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Abstract  

 
Haemopoietic stem cells (HSC) maintain lifelong haemopoiesis through the monitoring 

and production of cells from multiple haemopoietic cell lineages. A key property of HSC is 

their ability to maintain quiescence. Quiescence refers to a state of inactivity in which the 

cell is not dividing and remains dormant. It is this property of the HSC that is thought to 

maintain genomic integrity and to allow the HSC to sustain haemopoiesis over the period 

of a lifetime. However, the regulation of quiescence in this context is not well understood. 

Numerous studies have aimed to understand the molecular mechanisms underlying HSC 

quiescence using high-throughput approaches. A previous microarray study by our group 

aimed to understand the transcriptional differences between quiescent and proliferating 

human HSC. Data from this microarray showed that the most up regulated group of genes 

in quiescent compared to proliferating human HSC were chemokine ligands, specifically 

within the CXC family. Although this was a novel finding at the time, the biological 

function of these chemokine genes was not studied until the current work presented here. 

In this thesis, we aimed to extend foregoing research and importantly, investigate the role 

of CXC chemokines in HSC properties, using both human and mouse systems. 

First, we validated the results from the microarray study using gene expression analyses to 

show that chemokine ligands CXCL1 and CXCL2 were significantly up regulated in 

quiescent HSC (CD34+CD38-) in comparison to more proliferative progenitors 

(CD34+CD38+). Focusing on CXCL1, we showed positive expression of the ligand protein 

in human stem/progenitor cells using immunofluorescence and western blotting on human 

primary CD34+ cells. In addition, we identified positive expression of receptor CXCR2 by 

gene and protein analyses on CD34+ cells, indicating the presence of an autocrine 

chemokine signalling loop. To determine the biological function of CXCL1/CXCR2 

signalling in human HSC, we used shRNA to reduce CXCL1 expression and a 

commercially available inhibitor (SB-225002) to block CXCR2 receptor signalling. 

Experiments on cell lines expressing CXCL1 and CXCR2 (HT 1080) showed that 

reduction of CXCL1 and over-expression reduced or increased cell viability and 

proliferation respectively. Experiments on human primary CD34+ cells revealed that 

reduction of CXCL1 induced apoptosis and reduced colony formation. Similarly, inhibition 

of CXCR2 signalling in CD34+ cells using SB-225002 induced apoptosis and reduced 

colony formation in a dose dependent manner. However, due to human sample availability 

and technical challenges, experiments need repeated in order for a valid conclusion to be 
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made and statistical analysis could not be carried out for some primary experiments. In 

addition, further experimental work is required to conclusively prove that human 

stem/progenitors express CXCL1 and CXCR2 as different techniques showed varying 

results. In summary, we provide some evidence that CXCL1 and CXCR2 is expressed by 

human HSC and may be an important survival pathway in normal human HSC which 

requires further experimental data to provide valid conclusions. 

In order to gain a deeper understanding of the biological function of chemokine signalling 

in HSC biology, we used an in vivo murine system. First, we examined mRNA transcripts 

of CXC chemokines in mouse HSC populations. We screened a small selected group of 

CXC chemokines using primitive mouse HSC and single cell quantitative PCR using the 

Fluidigm™ platform. Gene expression analyses identified that Cxcr2 and Cxcl4 mRNA 

transcripts were detected including in the most rare, primitive HSC fraction. To elucidate 

the mechanism of action, we used a transgenic reporter and knock out mouse models for 

both genes of interest. Analysis of a Cxcr2 null mice model (Cxcr2-/-) validated previous 

research in which animals lacking Cxcr2 show disrupted haemopoiesis with an expansion 

of myeloid cells in the haemopoietic organs. Interestingly, within the current work, 

analysis of steady state haemopoiesis revealed an expansion of the most primitive HSC in 

the BM of animals lacking Cxcr2 and enhanced mobilisation demonstrated by an increase 

in the stem/progenitor activity in the spleen and PB. HSC functional analyses using BM 

reconstitution assays with wildtype (WT) or Cxcr2-/- HSC showed that there was a trend 

towards a reduction in engraftment in animals transplanted with HSC lacking Cxcr2. 

However, this result was not statistically significant due to high sample variability and due 

to time constraints and the length of this assay, this was not repeated. The data suggests 

that Cxcr2 expressing HSC may be important for stem cell maintenance via a cell 

autonomous mechanism however experiments are required to be repeated to draw valid 

conclusions. 

Cxcl4-Cre transgenic mice containing a RFP construct under the control of the Rosa26 

promoter (Cxcl4-Cre) showed RFP expression in HSC and progeny. RFP expression in 

HSC populations was in accordance with Cxcl4 mRNA transcripts therefore suggesting 

RFP expression was correlated with endogenous Cxcl4 expression. Interestingly, flow 

cytometry analysis identified that not all (~50%) HSC showed positive expression for RFP. 

Flow cytometry sorting of positive and negative populations revealed that cells with 

enhanced colony formation potential reside within the RFP (Cxcl4) positive fraction. To 

extend this data, we aimed to knock out and reduce Cxcl4 expression and examine the 
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phenotype. Targeted deletion of Cxcl4 in vitro using a Cxcl4 shRNA vector demonstrated 

that Cxcl4 reduction in vitro diminished colony formation in primary and secondary 

replating assays. Since data for human CXCL4 mRNA were not conclusive from the 

original microarray, we reassessed the relevance of CXCL4 in the human system. Gene 

expression analyses showed that CXCL4 transcripts were indeed detected and furthermore, 

up regulated in primitive HSC (CD34+CD38-CD90+) compared with proliferative 

progenitors (CD34+CD38+). Collectively, the data indicates that CXCL4 may play an 

important role in mouse and human HSC biology, however further experimental work is 

required to address this. 

In summary, the data presented in this thesis demonstrate that several chemokines 

including CXCL1, CXCL4 and receptor CXCR2 may have key roles in HSC survival and 

maintenance, both in the mouse and human systems. However, increased biological 

replicates and further experiments are required to draw valid conclusions. Enhanced 

understanding of the regulation of stem cell properties is critical for improving our ability 

to manipulate normal stem cells in vitro and in vivo. Furthermore, understanding normal 

stem cell regulation is fundamental for the research of diseases such as leukaemia in which 

leukaemic stem cells are less sensitive to drug treatment. 
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Figure 3-12 CXCL1 over expression increases cell vi ability in HT 1080 cell lines. 

HT 1080 cells were lentivirally transduced with CXCL1-PRRL or a PRRL empty vector 

control. After transduction, cells were sorted for GFP positive cells and cells were cultured 

for 96 hours in medium. Cells were analysed for levels of apoptosis using Annexin-V and 

dapi staining. Data are presented as the mean percentage of viable cells. Statistical analysis 

was performed using a paired t test assuming equal variance comparing the empty vector 

control with the CXCL1-PRRL group (n = 3) (*P <0.05). 
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3.3.5 Reduction of CXCL1 in CD34+ cells leads to a reduction in 

cell viability and colony formation capability 

To determine if CXCL1 also affects survival and proliferation in human HSC and 

progenitor populations, a lentiviral transduction approach using shRNA was used. 

CD34+CD38- and CD34+CD38+ cells were transduced with a vector encoding a CXCL1 

shRNA (sh1) or a control (Scr). 

To get an indication of differentiation and proliferation activity transduced cells were 

plated in a CFC assay. In this assay, CXCL1 reduction reduced colony numbers in both 

CD34+CD38- and CD34+CD38+ cells (Figure 3-13). The colonies grown in the CXCL1 

knock down arm (~5% of the number obtained in the control arm) were smaller and less 

dense than those in the control arm (Figure 3-13). Due to limiting cell numbers after the 

lentiviral transduction, cells were available for flow cytometry analysis from the 

CD34+CD38+ fraction only. 72 hours post infection, CD34+CD38+ cells showed a 

reduction in viability in response to CXCL1 reduction as measured by Annexin-V and dapi 

staining (n = 1) (Figure 3-14). Due to the observed effects on CD34+CD38- and 

CD34+CD38+ cells, the assay was repeated using unsorted CD34+ cells. This was to 

increase the material available for assays as the sorting process loses a large amount of 

cells. The assays were repeated with the addition of a second shRNA vector with an 

alternative sequence against CXCL1 (sh5) to exclude the possibility of non-targeting 

effects of one single shRNA sequence. CXCL1 reduction using 2 vectors reduced the 

percentage of viable cells in comparison to the control in CD34+ cells (Figure 3-15). In 

addition, CXCL1 reduction resulted in a reduction in the number of colonies obtained in 

comparison to the control (Figure 3-15).  

Collectively, the data shows that CXCL1 reduction reduces colony formation and induces 

apoptosis in human stem/progenitor cells. Although this experiment has not been 

reproduced several times, it provides a good indication that CXCL1 plays a role in survival 

in human HSC. It is interesting that only a small percentage of cells underwent apoptosis in 

response to CXCL1 reduction, however a large reduction in colony numbers was observed 

in comparison to the control. The viability staining was carried out after 72 hours after 

transduction, whereas colony growth was examined approximately 10-14 days post 

transduction. A possible explanation is that apoptosis is induced over time and 72 hours is 

too early to detect dramatic changes in viability. Another possible explanation is that 

CXCL1 reduces cell viability and inhibits proliferation therefore a dramatic reduction in 
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colony formation is found. This is supported by the results in Figure 3-8 and Figure 3-11 in 

which proliferation is reduced and increased in HT 1080 cells in response to CXCL1 

reduction and over expression respectively. It will be necessary to confirm that CXCL1 

expression is reduced in CD34+ cells in response to both shRNA vectors, however due to a 

lack of cells this was not possible in this study. It can be inferred from the experiments on 

HT 1080 cells that the vectors work to reduce CXCL1 expression. However, it will be 

important to confirm this in primary material. 
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Figure 3-13 Reduction of CXCL1 reduces colony forma tion in human HSC CD34 +CD38+ and 

CD34+CD38- cells. 

Human CD34+ cells were recovered from frozen and cultured overnight in medium 

supplemented with GF. Cells were stained, sorted for CD34+CD38- and CD34+CD38+ 

fractions and lentivirally transduced with viral supernatant for CXCL1 knock down (sh6) 

or with a control (Scr). 24 hours after the addition of fresh medium, cells were sorted for 

GFP+ cells and 103 cells per mL of Methocult™ was plated in duplicate and cultured for 

10-14 days and colonies were counted. Data are presented as the mean total number of 

colonies for Scr and sh6 arms in CD34+CD38+ (A) and CD34+CD38- (B) fractions (n = 2). 

No statistical test was carried out due to the sample size of 2. Images are representative of 

colonies obtained in control or with CXCL1 knock down (C). 

 

A B 

C 
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Figure 3-14 Cell viability of CD34 +CD38+ cells in response to CXCL1 reduction. 

