frequency of 

monocytes in these mice upon infection compared with controls at multiple 
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timepoints: 3hrs, day 3, 7, 10, 14 and 18) (personal communication). 

Furthermore, retrospective analysis of 50:50 chimeras using IL-4Ra+/+ and 

IL-4Ra–/– BM generated by Jenkins et al. revealed no measurable effect of 

loss of IL-4Ra on blood monocytes during infection with L. sigmodontis (data 

not shown)121.   However, in both these settings there is a lack of a strong 

systemic Th2 response accompanied by detectable circulating  IL-4 in serum 

at the timepoints that have been analysed121,334. Another interesting model to 

study would be schistosomiasis. As I described in the introduction, acute 

schistosomiasis is characterized by an initial Th1 dominated response 

dominated by production of proinflammatory cytokines such as TNF-a, IL-1, 

IL-6 and Th1 cell cytokines like IFNg in the first 3-5 weeks of infection when 

the host is exposed to migrating immature parasites164,335. Then at 6 weeks, 

antigens released by eggs upon sexual maturation of infecting worms results 

in a DC dependent activation of a Th2 response164,336. It was at this 6 week 

point that Nascimento et al. demonstrated a significant increase in circulating 

monocytes which increases further in week 7 post infection. This is surprising 

because they propose that this coincides with the Th2 response, however, in 

other models of infection and inflammation in the liver21,22,31, colon 116,117, 

heart118–120 and peritoneum86,121 monocytosis is normally associated with a 

Th1 response. Circulating levels of IL-4 are difficult to measure and 

Nascimento et al. have not included these in their publication but a recent 

publication by Wang et al. demonstrated that circulating IL-4 levels increase 

at week 4 and remain at a constant level until week 9 when they begin to 

decline337. Although it is difficult to extrapolate between work performed by 

different groups, these results would certainly suggest that the increase in 

Ly6Chi monocytes occurs after the increase in circulating IL-4 levels204,337. 

Interestingly a paper from 1988 demonstrated that CSF-1 levels in the serum 

of infected animals starts to increase at 6 weeks post infection, also 

corresponding with the time at which an increase in Ly6Chi monocytes was 

observed by Nascimento but 2 weeks after Wang observed an increase in 

circulating IL-4204,338. Could IL-4 be suppressing Ly6Chi monocyte numbers 
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until CSF-1 is produced to allow their survival and recruitment to the site of 

infection? To answer this question it would be interesting to perform a 

timecourse in S. mansoni infected mice looking at the monocyte response in 

correlation with changes in circulating and tissue cytokines, with a particular 

focus on IL-4 and CSF-1.  

8.4 Why does IL-4 cause monocyte apoptosis? 
It had previously been demonstrated that IL-4 promotes the expansion of 

macrophage numbers through local proliferation and not enhanced 

recruitment of Ly6Chi monocytes. Furthermore, Ly6Chi monocytes that are 

recruited during Th2 immunity through IL-4Ra independent mechanisms 

arrive in a non-inflammatory environment where they are converted into an 

alternatively activated macrophage121. Jenkins et al. suggested that these 

two effects ultimately result in a non-inflammatory environment to contain 

worm infection and repair tissue independent of macrophage source. My data 

adds to this by showing that in addition to not promoting recruitment of Ly6Chi 

monocytes IL-4 actually inhibits their recruitment by reducing circulating 

numbers through apoptosis.  

This novel role for IL-4 could reflect a further mechanism by which Th2 

immunity can control the inflammatory milieu. It may be important to control 

the origin of macrophages in the Th2 inflammatory milieu because recent 

data has demonstrated that alternatively activated macrophages derived from 

monocytes and tissue macrophages are phenotypically and functionally 

distinct203. It is possible that inhibition of Ly6Chi monocyte recruitment 

through a reduction in their number enables the establishment of the pro-

reparative milieu in response to helminth infection. Indeed, Vannella et al. 

proposed that tissue resident macrophages are important for controlling the 

magnitude of the granulomatous response following S. mansoni infection and 

the recruited macrophages are responsible for the suppression of fibrosis in 

chronic infection.  This would provide a rationale for IL-4 inhibiting monocyte 

recruitment as it would allow the early control of the granulomatous response 
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by resident macrophages and then when CSF-1 begins to be produced this 

enhances survival of Ly6Chi monocytes allowing their recruitment and 

maturation into macrophages that suppress the fibrosis338.   

8.5 Summary 
Owing to a lack of specific tools to identify a role for IL-4c in modulating 

mononuclear cell responses to acute liver injury the focus of my project 

evolved from primarily focusing on the potential therapeutic impact of IL-4c 

following acute CCl4 liver injury to one investigating the effect of IL-4c on 

Ly6Clo macrophages and Ly6Chi monocytes following an inflammatory insult. 

The results remain equally important because they identify the potential for 

IL-4c to reduce the number of potentially deleterious Ly6Chi monocytes while 

promoting the expansion Ly6Clo pro-reparative macrophages. This is 

important because alternatives (e.g. MC21 and Cenicriviroc) simply inhibit 

Ly6Chi monocyte recruitment without the beneficial effect of enhancing Ly6Clo 

macrophage numbers whereas I have shown clearly that IL-4c both reduces 

Ly6Chi monocytes and expands Ly6Clo macrophages21,23,116. By following up 

on the interesting results generated during the project, I think I have identified 

an exciting novel role for IL-4 in regulating the mononuclear phagocyte 

compartment and I am excited to follow up the work from my PhD and further 

attempt to dissect the pathways involved.   
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