Human CD34+ cells were recovered from frozen and cultured overnight in medium 

supplemented with GF. Cells were stained and sorted for CD34+CD38- and CD34+CD38+ 

fractions and lentivirally transduced with viral supernatant for CXCL1 knock down (sh5) 

or with a control (Scr). 24 hours after the addition of fresh medium, cells were sorted for 

GFP+ cells and cultured for 72 hours and analysed for Annexin-V and dapi staining. Data 

are presented as the percentage of cells that were viable or dead (with early and late 

apoptosis combined) for Scr and sh5 arms (A) (n = 1). Image shows Annexin-V and dapi 

staining in Scr and sh5 arms (B). No statistical test was carried out due to the sample size 

of 1.  

 

 

 
 

A 

B 
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Figure 3-15 Cell viability and colony formation in response to reduction of CXCL1 in CD34 + 

cells. 

 
Human CD34+ cells were recovered from frozen and cultured overnight in medium 

supplemented with GF. Cells were lentivirally transduced with viral supernatant for 

CXCL1 knock down using 2 separate vectors (sh2 and sh5) or with a control (Scr). 24 

hours after the addition of fresh medium, cells were sorted for GFP+ cells and 103 cells 

plated in duplicate in 1mL of Methocult™ and incubated for 10-14 days or cultured for 72 

hours and analysed using Annexin-V and dapi for apoptosis staining. Data are presented as 

the total number of colonies obtained in Scr, sh2 and sh5 treatment arms (A) and as the 

percentage of cells that were viable or dead (with the combination of early and late 

apoptosis) for Scr, sh2 and sh5 arms (B). No statistical test was carried out due to the 

sample size of 1. Images are representative of colonies obtained in control or with CXCL1 

knock down (C).  

  

A B 
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3.3.6 CXCL1 over expression in CD34+ cells does not alter colony 
formation 

To examine if over expression of CXCL1 enhances cell viability and colony formation in 

primary HSC and progenitor cells, cells were lentivirally transduced with a vector 

encoding the CXCL1 coding sequence (CXCL1-PRRL). Due to limitations in cell 

numbers, cells were lentivirally transduced and cultured in a colony formation assay only.  

The results showed that there was no difference between CD34+ cells transduced with an 

empty vector or with CXCL1-PRRL (n.s., n = 3) (Figure 3-16). There was no difference in 

the types of colonies between treatments therefore data are presented as the total number of 

colonies. To ensure that the vector was functioning correctly, gene expression analysis was 

examined and showed an increase in CXCL1 levels in CD34+ cells transduced with 

CXCL1-PRRL in comparison to the control (P <0.01, n = 3). 

It was hypothesised that an increase in colonies would be found in response to CXCL1 

over expression. However the result found in Figure 3-16 does not support his hypothesis. 

Possible explanations include a saturation of CXCL1 levels in human primary cells or that 

a more in depth analysis including cell counts and apoptosis would show differences 

between conditions. 
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Figure 3-16 Over expression of CXCL1 does not affec t colony numbers in CD34 + cells.  

Human CD34+ cells were thawed and cultured overnight in medium and GF. Cells were 

lentivirally transduced with viral supernatant for CXCL1-PRRL or an empty vector 

control. 24 hours after the addition of fresh medium GFP positive cells were cultured and 

plated 1,000 cells per mL in Methocult™ and incubated for 10-14 days. Colonies were 

then counted. Data are presented as the total number of colonies with empty vector or 

CXCL1-PRRL arms (A). Images are representative of colonies obtained in control or with 

CXCL1 over expressionknock down (B). CXCL1 gene expression was calculated relative 

to housekeeping control GAPDH using the DeltaDeltaCT method. Data are presented as 

mean fold change of expression in the CXCL1-PRRL cells using the empty vector cells as 

a calibrator which is set to the value of 1 in three independent samples in triplicate (C). 

Relative expression is displayed (2-DeltaCT) with each dot displaying an average of technical 

triplicates from three independent experiments (D). Statistical analysis was performed 

using a paired t test (n = 3) (** P <0.01). Patient samples used were of mixed age, gender 

and health status. 

A B 

C D 
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3.3.7 Recombinant CXCL1 treatment of CD34+ cells does not alter 

cell viability or cell cycle status  

To examine if human stem/progenitor cells can respond to CXCL1 signalling, CD34+ cells 

were treated with recombinant CXCL1 (CXCL1) protein at a concentration typically used 

in the literature (100ng/mL).  After 24 hours treatment with CXCL1 or an appropriate 

vehicle control, cells were examined for viability and cell cycle status. No difference was 

found in the viability (n.s., n = 3) or cell cycle status (n.s., n = 3) (Figure 3-17).  

It is proposed that the exogenous treatment of CXCL1 would increase viability and 

proliferation of CD34+ cells. A possible explanation is that the time point and 

concentration used are not optimal for this experiment. A more in depth analysis with 

longer time points and higher concentrations would allow a more definitive conclusion on 

whether human HSC or progenitor cells respond to CXCL1. 
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Figure 3-17 Treatment of CD34 + cells with rCXCL1 does not alter cell viability or  cell cycle 

status after 24 hours. 

Human CD34+ cells were thawed and cultured overnight in medium and GF. Cells were 

treated with 100ng/mL CXCL1 or with a vehicle control for 24 hours. Cells were then 

washed and analysed for viability using Annexin-V and dapi staining or fixed, 

permeabilised and stained for Ki-67 and dapi. Data are presented as percentage of viable 

cells (A) or percentage of cells in each phase of the cell cycle (B) for both conditions. A 

paired t test (A) and two-way repeated measures ANOVA with Sidak’s multiple 

comparisons was used to examine significance between treatments (n.s., n = 3). Patient 

samples used were of mixed age, gender and health status. 

  

A B 
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3.3.8 CXCR2 inhibition on human CD34+ cells using SB-225002 
alters cell viability, cell cycle status and colony formation  

Results in section 3.3.3 show CXCR2 is expressed on CD34+CD38- and CD34+CD38+ 

cells by mRNA and protein analysis. We wanted to use an antagonist of CXCR2 signalling 

to complement the experiments using CXCL1 reduction. Compound SB-225002 was 

selected as it is an antagonist of CXCR2 signalling and has been shown to inhibit the 

binding of CXCL1 to CXCR2 (White et al., 1998). Due to the limiting availability of 

material and the observation that CXCR2 was expressed on both CD34+CD38- and 

CD34+CD38+ fractions, the cells used in this study were unsorted CD34+. Cells were 

treated for 72 hours with the compound at various concentrations ranging from 0.1µM up 

to 10µM and apoptosis, cell cycle and CFC assays were carried out.  

With the use of inhibitors there is always concern that any effects observed may be due to 

off target non specific effects or general toxicity. SB-225002 is known to inhibit murine 

CXCR2 signalling (Bento et al., 2008). To examine the specificity of SB-225002 on 

CXCR2 inhibition, a stem/progenitor population (c-Kit+) was isolated from WT or Cxcr2-/- 

mice and treated with various concentrations of SB-225002 in vitro. A decrease in the 

percentage of viable cells was found at 10µM in comparison to the untreated control in 

both WT and Cxcr2-/- cells (P <0.01) (n = 3) (Figure 3-18). It can be inferred from this 

result that 10µM is non specific as cells lacking Cxcr2 respond to the compound. 

Alternatively, a possible explanation is that the compound does not function to inhibit 

Cxcr2 in mouse cells and effects on viability are non specific which is not mediated 

through inhibition of CXCR2 signalling. Unfortunately the compound at lower 

concentrations does not affect the WT cells. This experiment cannot conclude whether 

Cxcr2 inhibition using SB-225002 alters cell viability.  

A reduction in the percentage of viable cells in comparison to a vehicle treated control was 

observed with 1µM (P <0.05) but not with 0.1µM (n.s.) (n = 3) (Figure 3-19). Cell cycle 

analysis was examined in concentrations from 0.1 to 1µM. An increase in the percentage 

of cells in G0 phase of cell cycle (P <0.05) and a decrease in percentage of cells in G1 

phase of cell cycle was found (P <0.05) (n = 3) (Figure 3-20) in the 1µM treatment arm. 

There were no significant differences found with the 0.1µM treatment arm however a trend 

towards a decrease in G0 and an increase in G2, S and M phases was reported. However, 

the increase in G0 cells with 1µM could also be due to the effects on viability and this 

should be further investigated. 
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Colony formation assays showed a trend towards a decrease in colony numbers in a 

primary plating assay with treatment with 1µM (n = 2) (Figure 3-21). However a sample 

size of 2 does not allow statistical analysis. Cells were harvested from the assay, counted 

and replated at equal numbers in Methocult™. The differentiation and proliferation 

potential in a secondary replating assay is thought to be indicative of self renewal activity. 

In a secondary colony formation assay, a trend towards a reduction in the number of 

colonies was found with both 0.1 and 1µM treatments (Figure 3-21) (n = 2). Again, sample 

size did not permit statistical analysis. Unfortunately, conclusions cannot be drawn, 

however some evidence is provided to suggest that CXCR2 signalling regulates survival in 

human HSC. 
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Figure 3-18 CXCR2 inhibition using SB-225002 decrea ses cell viability in c-Kit enriched cells 

derived from WT and Cxcr2-/- animals. 

To examine the specificity of SB-225002 on CXCR2 inhibition, c-Kit+ cells were enriched 

from WT or Cxcr2-/- animals. Cells were cultured with GF for 72 hours in the presence of 

various concentrations of SB-225002 or a vehicle control. Cells were then analysed for 

apoptosis using Annexin-V and dapi staining. Data are presented as the mean percentage of 

viable cells in response to treatment. Animals were between 8 and 12 weeks and male. 

Statistical analysis was performed using a repeated measure’s two-way ANOVA with the 

Sidak’s multiple comparison test to compare the treatments within each group and for each 

treatment between groups (*** P <0.001, n = 3).   
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Figure 3-19 CXCR2 inhibition using SB-225002 reduce s cell viability in CD34 + cells in vitro. 

CD34+ cells derived from mobilised PB were thawed and recovered overnight in medium 

supplemented with GF. Cells were cultured for 72 hours with medium and GF in the 

presence of the desired concentration of inhibitor or the appropriate vehicle control. Cells 

were washed and stained for Annexin-V and dapi and analysed. Data are presented as the 

mean percentage of viable cells relative to the vehicle treated control (set to 100%) (B) 

with representative dot plots for Annexin-V and dapi staining with vehicle treated and 

1µM treatment arms (A). Statistical analysis was performed using a one-way repeated 

measure ANOVA with Tukey’s multiple comparisons test to compare differences between 

untreated and each treatment (n = 3) (n.s., * P <0.05). Patient samples used were of mixed 

age, gender and health status. 

  

A 

B 
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Figure 3-20 CXCR2 inhibition using SB-225002 on CD3 4+ cells alters cell cycle status.  

CD34+ cells derived from mobilised PB were thawed and recovered overnight in medium 

supplemented with GF. Cells were cultured for 72 hours in medium and GF in the presence 

of the desired concentration of inhibitor or appropriate vehicle control. Cells were washed, 

fixed, permeabilised and stained for Ki-67 and dapi and analysed. Data are presented as the 

mean percentage of cells in each phase of the cell cycle; G0, G1 or G2, S and M (B) with 

representative dot plots for Ki-67 and dapi staining (A). Statistical analysis was performed 

using a repeated measures two-way ANOVA with Tukey’s multiple comparison test to 

assess differences between treatments (n = 3) (**P <0.01).  Patient samples used were of 

mixed age, gender and health status. 

 

  

A 

B 
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Figure 3-21 CXCR2 inhibition using SB-225002 decrea ses colony formation in primary and 

secondary colony assays in CD34 + cells in vitro. 

CD34+ cells derived from mobilised PB were thawed and recovered overnight in medium 

supplemented with GF. 1,000 CD34+ cells were plated per mL of methylcellulose™ with 

the addition of the desired concentration of inhibitor or appropriate vehicle control. The 

mix was vortexed and plated in duplicate and incubated for 10-14 days. After this time 

period, colonies were counted, cells were resuspended, counted and replated at 10,000 cells 

per mL of methycellulose™ with the addition of fresh inhibitor. All cells were replated and 

no differences were noted in colony type between conditions therefore data is presented as 

the mean total number of colonies after culture in primary (A) and secondary colony 

formation assay (B). No statistical significance tests were carried out due to the sample 

size of 2. Patient samples used were of mixed age, gender and health status. 

A B 
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3.4 Discussion 

 
Published microarray data from our laboratory reported than CXCL1, CXCL2 and CXCL6 

were up regulated in quiescent, human HSC populations although CXCL6 did not reach 

significance (Graham et al., 2007). Significantly differentially expressed candidates from 

microarray studies offer important discoveries. However, it is understood that these 

candidates should be experimentally validated as in particular, microarray expression data 

can contain a high level of noise. In addition, although gene expression differences can be 

validated, there are cases where the protein is not translated or indeed not functional. 

Considering these points, the first objectives in this study was to validate this gene 

expression data from the previous microarray study and extend the research to investigate 

the biological function. 

In this study, CD34 and CD38 cell surface markers were used to isolate populations taking 

the assumption that cells in these populations are in different states of the cell cycle with 

the CD34+CD38- population existing as more quiescent than the CD34+CD38+ population. 

The results obtained in this chapter showed that chemokines were up regulated in the 

quiescent fraction using CD34 and CD38 cell surface markers. In addition, the differential 

expression of CD38 and CDC6 in sorted samples provided conclusive evidence that the 

sorted populations showed differential expression of CD38 therefore the sort was efficient 

and CDC6 therefore the cells were in differential status of the cell cycle. It can be argued 

that the CD34+CD38+ fraction is more of a progenitor population, therefore experiments 

should compare chemokine gene expression of chemokines in different populations within 

the stem CD34+CD38- fraction to get a more in depth analysis of a stem cell population. 

Ideally, a more enriched HSC population should have been used in this study, however this 

would have reduced the material obtained and therefore the ability to perform techniques 

accurately.  

The microarray study did not implicate the receptor CXCR2 as being differentially 

expressed between quiescent and proliferating human HSC populations and it remains 

unclear from the available literature whether this particular receptor is expressed on any 

subsets of HSC. One study stated that CXCR2 was not expressed by human stem or 

progenitor populations (CD34+CD38- and CD34+CD38+), including cells isolated from 

adult BM or mobilised PB (Rosu-Myles et al., 2000). However, the technique used in this 

study to analyse protein expression was flow cytometry for cell surface staining only. In 
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the results in this chapter, it can be clearly seen that CXCR2 is expressed on human HSC 

and progenitor populations, both at the mRNA and protein level by immunofluorescence. 

One previous study showed positive staining of CXCR2 on CD34+ cells isolated from PB 

from normal controls, however this was variable between samples (Emadi et al., 2005). 

The results here are completely novel with the only chemokine receptor known to be 

expressed by HSC or progenitor cells is CXCR4 which is involved in cell survival and 

mobilisation (reviewed in the introduction section). However, to fortify the results in this 

chapter another method can be used to examine CXCR2 expression. 

Experiments in this chapter show that CXCR2 inhibition using SB-225002 on CD34+ cells 

resulted in a decrease in cell viability, cell cycle status and colony formation. This 

implicates that CXCR2 may be controlling these stem cell properties. In the literature, the 

compound has been tested in vitro and in vivo to show it can be used to prevent CXCR2 

ligand CXCL1 and CXCL8 induced neutrophil chemotaxis at similar concentrations 

(Catusse et al., 2003, Lane et al., 2001, White et al., 1998). However, due to the nature of 

compounds it could not be conclusively concluded that SB-225002 mediated CXCR2 

inhibition is responsible for the cellular effects. The literature also suggests that higher 

concentrations of the compound can inhibit CXCR1 signalling. It would therefore be 

useful to examine whether human HSC express CXCR1 as this is unclear in the literature. 

One study showed that human CD34+ cells derived from the cord blood (CB) of normal 

donors expressed high levels of CXCR1, however this should be validated (Rosu-Myles et 

al., 2000). However, as both CXCR2 inhibition and CXCL1 reduction showed a reduction 

in cell viability and colony formation, collectively this provided evidence that CXCL1-

CXCR2 signallin may play a role in HSC survival and maintenance but these experiments 

should be repeated to allow significance to be assessed. 

There is little literature available on the role of CXCR1 or CXCR2 on stem cell properties. 

A study on CB cells showed that inhibition against CXCR1 and CXCR2 decreased the 

percentage of stem cells, defined by CD133 positive staining, suggesting these receptors 

are fundamental to cell survival (Khalaf et al., 2010). A study on myeloid metaplasia with 

myelofibrosis showed that inhibition of CXCR1 and CXCR2 on CD34+ cells resulted in an 

increase in proliferation and skewed differentiation, however this was in a disease setting 

and not in normal haemopoiesis (Emadi et al., 2005). The predominant role of CXCR2 

signalling is in directed cell movement. CXCR2 expressing cells including granulocytes 

are directed towards different sites due to ligand expression. The studies in this chapter did 
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not examine cell migration, however it will be interesting to examine whether CXCR2 

expressing human HSC migrate in response to ligand stimulation.  

The results show that CXCL1 is expressed on CD34+CD38- cells at the mRNA level. 

Protein analysis through several techniques provided opposite results. Flow cytometry and 

ELISA showed negative expression, while immunofluorescence and western blotting 

showed positive expression. It is possible that technical reasons are responsible for a lack 

of signal with flow cytometry and ELISA. However, this can not be concluded. Further 

experiments are required to firmly conclude the expression of CXCL1 on human HSC. 

Results showed CXCL1 reduction in both cell lines (HT 1080) and primary CD34+ cells 

reduced cell survival and proliferation. Previous studies have shown that CXCL1 knock 

down decreases cell viability in melanoma cell lines (Botton et al., 2011). Furthermore, 

CXCL1 knock down and over expression have been shown to decrease and increase cell 

proliferation in epithelial ovarian cancer cell lines (Bolitho et al., 2010). CXCL1 reduction 

has also been shown to reduce cell proliferation in other cell types, including 

oligodendrocyte progenitors (Zhou et al., 2005). Collectively, the role of CXCL1-CXCR2 

signalling in survival and proliferation is not novel, however this has not been shown on 

primary HSC. To conclude this chapter, the results provide some evidence that CXCL1-

CXCR2 is a novel signalling pathway that may play a role in stem cell survival and 

proliferation however repetition of experiments are required to conclude this hypothesis.  
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4 Results II: Analysis of haemopoieisis and stem 
cell activity in Cxcr2-/- mice  

4.1 Introduction 

Results from chapter 3 provide evidence that the CXCR2 signalling pathway may support 

human HSC and progenitor survival in vitro. However, the haemopoietic structure is 

incredibly complex with HSC interacting with various other cell types in the BM niche. 

Consequently, HSC are influenced by external cues as well as internal cues (reviewed in 

the introduction section). With a particular focus on Cxcr2 signalling, there is evidence in 

the literature that Cxcr2 binding ligands play a role in HSC mobilisation (Pelus et al., 

2002). However the role of Cxcr2 signalling in HSC behaviour is largely unstudied and not 

well understood. Gene-targeting studies have been used to identify key roles of signalling 

pathways in biological processes and a mouse model in which mouse Cxcr2 is excised, is 

available for study. In addition, the mouse system provides the advantages of more 

material for in depth experiments including the use of in vivo assays. 

In this chapter, we wanted to extend the research in the first part of this study and examine 

how Cxcr2 signalling controls stem cell properties in vivo using a mouse model which 

lacks Cxcr2 (Cxcr2-/-). This model has been generated and animals are viable and live to 

adulthood. The mice have previously been characterised and animals lacking Cxcr2 display 

an increase in the numbers of mature myeloid cells and progenitors in the haemopoietic 

organs including the BM, spleen and PB. This phenotype has been shown to be 

environment dependent (Cacalano et al., 1994, Broxmeyer et al., 1996). It is proposed from 

previous literature that Cxcr2 negatively regulates myeloid cell production and this 

regulation is mediated through Cxcr2 binding ligands. However, whether mouse HSC 

express Cxcr2 and whether this signalling plays a role in the function of the stem cells has 

not been assessed to date.  

The results in this chapter were designed to investigate whether HSC and progenitor 

populations derived from Cxcr2-/- animals differ in terms of their frequency and function in 

comparison to WT controls. Data from the human experiments suggests that CXCR2 is 

controlling cell survival. Therefore the prediction is that in a Cxcr2-/- mouse model, the 

HSC will show loss of function in terms of stem cell activity. 
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4.2 Aims and Objectives 

The specific aims of this chapter were: 

I To examine Cxcr2 expression on mouse HSC 

The results in chapter 3 show that human HSC show positive expression of CXCR2. 

However whether mouse HSC express Cxcr2 is not known to date.  

II To investigate how a lack of Cxcr2 alters the frequency of mature cells in the 

haemopoietic organs  

This objective was to examine how Cxcr2 signalling affects the haemopoietic system. 

Previously published data shows differences in the frequency of mature haemopoietic cells 

in Cxcr2-/- animals. However this has been shown to be dependent on the environment the 

animals are housed in. We wanted to examine the phenotype of the mice used in this study. 

III To investigate whether a lack of Cxcr2 alters HSC and progenitor populations 

in terms of their frequency, properties and function  

This objective was to understand whether a lack of Cxcr2 signalling affects the number and 

function of HSC/progenitor populations. 
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4.3 Results 

4.3.1 CXCR2 is expressed on mouse HSC  

Data from chapter 3 showed human HSC populations express CXCR2 and an autocrine 

signalling loop with ligand CXCL1 is involved in stem cell viability and proliferation. It is 

unclear in the literature whether mouse HSC populations express the receptor. One study 

identified positive expression in lineage negative, CD45+ cells derived from mouse BM 

(Yoon et al., 2012). However, this population represents a mix of stem and progenitor 

cells. A similar study examined a more primitive population (LSK) for Cxcr2 expression. 

Variation was found between samples with both positive and negative expression reported 

(Wright et al., 2002). It is therefore unclear in the literature whether Cxcr2 is expressed on 

mouse HSC. Furthermore, recent research has identified cell surface markers expressed by 

mouse HSC and more primitive populations can be isolated and studied. The first objective 

in this chapter was to examine Cxcr2 expression on mouse HSC. Due to the small numbers 

of stem cells available from mouse HSC populations (including the most primitive subset), 

single cell Q-PCR was used to assess expression of Cxcr2 on sorted populations. Mouse 

BM was harvested, stained for a cocktail of antibodies against stem cell markers and sorted 

for LSK in addition to CD150+CD48- (LT-HSC), CD150-CD48- (ST-HSC), CD150+CD48+ 

and CD150-CD48+ (MPP) populations and examined for Cxcr2 expression. The 

terminology used in this thesis follows previous research (Khandanpour et al., 2010, Kiel 

et al., 2005). The experiments in section 4.3.1 were carried out in collaboration with Dr 

Amelie Guitart.  

Results showed Cxcr2 was expressed at the mRNA level on all HSC populations examined 

with no trend towards differences in expression between populations (Figure 4-1). Relative 

expression was used to compare expression with a stem cell gene p21 (Cheng et al., 2000). 

This is the first study to show that Cxcr2 is expressed on mouse HSC populations 

including the most primitive LT-HSC. The lack of difference in expression between stem 

and progenitor populations suggests that signalling is important for stem and progenitor 

function. Alternatively, it is possible that CXCR2 is differentially expressed at the protein 

level in these populations. However, protein expression of CXCR2 was not examined due 

to time constraints in this study and the low cell numbers that are available from mouse 

HSC and progenitor populations. Protein expression analyses will be useful to confirm the 

protein is translated. 
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To determine whether an autocrine loop of Cxcr2 signalling exists on mouse HSC, mouse 

homologs of human Cxcr2 binding ligands Cxcl1, Cxcl2 and Cxcl5/6 (as highlighted from 

the original microarray) were examined for gene expression using the methodology 

described above. Results showed that the ligands tested were not detected on any of the 

populations using single cell Q-PCR (data not shown). It can be interpreted from these 

results that either a Cxcr2 autocrine signalling loop is not present on mouse HSC, or 

alternatively, other CXC ligands are expressed which were not assessed in this particular 

experiment. Alternatively, it is possible that Cxcr2 expressing HSC signal to other cell 

types in the BM niche in a paracrine manner. To support this, previous studies have shown 

that CXCR2 expression is detected on BM derived lineage negative cells which respond to 

Cxcl5 expressed by EC (Yoon et al., 2012). Therefore, there is literature to support the 

result that CXCR2 is expressed on stem/progenitor populations and they can respond to 

ligand expression from other cell types present in the BM niche.  
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Figure 4-1 Mouse HSC populations express Cxcr2 at the mRNA level.  

Normal BM was freshly isolated and stained for antibodies against LSK, CD150 and 

CD48. 500 cells were sorted, RT and Q-PCR was carried out for Cxcr2 mRNA expression. 

Fold change was calculated relative to housekeeping control β2M (A). Data is also 

displayed as the relative expression (2-DeltaCT) (B). Results show the mean of technical 

triplicates from two independent experiments using two separate WT animals, both male at 

age 6-12 weeks (n = 2) (A). Panel B shows relative expression in comparison to a stem cell 

gene p21. No statistical analysis was carried out due to the sample size of 2.  

 
  

A B 
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4.3.2 Cxcr2-/- animals display differential numbers of mature 
haemopoietic cells 

Preliminary experiments were carried out on Cxcr2-/- animals on a Balb/c background. 

However, analysis of the stem cell populations in these animals showed little/no staining of 

stem cell marker Sca-1 which was confirmed in the literature (data not shown) (Spangrude 

and Brooks, 1993). A lack of Sca-1 staining made the stem cell analysis difficult to 

interpret without the ability to examine populations which were Sca-1+. In addition, 

animals on a Balb/c background are not commonly used in BM reconstitution assays with 

no clear way to discriminate between donor and host cells. Consequently, experiments 

were carried out on animals on a C57/BL6 background in which normal Sca-1 staining was 

observed (Figure 4-7). C57/BL6 animals are commonly used for BM reconstitution assays 

due to the existence of two strains with different cell surface markers (Weissman, 2000). 

This allows the discrimination of donor versus host cells in transplantation assays.  

Previous literature has documented that the observed phenotype in Cxcr2-/- animals is 

dependent upon the environment in which the animals are housed in (Broxmeyer et al., 

1996). In this section, immunophenotypic analysis and cell counts were used to assess the 

cellularity and frequency of mature haemopoietic cells (myeloid (GR1, CD11B), lymphoid 

(CD19 and B220) and erythroid cells (TER119)) in the haemopoietic organs (BM, spleen, 

PB and thymus). Cxcr2-/- animals were examined with age and sex matched WT littermates 

as controls. 

4.3.2.1  BM 

Analysis of the BM showed a trend towards an increase in the cellularity in the absence of 

Cxcr2, which was not statistically significant (n.s., n = 12) (Figure 4-2). 

Immunophenotypic analysis showed a significant decrease in erythroid cells in the absence 

of Cxcr2 (P <0.05, n = 12) (Figure 4-2). A significant increase was found in the 

granulocyte cells in the Cxcr2-/- mice (P <0.001, n = 12) (Figure 4-2). Finally a trend 

towards a decrease was found in the B cells in the Cxcr2-/- mice which was not significant 

(n.s., n = 12) (Figure 4-2).  

4.3.2.2  Spleen 

Analysis of the spleen showed a trend towards an increase in the cellularity in the Cxcr2-/- 

animals, which was not statistically significant (n.s., n = 6) (Figure 4-3). This was most 
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likely due sample variation as an increase in spleen size in the Cxcr2-/- animals was clearly 

noted after dissection. There was an increase in the numbers of erythroid cells in the Cxcr2-

/- mice (P <0.01. n = 6) and in the granulocyte cells (P <0.05, n = 6) (Figure 4-3) (Figure 

4-4). There was no statistically significant differences in the B and T cell numbers between 

strains (n.s., n = 6) (Figure 4-3).  

4.3.2.3  PB 

PB analysis showed an increase in cellularity in the Cxcr2-/- animals (P <0.05, n = 12) 

(Figure 4-5). There was no difference in the numbers of erythroid cells in the Cxcr2-/- 

animals (n.s., n = 6) (Figure 4-5). A trend towards an increase was found in the 

granulocytes (n.s., n = 6) (Figure 4-5) which was not significant due to small sample size 

and inter sample variability. Finally no difference in the numbers of B cells was found 

between strains (n.s., n = 6) (Figure 4-5). T cells information is not available due to 

technical problems during the staining. 

4.3.2.4  Thymi 

Analysis of the thymi showed no difference in cellularity (n.s., n = 6) with no difference in 

the number of T cells between strains (n.s., n = 6) (Figure 4-6).  

Collectively, the data in this section is in accordance with results from previous reports 

(Broxmeyer et al., 1996, Cacalano et al., 1994). Previously it has been shown that the 

number of myeloid cells are increased in Cxcr2-/- animals which is only displayed in 

animals housed in a normal environment and not under germ-free conditions (Broxmeyer 

et al., 1996). Although the use of animals in this chapter were housed in a ‘clean’ facility, 

it is likely this was not germ-free and therefore the reason why a difference in myeloid 

cells was observed. As reported previously, an increase in myeloid cells was observed in 

the BM, spleen and PB with an overall increase in WBC cellularity. It has been proposed 

that Cxcr2 is a negative regulator of myeloid cells therefore a lack of Cxcr2 in the 

organism results in an expansion of the myeloid compartment. In addition to differences in 

the number of myeloid cells between strains, differences were found in numbers of 

erythroid cells in the BM and spleen between strains. It is possible that a reduction in the 

BM is due to the increase of myeloid cells which reduces the overall number of erythroid 

cells. However, an increase of erythroid cells was found in the spleen of Cxcr2-/- animals. It 

is possible that Cxcr2 plays a role in both myeloid and erythroid regulation. The lack of 
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difference in the cellularity of thymus and numbers of T cells suggests that this is not 

altered by Cxcr2 signalling. 
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Figure 4-2 Cellularity and absolute numbers of matu re cells in the BM between WT and 

Cxcr2-/- animals. 

Whole BM was assessed for cellularity and the absolute number of mature cells was 

assessed using flow cytometry and WT and Cxcr2-/- (KO). Data are presented as the mean 

total number of cells (WBC) between strains (A) or absolute numbers of mature cells; 

erythroid (TER119+), granulocyte (GR1+CD11B+) or B cells (CD19+B220+) (B). Statistical 

analysis was carried out using a two-tailed unpaired student’s t test with Welch’s 

correction for unequal variance (* P <0.05; *** P <0.001, n = 12). Plots display a 

representative image of staining observed with GR1+CD11B+ dotplots (C) or TER119+ 

histogram (D). Animals were between 6 to 12 weeks and mixed gender (WT 7 male, 5 

female; Cxcr2-/- 6 male, 6 female).  
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Figure 4-3 Cellularity and absolute numbers of matu re cells in the spleen between WT and 

Cxcr2-/- animals.  

Spleen was assessed for cellularity and the absolute number of mature cells was assessed 

using flow cytometry. Data are presented as the mean total number of cells (WBC) 

between strains (A) or absolute numbers of mature cells; erythroid (TER119+), granulocyte 

(GR1+CD11B+), B cells (CD19+B220+) (B) or T cell subsets (CD4+CD8+ , CD4-CD8-, 

CD4+CD8- and CD4-CD8+) (C). Statistical analysis was carried out using a two-tailed 

unpaired student’s t test with Welch’s correction for unequal variance (* P <0.05; ** P 

<0.01, n = 6). Animals were between 6 to 12 weeks and mixed gender (WT 3 male, 3 

female; Cxcr2-/- 4 male, 2 female).  
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Figure 4-4 Flow cytometry plots of mature cells in the spleen between WT and Cxcr2-/- 

animals. 

Plots display a representative image of staining observed in GR1+CD11B+ dotplots (A) or 

TER119+ histogram (B) in Cxcr2-/- or WT spleens.  

 

 

 

  

A 
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Figure 4-5 Cellularity and absolute numbers of matu re cells in the PB between WT and 

Cxcr2-/- animals.  

PB was assessed for cellularity and the percentage of mature cells was assessed using flow 

cytometry. Data are presented as the mean total number of cells (WBC) between strains 

(A) or absolute numbers of mature cells; erythroid (TER119+), granulocyte 

(GR1+CD11B+) or B cells (CD19+B220+) (B). Statistical analysis was carried out using a 

two-tailed unpaired student’s t test with Welch’s correction for unequal variance (* P 

<0.05, n = 6). Plots display a representative image of staining observed in GR1+CD11B+ 

dotplots (C). Animals were between 6 to 12 weeks and mixed gender (WT 3 male, 3 

female; Cxcr2-/- 4 male, 2 female). 
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Figure 4-6 Cellularity and absolute numbers of matu re cells in the thymi between WT and 

Cxcr2-/- animals.  

Thymi were assessed for cellularity and the percentage of mature cells was assessed using 

flow cytometry. Data are presented as the mean total number of cells (WBC) between 

strains (A) or absolute numbers of T cell subsets (CD4+CD8+, CD4-CD8-, CD4+CD8- and 

CD4-CD8+) (B). Statistical analysis was carried out using a two-tailed unpaired student’s t 

test with Welch’s correction for unequal variance (n.s., n = 6). Animals were between 6 to 

12 weeks and mixed gender (WT 3 male, 3 female; Cxcr2-/- 4 male, 2 female).  

  

A B 



178 

 

4.3.3 Cxcr2-/- animals show differences in the frequencies of 
stem and progenitor cells in the BM and spleen 

Analysis of the stem and progenitor compartment in terms of frequency and functionality 

has not been assessed in Cxcr2-/- animals to date.  

A method for assessing whether a gene plays a key role in stem or progenitor function is to 

examine the frequencies of stem and progenitor cells in animals lacking the gene. As an 

example, a reduction or expansion of the stem cell compartment can give an indication of 

genes involved in stem cell maintenance or cell cycle. Analysis of stem and progenitor 

populations can be examined using flow cytometry with a variety of cell surface markers to 

distinguish different cell types (as described in methods section). Stem cell populations can 

be identified as described in section (4.3.1). Progenitor populations can be analysed using 

the lineage negative fraction, with Sca-1 negative and c-Kit positive cells (LK) which can 

be further sorted into lineage restricted progenitor populations using CD16/CD32 and 

CD34 staining for the identification of GMP, CMP and MEP populations.  
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4.3.3.1  BM 

4.3.3.1.1 Stem cell frequency 
 
There was a decrease in the number of lineage negative cells in the Cxcr2-/- animals (P 

<0.05, n = 12) (Figure 4-7). Within the lineage negative fraction, the LSK and further 

enriched stem cell populations were examined. There was a trend towards an increase in 

the number of LSK cells which was not significant most likely due to high variability 

between Cxcr2-/- samples (n.s., n = 12) (Figure 4-7). The CD150+CD48- fraction (LT-HSC) 

showed an increase in the Cxcr2-/- animals (P <0.05, n = 12) (Figure 4-7). Finally, there 

were no differences between CD150-CD48- (ST-HSC), CD150+CD48+ (MPP) or CD150-

CD48+ (MPP) fractions but a trend towards an increase in all populations was noted (n.s., n 

= 12) (Figure 4-7). Representative flow cytometry plots are shown (Figure 4-8). 

As these animals show an expansion of myeloid cells within the BM, the reduction in the 

percentage of lineage negative cells and subsequently cell number is possibly due to this 

disruption of mature cells within the organ. The data collectively suggests that Cxcr2-/- 

animals have an expansion of the stem cell populations, including the most primitive (LT-

HSC) fraction in the BM. This suggests that Cxcr2 is important for steady state 

haemopoiesis. This could suggest that CXCR2 signalling is negatively regulating stem cell 

production. Stem cell frequency gives no conclusive indication of stem cell function. 

However, often ‘loss of function’ in HSC is initially associated with transient expansion in 

stem cells numbers due to increased proliferation but eventual exhaustion and depletion of 

repopulating stem cells. As an example, HSC with no cell cycle inhibitors show a transient 

expansion which results in exhaustion and reduced HSC activity in BM reconstitution 

assays (Cheng et al., 2000). To conclude this, in vivo cell cycle analysis and BM 

reconstitution assays are required. 

4.3.3.1.2 Progenitor frequency 
 
In terms of the progenitor populations, the LK fraction contains progenitor cells and shows 

a trend towards a decrease in the Cxcr2-/- condition (n.s., n = 6) (Figure 4-9). There were no 

statistically significant differences between GMP, CMP and MEP populations in terms of 

absolute numbers however there was a trend towards an increase in the GMP population 

and decrease in the CMP and MEP populations (n.s., n = 6) (Figure 4-9). It is likely that 

differences might be found with an increase in sample size as a high volume of variation 

was noted between animals and a sample size of n = 6 was used in this assay. Observation 
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of representative flow cytometry plots of GMP, CMP and MEP staining demonstrates that 

the distribution of cell types between strains is different with an increase in GMP and CMP 

populations and a decrease in MEP populations in Cxcr2-/- animals (Figure 4-9). 

It is not surprising that the flow cytometry plots show a differential distribution of GMP, 

CMP and MEP populations due to the differences in mature cell types (granulocytes and 

erythroid) that we see in the mature cells in the BM in section 4.3.2. This does however 

suggest that the deregulation of myeloid cells that occurs in the Cxcr2-/- mice occurs at the 

primitive, progenitor level. However, this cannot be concluded due to a lack of significance 

in absolute progenitor numbers between strains.  
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4.3.3.2  Spleen 

4.3.3.2.1 Stem cell frequency 
 
There was a trend towards an increase in the number of lineage negative cells in the Cxcr2-

/- animals in the spleen (n.s., n = 6) (Figure 4-10). There was a significant increase in the 

number of LSK cells in the Cxcr2-/- animals (P <0.05, n = 6) (Figure 4-10). Finally, All 

HSC fractions showed a trend towards an increase in the Cxcr2-/- animals which was not 

statistically significant, most likely due to the low sample size for this result (n.s., n = 3) 

(Figure 4-10).   

The data suggests that Cxcr2-/- animals have an expansion of the stem cell populations both 

in the BM and spleen and show extramedullary (spleen) haemopoiesis. This suggests that 

the HSC are both expanded and there is enhanced mobilisation in the Cxcr2-/- animals. This 

is in accordance with previous literature which shows an increase in the numbers of CFU 

in BM and spleen derived cells in Cxcr2-/- conditions in comparison to WT controls 

(Broxmeyer et al., 1996, Cacalano et al., 1994). However, this study extends this previous 

research and shows detailed analysis of the stem cell populations. 

4.3.3.2.2 Progenitor frequency 
 
In terms of progenitor cells in the spleen, the LK fraction showed an increase in the   

Cxcr2-/- animals (P <0.05, n = 6) (Figure 4-11). There were trends towards increases in all 

progenitor populations including the GMP, CMP and MEP populations (n.s. for GMP and 

CMP respectively with P <0.001 for MEP, n = 3) (Figure 4-11). It can be seen from 

representative flow cytometry plots that the distribution of progenitor populations differ 

between strains with a greater population of GMP and CMP populations in the Cxcr2-/- 

animals (Figure 4-11). The increase in progenitor populations is in accordance with results 

in the previous sections which showed an increase in mature myeloid and erythroid cells in 

the spleen derived from Cxcr2-/- animals.  
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Figure 4-7 Absolute numbers of stem cell population s between WT and Cxcr2-/- animals in 

the BM. 

Whole BM was made into a single cell suspension and stained for antibodies to examine 

the stem cell populations and analysed using flow cytometry. Data are presented as the 

mean absolute cell numbers for lineage negative (A), LSK (B) or HSC (C) populations 

between WT and Cxcr2-/- animals. Statistical analysis was carried out using a two-tailed 

unpaired student’s t test with Welch’s correction for unequal variance (* P <0.05, n = 12). 

Animals were between 6 to 12 weeks and mixed gender (WT 7 male, 5 female; Cxcr2-/- 6 

male, 6 female). 

  

A B 

C 



183 

 

Figure 4-8 Representative flow cytometry plots of l ineage negative, LSK and HSC 
populations between WT and Cxcr2-/- animals. 
 
Plots display a representative image of lineage negative (A), LSK (B) and HSC 

populations (C) between WT and Cxcr2-/- animals.  
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Figure 4-9 Absolute numbers of progenitor populatio ns between WT and Cxcr2-/- animals in 

the BM. 

The BM was made into a single cell suspension and stained with antibodies to examine the 

progenitor populations and analysed using flow cytometry. Data are presented as the mean 

absolute cell numbers for LK (A) or progenitor populations (B) between WT and Cxcr2-/- 

animals. Statistical analysis was carried out using Statistical analysis was carried out using 

a two-tailed unpaired student’s t test with Welch’s correction for unequal variance (n.s., n 

= 6). Images demonstrate representative flow cytometry plots for LSK (C) and progenitor 

(D) staining between WT and Cxcr2-/- animals. Animals were between 6 to 12 weeks and 

mixed gender (WT 3 male, 3 female; Cxcr2-/- 1 male, 5 female). 
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Figure 4-10 Absolute numbers of stem cell populatio ns between WT and Cxcr2-/- animals in 

the spleen. 

Spleen was made into a single cell suspension and stained for antibodies to examine the 

stem cell populations and analysed using flow cytometry. Data is presented as the mean 

absolute cell numbers for lineage negative (A), LSK (B) or HSC (C) populations between 

WT and Cxcr2-/- animals. Statistical analysis was carried out using a two-tailed unpaired 

student’s t test with Welch’s correction for unequal variance (* P <0.05, n = 6). Dotplot 

shows representative flow cytometry staining profile for LSK staining between WT and 

Cxcr2-/- animals (D). Animals were between 6 to 12 weeks and mixed gender (WT 3 male, 

3 female; Cxcr2-/- 1 male, 5 female). 
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Figure 4-11 Absolute numbers of progenitor populati ons between WT and Cxcr2-/- animals in 

the spleen. 

The spleen was made into a single cell suspension and stained with antibodies to examine 

the progenitor populations and analysed using flow cytometry. Data are presented as the 

mean absolute cell numbers for LK (A) and progenitor (B) populations between WT and 

Cxcr2-/- animals. Statistical analysis was carried out using a two-tailed unpaired student’s t 

test with Welch’s correction for unequal variance (* P <0.05; *** P <0.001, n = 3). 

Dotplots display representative flow cytometry staining  observed for LK (C) and 

progenitor populations (D) between WT and Cxcr2-/- animals. Animals were between 6 to 

12 weeks and same gender (WT 3 female; Cxcr2-/- 3 female). 
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4.3.4 Cxcr2-/- animals show an increase in colony numbers 

derived from the spleen and PB 

HSC and progenitor cells are contained within the BM, spleen and PB and have the 

capacity to differentiate into cells of myeloid and lymphoid lineages. The CFC assay 

measures the differentiation and proliferation capacity using their ability to form colonies 

in culture as described in the previous chapter. This assay was used to examine the 

differences in proliferation and differentiation capacity of cells derived from the BM, 

spleen and PB from WT and Cxcr2-/- animals. To examine the self renewal capacity of BM 

derived cells, colonies grown in a primary plating assay were harvested and replated into a 

secondary assay. Using this assay, the self renewal capacity of BM stem/progenitor cells 

was compared between strains. 

4.3.4.1  BM 

BM derived from Cxcr2-/- and WT animals showed both strains generated colonies in 

methylcellulose and had comparable lineage differentiation potential. No difference in 

CFU was found in primary plating assays derived from BM cells between strains (n.s., n = 

8) (Figure 4-12). No difference in colony types were observed between strains therefore 

colonies were counted as total number of colonies (data not shown). After colony counts, 

colonies were harvested from plates, pooled and reseeded into a secondary colony 

formation assay to get an indication of the self renewal activity of the stem/progenitor 

cells. No difference in colonies in a secondary colony formation assay was found in cells 

derived from the BM however huge variation was noted between samples in the Cxcr2-/- 

condition (n.s., n = 3) (Figure 4-12).  

4.3.4.2  Spleen 

An increase in CFU-GM colonies was found in cells derived from the Cxcr2-/- spleen (P 

<0.001, n  = 3) (Figure 4-13). This was not statistically significant which likely reflects a 

small sample size and sample variability. Similarly, a trend towards an increase in CFU-E 

colonies was found (n.s., n = 3). Finally, no CFU-GEMM colonies were found in either 

condition. The increase in CFU-GM and CFU-E colonies resulted in an overall trend 

towards increase in the total number of colonies in the Cxcr2-/- animals in comparison to 

the WT controls (n.s., n = 3).   
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4.3.4.3  PB 

An increase in CFU-GM colonies was found in the PB of Cxcr2-/- animals (P <0.01., n = 6) 

(Figure 4-14). No difference in CFU-E or CFU-GEMM colonies was found between 

strains (n.s., n = 6). However the increase in CFU-GM colonies collectively resulted in a 

trend towards an increase in the total number of colonies in the Cxcr2-/- animals which 

failed to reach significance (n.s., n = 6) 

Data from previous literature which showed an increase in CFU in the spleen and PB in 

cells derived from Cxcr2-/- animals in comparison to controls  (Broxmeyer et al., 1996). 

This indicates that stem/progenitor activity exists in the circulation and extramedullary 

sites of haemopoiesis including the spleen and PB. The results in section 4.3.3.2 with 

immunophenotypic analyses support this. The lack of significance with colony assays in 

the spleen and PB likely represents inter sample variation. However, in the study by 

Broxmeyer et al., an increase in CFU in BM derived cells was reported in BM cells which 

lack Cxcr2. The lack of difference in CFU found in the BM between Cxcr2-/- and WT cells 

in this chapter could, and most likely reflects technical issues. Observation of the CFU 

numbers obtained from BM samples in the Broxmeyer et al., study showed a much higher 

number of CFU obtained in the WT condition than in the results in this thesis (>80 CFU 

per sample in comparison to ~20 per sample). Therefore it is likely that technical issues 

resulted in small CFU numbers and may not be as accurate. To support this idea, an 

increase in myeloid, stem and progenitor populations is noted in Cxcr2-/- animals using 

flow cytometry analysis as described in sections 4.3.2.1 and 4.3.3.1. Therefore it was 

predicted that BM derived Cxcr2-/- cells would produce an increase in CFU in comparison 

to WT controls.  

The results from the replating assay suggests that there is no difference in self renewal 

activity between strains however low numbers of CFU were noted, small sample sizes 

were used and high variation was noted between samples. Therefore this result is not 

conclusive to whether cells lacking Cxcr2 in the BM show altered 

proliferation/differentiation or self renewal activity. 
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Figure 4-12 WT and Cxcr2-/- CFC analysis in BM derived cells showed no differen ce between 
strains in primary or secondary plates. 
 
Whole BM from either Cxcr2-/- or WT animals was made into a cell suspension, WBC 

counted and 104 cells plated per mL in Methocult™ and incubated for 10-14 days. 

Colonies were subsequently scored, counted and replated into a secondary assay. Data are 

presented as the mean total number of colonies in a primary (A) (n  = 8) and secondary 

replating assay (B) (n = 3). Statistical analysis was carried out using a two-tailed unpaired 

student’s t test with Welch’s correction for unequal variance (n.s.). Animals were between 

6 to 12 weeks and mixed gender (CFC1 WT 5 male, 3 female; Cxcr2-/- 5 male, 3 female; 

CFC2 WT 1 male, 2 female; Cxcr2-/- 2 male, 1 female).   

A B 
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Figure 4-13 WT and Cxcr2-/- CFC analysis in spleen derived cells. 

Spleen was isolated from Cxcr2-/- or WT animals, WBC counted and 105cells plated per 

mL in Methocult™ and incubated for 10-14 days. Colonies were subsequently scored and 

counted. Data are presented as the mean total number and type of colonies (A) and total 

number of colonies (B) (n = 3). Statistical analysis was carried out using a two-way 

ANOVA with Sidak’s multiple comparisons to assess differences between groups (A) (*** 

P <0.001) and a two-tailed unpaired student’s t test with Welch’s correction for unequal 

variance (B) (n.s., P = 0.058). Animals were between 6 to 12 weeks and same gender (WT 

3 female; Cxcr2-/- 3 female). 

  

A B 
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Figure 4-14 WT and Cxcr2-/- CFC analysis in PB derived cells. 

PB was isolated from WT and Cxcr2-/- animals, WBC counted, RBC lysed and 100,000 

cells plated per mL in Methocult™ and incubated for 10-14 days. Colonies were 

subsequently scored and counted. Data are presented as the mean total number and type of 

colonies (A) and total number of colonies (B) (n = 3). Statistical analysis was carried out 

using a two-way ANOVA with Sidak’s multiple comparison test to assess differences 

between groups (A) (** P <0.01) and a two-tailed unpaired student’s t test with Welch’s 

correction for unequal variance (B). Animals were between 6 to 12 weeks and same gender 

(WT 3 female; Cxcr2-/- 3 female). 

  

A B 
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4.3.5 Analysis of viability in Cxcr2-/- HSC populations  

The results from section 4.3.3.1.1 showed an expansion of LT-HSC in the BM of Cxcr2-/- 

animals indicating expansion of stem cells with a lack of Cxcr2. To test whether HSC 

derived from Cxcr2-/- or WT animals differed in terms of their stem cell properties, it was 

aimed to examine viability and cell cycle status of HSC derived from both strains. BM was 

harvested and stained for antibodies to identify HSC populations with the addition of 

Annexin-V and Ki-67 to measure cell death and proliferation respectively. The results are 

representative of one sample therefore no statistical analysis has been carried out and only 

trends are discussed. 

Results showed a trend towards a decrease in the percentage of Annexin-V+ cells in cell 

populations in the Cxcr2-/- animals in the whole BM, lineage negative, LSK, 

CD150+CD48-, CD150-CD48-, CD150+CD48+ and CD150-CD48+ HSC populations 

(Figure 4-15). A sample size of n = 1 was used therefore no standard deviation or statistical 

significance is recorded. 

Although it cannot be concluded, the results suggest that the stem/progenitor populations 

are more viable (less Annexin-V+) in the Cxcr2-/- animals in comparison to the WT 

littermates (n = 1). Analysis of viability of the WT cells, showed a percentage of Annexin-

V+ cells in whole BM which is likely basal levels of apoptosis (16.4%). This is not 

surprising as the BM contains a mixture of diverse cell types including terminally 

differentiated mature cell types which have a short life span and are regulated by apoptosis. 

In addition, the cells were examined ex vivo which means they are taken from their niche 

environment where their survival and maintenance are regulated by extrinsic signals. The 

percentage of apoptotic cells was decreased as a more primitive cell population was 

analysed from lineage negative (9.77%) to LSK and LT-HSC population (5.0% and 5.5% 

respectively). This indicates that the Annexin-V staining is correct as the expression 

pattern of staining correlates to the pattern expected. Interestingly, an increase in the 

percentage of Annexin-V+ cells was found in the CD150+CD48+ population which 

suggests this particular MPP population exhibits a higher level of basal apoptosis than the 

other HSC populations. It is unclear why cells lacking Cxcr2 show increased viability in 

comparison to controls. It is possible that Cxcr2 inhibition results in a compensation of 

other chemokines including Cxcr1 which results in enhanced cell viability. However, this 

cannot be concluded without analysis of Cxcr1 and other chemokines in the absence of 

Cxcr2. 



193 

Ki-67 staining was used to examine proliferation in HSC populations. Although this stain 

used alone cannot discriminate between cells in G0 versus G1, the percentage of Ki-67+ 

cells shows cells in G2, S and M phases and therefore can indicate cells that are actively 

proliferating. Data showed a decrease in the percentage of Ki-67+ cell populations 

suggesting a decrease in cell proliferation in the Cxcr2-/- animals in the whole BM, lineage 

negative and LK populations (Figure 4-15). No difference was found between WT and 

Cxcr2-/- animals in the LSK or other HSC populations including the CD150+CD48- and 

CD150+CD48+ populations. A trend towards an increase was found in the CD150+CD48+ 

and CD150-CD48+ populations (n = 1) (Figure 4-15). No statistical tests were carried out 

due to the sample size of 1. 

In the WT cells, it can be seen that the BM and LK fractions show the highest levels of 

proliferation which is decreased in the HSC populations, with the lowest levels noted in the 

most primitive CD150+CD48- fraction. This staining pattern is as would be predicted as the 

most primitive HSC are known to be less proliferative. No difference in Ki-67+ cells is 

found between HSC populations between strains with the exception of the MPP population 

(CD150-CD48+) and this trend is found in the less primitive LK and lineage negative 

fraction also. Although with a sample size of 1, conclusions cannot be drawn, it can be 

inferred that the MPP population becomes more proliferative in the absence of Cxcr2. In 

contrast, the whole BM, lineage negative and LK fraction seem to be less proliferative in 

the absence of Cxcr2. Higher proliferation in the MPP population could result in cell 

exhaustion and Cxcr2 controls cell cycle differently in MPP in comparison to more mature 

cell types. A more in depth analysis of cell cycle analysis with the addition of DNA stains 

to distinguish between cells in G0 and G1 can be used. Alternatively, the cycling status of 

cells can be examined in vivo with the use of label retaining dyes including 

bromodeoxyuridine (Brd-U).  
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Figure 4-15 Cxcr2-/- HSC viability and proliferation. 
 
WT or Cxcr2-/- stem and progenitor populations were stained for Annexin-V and analysed 

for viability or fixed, permeabilised and stained for Ki-67. Data is presented as the mean 

percentage of Annexin-V+ cells (A) or Ki-67+ cells (B) in various cell populations in BM 

derived cells in the WT and Cxcr2-/- conditions. The sample size is one, therefore no 

standard deviation or statistical analysis is shown (n = 1). Dotplots of representative 

samples show flow cytometry staining of Annexin-V+ cells in the CD150+CD48+ fraction 

(C) or Ki-67 staining in LK fraction (D). Animals were between 6 to 12 weeks and same 

gender (WT 1 female; Cxcr2-/- 1 female).  

 

 

 

  

C 
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4.3.6 Analysis of engraftment in a BM reconstitution assay with 
WT or Cxcr2-/- HSC  

The gold standard technique for assaying HSC functional activity is the BM reconstitution 

assay. More specifically, this technique involves the isolation of HSC and transplantation 

into a host in which the BM has been ablated with lethal irradiation. After transplantation, 

the HSC will home and engraft into the BM niche, where they will balance self renewal 

and multilineage differentiation to produce progeny including the mature cell types of 

haemopoiesis. A decrease in engraftment and multilineage differentiation infers that the 

HSC population is not functional. The use of donor cells (CD45.2+) from a different 

genetic background than the host (CD45.1+) allows the contribution of donor cells to be 

tracked using flow cytometry.  

WT or Cxcr2-/- HSC were isolated from animals on a CD45.2+ background and were 

transplanted into several host CD45.1+ animals which had been previously irradiated. The 

HSC were transplanted with unmanipulated BM from a CD45.1+ animal to act as a 

‘support’ for the survival of the hosts with ablated haemopoietic systems. Monoclonal 

antibodies against CD45.1 and CD45.2 were used with flow cytometry analysis to examine 

donor engraftment in different cell populations over time. It was hypothesised that Cxcr2 

null HSC would show a decrease in engraftment potential in comparison to the control WT 

HSC.  
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4.3.6.1  Primary BM reconstitution assays 

To examine whether HSC derived from WT or Cxcr2-/- animals contained differences in 

engraftment potential, PB from recipient animals was examined for the percentages of 

CD45.1+ versus CD45.2+ cells every 4 weeks up to 16 weeks post transplant. This time 

frame allows the donor HSC to engraft into the BM niche and result in multilineage BM 

reconstitution. The engraftment of donor cells was tracked in the PB over 16 weeks using 

CD45.1 and CD45.2 staining. Furthermore, within the CD45.2+ fraction, the percentage of 

myeloid (GR1+ and CD11B+), B (CD19+) and T (CD4+ and CD8+) cells were examined. 

This was to examine whether HSC from Cxcr2-/- animals had the potential for multilineage 

differentiation. Mice were sacrificed at 16 weeks post transplant and haemopoietic organs 

were examined for the presence of donor derived cells. 

From 4 weeks up to 16 weeks post transplant, a trend towards a decrease in the percentage 

of CD45.2+ cells was found in the PB of animals transplanted with Cxcr2-/- donor HSC in 

comparison to the control (n.s., n =7, 6) (Figure 4-16). In the WT control, a trend towards 

increase in CD45.2+ cells was found over the 16 week period indicative that the transplant 

was successful. No significant differences were noted between conditions, and it was 

observed that a great deal of variation was found within both conditions. It can be seen 

from Figure 4-16 that several samples showed no/little engraftment up until the 16 week 

timepoint in the recipients transplanted with WT HSC. This is likely due to a technical 

problem during the injection as WT HSC should home and engraft in irradiated recipients. 

Similarly, some samples in the Cxcr2-/- condition showed no/little engraftment and the 

majority of samples showed a small percentage of engraftment. However these were not 

excluded from the analysis as this would introduce bias. It can be seen from the WT donor 

cells that percentage of engraftment increases over time which is as expected in a BM 

reconstitution assay. Similarly, in the Cxcr2-/- condition, some HSC do engraft and the 

percentage engraftment increases over time. This indicates that the HSC that do engraft are 

capable of self renewal, however the overall percentage engraftment is lower than in 

comparison to the control. A possible explanation is a defect in cell homing in HSC 

lacking Cxcr2. 

In addition to examining engraftment of donor cells, the cells that did engraft (CD45.2+) 

were examined for their potential to produce cell types of different lineages. Within the 

CD45.2+ cells, the percentage of cells positive for mature cells of all the myeloid, 

lymphoid and T cell lineages was examined. Data showed no difference in the ability of 
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any of the recipient animals to produce all the mature cell types over a period of 16 weeks 

post transplant (n.s., n = 7, 6) for WT and Cxcr2-/- conditions respectively at 16 weeks post 

transplant (Figure 4-16).  These results indicate that although the HSC derived from Cxcr2-

/- show a trend towards decreased engraftment, the HSC that engraft are capable of 

multilineage differentiation. This would support the hypothesis that HSC lacking Cxcr2 

show a defect in homing, as it is clear from the result in Figure 4-16 that some HSC can 

engraft and produce multilineage differentiation.  Interestingly, there was no difference in 

the percentage of myeloid cells in the PB in animals transplanted with WT or Cxcr2-/- HSC. 

As the Cxcr2-/- animals show increased number of myeloid cells in the haemopoietic 

organs at steady state, this suggests that it is not a Cxcr2-/- cell autonomous HSC that is 

responsible for this expansion. As the host animals are WT with Cxcr2 not deleted, it is 

possible that a lack of this receptor is required in all tissues to result in the observed 

phenotype. However, this is speculation. 

At 16 weeks post transplant, the animals were sacrificed and haemopoietic organs were 

analysed for donor derived cells in mature cell types and stem/progenitor cells. To achieve 

this, CD45.1 and CD45.2 staining was examined in myeloid (GR1 and CD11B), lymphoid 

(CD19), progenitors (LK, GMP, CMP and MEP) and stem cells (LT-HSC, ST-HSC, MPP) 

in the BM and spleen.  

The results showed a similar pattern obtained in the PB analysis (Figure 4-16). A trend 

towards a decrease in engraftment was found in the BM and spleen (n.s., n = 7, 6). A trend 

towards a reduction in engraftment was noted in the mature cells in both in the BM (n.s.) 

and spleen (P<0.05 for myeloid and n.s. for T cells respectively, n = 7, 6) (Figure 4-17). In 

terms of progenitors, there was a trend towards a reduction in the LK, GMP, CMP and 

MEP populations in the WT and Cxcr2-/- conditions respectively (n.s., n = 7, 6) (Figure 

4-18). Similarly, the LK population in spleen derived cells showed trend towards a 

decrease in engraftment which was not statistically significant (n.s., n = 7, 6) (Figure 4-18).  

Analysis of the stem cell populations within the BM showed a decrease in the engraftment 

of lineage negative (P <0.05), LSK (n.s.), CD150+CD48- (n.s.), CD150-CD48- (n.s.), 

CD150+CD48+ (n.s.) and CD150-CD48+ (n.s.) populations in the WT and Cxcr2-/- 

conditions respectively (Figure 4-18). Similarly, the lineage negative and LSK populations 

in the spleen showed a trend towards decrease in donor cell engraftment in recipients 

transplanted with Cxcr2-/-  HSC (n.s.) (Figure 4-18). 
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Collectively, the data shows that Cxcr2 cell autonomous signalling is important for stem 

cell functional activity. The lack of significance across the analysis represents 

heterogeneity in engraftment observed in both WT and Cxcr2-/- donor derived cells and is 

likely technical. The evidence that Cxcr2-/- HSC can still contribute to mature cell types, 

stem and progenitor cells in the BM and spleen infers that Cxcr2-/- HSC can still function, 

however this is to a lesser extent than the WT. If the Cxcr2-/- HSC can produce 

multilineage reconstitution over time then they are still functional and it is possible that 

their defect is not in stem cell function but in cell homing after transplantation. It is unclear 

from these experiments whether the reduction in engraftment found with Cxcr2-/- donor 

cells is due to a decrease in stem cell function or a decrease in cell homing. If Cxcr2-/- 

could not engraft in the BM but engrafted in alternative sites of haemopoeisis, an increase 

of engraftment would be found in the spleen or PB from Cxcr2-/- transplanted animals. 

However, this was not the case. It may be possible that the cells cannot home and undergo 

apoptosis and therefore show a reduction in engraftment, however this cannot be 

concluded at this stage. 
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Figure 4-16 WT and Cxcr2-/- HSC show no significant differential engraftment in  a primary 

BM transplantation assay.  

Data are presented as the mean percentage of CD45.2+ cells in recipient mice transplanted 

with either WT or Cxcr2-/- HSC (LT-HSC, 102 cells per mouse) along with CD45.1 support 

marrow (2x105 cells per mouse) over a 16 week period (A) (n.s. n = 7, 6). Each recipient 

animal is displayed as a single symbol on the graph at 16 weeks post transplant (B) (n.s., n 

= 7, 6). Representative flow cytometry plots of CD45.1 and CD45.2 staining in recipients 

with WT or Cxcr2-/- HSC are shown (C). The percentage of myeloid (GR1+, CD11B+), B 

(CD19+) and T (CD4+, CD8+ ) cells found in the PB within CD45.2+ donor cells are shown 

(D). Antibodies against CD4 and CD8 were used in the same fluorophore therefore T cells 

are labelled as double positive cells (CD4+, CD8+ ) only. Statistical analysis was carried out 

using two-way repeated measures ANOVA with Sidak’s multiple comparison test to 

compare conditions at each timepoint (A) and a student’s unpaired t test with Welch’s 

correction for unequal variance (D) (n.s.) (n = 7, 6). Animals were between 6 to 12 weeks 

and mixed gender (donor WT 2 female; Cxcr2-/- 2 female; recipients WT 4 male, 3 female; 

Cxcr2-/- 4 male, 2 female). 
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Figure 4-17 WT and Cxcr2-/- HSC show no differential engraftment in BM but show  a 

decrease in myeloid cells in the spleen.  

Data are presented as the mean percentage of CD45.2+ cells within whole BM (A) or 

spleen (B) myeloid and B cells in recipient mice transplanted with either WT or Cxcr2-/- 

HSC after 16 weeks post transplant. Statistical analysis was carried out using a student’s 

unpaired t test with Welch’s correction for unequal variance (* P <0.05, n = 7, 6). Spleen B 

cell data was not available (B). Animals were between 6 to 12 weeks and mixed gender 

(donor WT 2 female; Cxcr2-/- 2 female; recipients WT 4 male, 3 female; Cxcr2-/- 4 male, 2 

female). 
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Figure 4-18 WT and Cxcr2-/- HSC show no differential engraftment in BM and sple en derived 

stem and progenitor cells.  

Data are presented as the mean percentage of CD45.2+ cells within BM and spleen HSC 

and progenitor cell types. The percentage of CD45.2+ cells within BM HSC (A), BM 

progenitor (B), spleen HSC (C) and spleen progenitor (D) was assessed in recipient mice 

transplanted with either WT or Cxcr2-/- HSC after a 16 week period (A). Statistical analysis 

was carried out using a student’s unpaired t test with Welch’s correction for unequal 

variance (n.s. n = 7, 6).  Animals were between 6 to 12 weeks and mixed gender (donor 

WT 2 female; Cxcr2-/- 2 female; recipients WT 4 male, 3 female; Cxcr2-/- 4 male, 2 

female). 

  

A B 

C D 



202 

4.3.7 Survival curve of WT and Cxcr2-/- animals over a year 
period 

A BM reconstitution assays stresses the haemopoietic system so HSC will be forced to 

reconstitute the BM and functional activity can be assessed. As an alternative approach to 

stress the haemopoietic system, Cxcr2-/- and WT animals were aged for 52 weeks and the 

haemopoietic system was examined. 

4.3.7.1  Survival curve 

Firstly, it was observed that the Cxcr2-/- animals showed a decrease in survival in aged 

animals with 2 animals sacrificed out of 5 (67% survival) in comparison to WT animals 

with no deaths up to 52 weeks old (100% survival) (Figure 4-19).  Limited assays were 

carried out on Cxcr2-/- animals post-mortem and it therefore cannot be concluded the 

reason for death of the animals. However, BM was analysed in one of the sacrificed mice 

and compared with a WT control at a similar age. The results showed that phenotype of the 

young mice is exaggerated with such an increase in the granulocyte population that the 

erythroid cells within the BM are at a very low level (Figure 4-19). Flow cytometry 

analysis of these populations on a WT aged mice was used as a comparison and it can be 

observed that an increase in myeloid cells and decrease in erythrocytes is strikingly 

observed in aged Cxcr2-/- animals. Based on this analysis, it is hypothesised that the BM 

became depleted of erythrocytes and this is likely to be the cause of premature death. 

However, this is purely speculative as more in depth assays were not carried out at this 

stage. Based on the survival animals, the experiments described in the following section 

used 5 WT and 3 Cxcr2-/- animals for analysis. 
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Figure 4-19 Survival curve for aged WT and Cxcr2-/- animals. 

The data are presented as a survival curve for the percentage survival of WT or Cxcr2-/- 

animals up to a 52 week period where the surviving animals for sacrificed for analysis (n = 

5) (A). Flow cytometry plots show granulocyte (B) and erythroid staining in the BM of a 

Cxcr2-/- animal that was sacrificed before the year period. Analysis of a WT control at a 

similar age was used as comparison (B, C). Animals were all F due to availability and 

between 48 and 52 weeks of age. A log-rank (Mantel-Cox) test was used to compare 

survival curves using percentage of survival over time and showed no statistically 

significant difference between the two survival curves (n = 5). 
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4.3.7.2  Cellularity and frequency of mature cell t ypes 

BM, spleen, PB and thymus were analysed for cellularity and absolute numbers of mature 

cell types including granulocytes, erythroid, B, and T cells in aged WT and Cxcr2-/- 

animals as described in section 4.3.2. 

4.3.7.2.1 BM 
 
The BM showed no difference in cellularity between WT and Cxcr2-/- conditions (n.s., n = 

5, 3) (Figure 4-20). There was a significant decrease in erythroid cells in the Cxcr2-/- 

condition (P <0.01, n = 5, 3) (Figure 4-20). A trend towards an increase was found in the 

granulocytes in the Cxcr2-/- conditions (n.s., n = 5, 3) (Figure 4-20). Finally a trend towards 

a decrease was found in the B cells in the Cxcr2-/- condition which was not significant (n.s., 

n = 5, 3) (Figure 4-20).  

4.3.7.2.2 Spleen 
 
The spleen showed no difference in cellularity between WT and Cxcr2-/- conditions (n.s.) 

which likely reflects sample variation as an increase was noted in spleen size in Cxcr2-/- 

animals upon dissection (Figure 4-21). There was no difference in erythroid cells between 

strains (n.s.) (Figure 4-21). There was a trend towards an increase in the granulocytic 

population in the Cxcr2-/- condition (n.s.) (Figure 4-21). There was a trend towards a 

decrease in the B and T cell populations in the Cxcr2-/- condition (n.s., n = 5, 3) (Figure 

4-21).  

4.3.7.2.3 PB 
 
The PB showed a trend towards increase in cellularity in the Cxcr2-/- conditions (n.s., n = 5, 

3) (Figure 4-22). There was a trend towards an increase in erythroid cells in the Cxcr2-/- 

condition (n.s.) (Figure 4-22). A trend towards an increase was found in the granulocytes 

in the Cxcr2-/- condition (n.s.) (Figure 4-22). Finally a trend towards a decrease was found 

in the B cells in the Cxcr2-/- condition (n.s., n = 2, 3) (Figure 4-22). The lack of samples in 

these assays was due to technical problems with staining. T cells subsets were not analysed 

in the PB due to technical problems. 
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4.3.7.2.4 Thymi 
 
The thymi showed no difference in cellularity between WT and Cxcr2-/- conditions (n.s., n 

= 5, 3) (Figure 4-23). There was no difference in T cells in the thyme however only double 

positive cells (CD4+CD8+) were analysed (n.s., n = 5, 3) (Figure 4-23).  

Collectively, the data shows the same trend in the frequency of mature cell types between 

the conditions as in the young mice. The lack of significance for particular cell types 

including granulocytes in the BM, spleen and PB reflects a small sample size and variation 

between samples.  
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Figure 4-20 Cellularity and absolute numbers of mat ure cell types in BM of WT and Cxcr2-/- 

aged animals. 

Whole BM was assessed for cellularity and the absolute number of mature cells was 

assessed using flow cytometry. Data are presented as the mean total number of cells 

(WBC) between strains (A) or absolute numbers of mature cells; erythroid (TER119+), 

granulocyte (GR1+CD11B+) or B cells (CD19+B220+) (B). Statistical analysis was carried 

out using a student’s unpaired t test with Welch’s correction for unequal variance (* P 

<0.05; n = 5, 3). Plots display a representative image of staining observed with 

GR1+CD11B+ dotplots (C) or TER119+ histogram (D). Animals were between 6 to 12 

weeks and the same gender (WT 5 female; Cxcr2-/- 3 female). 
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Figure 4-21 Cellularity and absolute numbers of mat ure cell types in spleen of WT and 

Cxcr2-/- aged animals.  

Spleen was assessed for cellularity and the absolute number of mature cells was assessed 

using flow cytometry. Data are presented as the mean total number of cells (WBC) 

between strains (A) or absolute numbers of mature cells; erythroid (TER119+), granulocyte 

(GR1+CD11B+), B cells (CD19+B220+) or T cells (CD4+CD8+) (B). Statistical analysis 

was carried out using a student’s unpaired t test with Welch’s correction for unequal 

variance (n = 5, 3). Plots display a representative image of staining observed with 

GR1+CD11B+ dotplots (C). Animals were between 6 to 12 weeks and the same gender 

(WT 5 female; Cxcr2-/- 3 female). 
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Figure 4-22 Cellularity and absolute numbers of mat ure cell types in PB of WT and Cxcr2-/- 

aged animals.  

PB was assessed for cellularity and the absolute number of mature cells was assessed using 

flow cytometry. Data are presented as the mean total number of cells (WBC) between 

strains (A) (n = 5, 3) or absolute numbers of mature cells; erythroid (TER119+), 

granulocyte (GR1+CD11B+) or B cells (CD19+B220+) (B) (n = 2, 1). Statistical analysis 

was carried out using a student’s unpaired t test with Welch’s correction for unequal 

variance (A) and no statistical test was carried out in panel B. Plots display a representative 

image of staining observed with GR1+CD11B+ dotplots (C). Animals were between 6 to 12 

weeks and the same gender (WT 5 female; Cxcr2-/- 3 female). 
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Figure 4-23 Cellularity and absolute numbers of mat ure cell types in thymi of WT and Cxcr2-

/- aged animals.  

Thymi was assessed for cellularity and the absolute number of mature cells was assessed 

using flow cytometry. Data are presented as the mean total number of cells (WBC) 

between strains (A) or absolute numbers of T cells (CD4+CD8+) (B). For this particular 

experiment, CD4 and CD8 antibodies were used with the same fluorochrome therefore 

only double positive population data is available (CD4+CD8+). Statistical analysis was 

carried out using a student’s unpaired t test with Welch’s correction for unequal variance 

(n = 5, 3). Animals were between 6 to 12 weeks and the same gender (WT 5 female; 

Cxcr2-/- 3 female). 
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4.3.7.3  Frequency of stem and progenitor cells in aged WT 
and Cxcr2-/- mice 

The frequency of stem and progenitor populations was examined in aged WT and Cxcr2-/- 

animals as described in section 4.3.3. 

4.3.7.3.1 BM 

4.3.7.3.1.1 Stem cell frequency 

 
There was a trend towards a decrease in the number of lineage negative cells in the Cxcr2-/- 

animals which can be seen with representative flow cytometry plots (n.s., n = 5, 3) (Figure 

4-24; Figure 4-25). There was a trend towards an increase in the number of LSK cells in 

the Cxcr2-/- animals (n.s., n = 5, 3) (Figure 4-24; Figure 4-25). Finally there were no 

significant differences between the various HSC populations (n.s., n = 3, 5) (Figure 4-24; 

Figure 4-25).  

4.3.7.3.2 Progenitor populations 
 

In terms of progenitors, the LK fraction showed no difference between strains (n.s., n = 5, 

3) (Figure 4-26). There were no statistically significant differences between GMP, CMP 

and MEP populations between strains however representative flow cytometry plots show 

the differential distribution of populations between strains (n.s., n = 3, 5) (Figure 4-26). 

However the trends showed the same as found in the young animals. The lack of 

significance likely reflects the small sample size. 

The lineage negative and LSK frequency in the BM show a similar trend to those obtained 

in young animals (Figure 4-7). However, no difference was noted between strains for the 

HSC populations. This could be due to smaller sample sizes in the ageing analysis or it is 

possible that there are no differences in the frequency of HSC populations in aged animals. 

Interestingly, an increase (9.7 fold) is noted in the absolute number of LT-HSC in WT BM 

derived from young and aged animals. This is in accordance with previous literature to 

show that LT-HSC are increased in frequency in response to ageing, but display decreased 

functionality (Snoeck, 2013). Although an increase is still noted between young and aged 

LT-HSC in the Cxcr2-/- animals, the fold increase is lower than that observed with the WT 

(2.8 fold). It is possible that an expansion of LT-HSC occurs at an earlier stage in the 

Cxcr2-/- animals therefore no differences are seen in aged mice as an expansion is also 
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noted in the WT. This would infer that the HSC have reduced self renewal potential, 

however this cannot be concluded at this stage. 
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4.3.7.3.3 Spleen 
 

4.3.7.3.3.1 Stem cell populations 
 
There was a trend towards an increase in the number of lineage negative cells in the Cxcr2-

/- animals in the spleen (n.s., n = 5, 3) (Figure 4-27). There was no differences in the 

number of LSK cells between strains (n.s., n = 5, 3) (Figure 4-27). Finally there were no 

significant differences between the various HSC populations (n.s., n = 3, 5) (Figure 4-27). 

4.3.7.3.3.2 Progenitor populations 
 

In terms of progenitors, the LK fraction showed a trend towards an increase in the Cxcr2-/- 

condition (n.s., n = 5, 3) (Figure 4-28). There were no statistically significant differences 

between GMP, CMP and MEP populations between strains (n.s., n = 3, 5) (Figure 4-28). 

However the lack of significance likely reflects the small sample size, the differential 

distribution of cell types can be seen with representative flow cytometry plots between 

strains and the data showed the same trends as in the young mice. 
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Figure 4-24 Absolute numbers of stem cell populatio ns in the BM between WT and Cxcr2-/- 

aged animals. 

Whole BM was made into a single cell suspension and stained for antibodies to examine 

the stem cell populations and analysed using flow cytometry. Data are presented as the 

mean±standard deviation absolute cell numbers for lineage negative, LSK or HSC 

populations between WT and Cxcr2-/- animals. Statistical analysis was carried out using a 

student’s unpaired t test with Welch’s correction for unequal variance (n.s., n = 5, 3). 

Animals were between 6 to 12 weeks and the same gender (WT 5 female; Cxcr2-/- 3 

female). 
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Figure 4-25 Representative flow cytometry plots of lineage negative, LSK and HSC 

populations between WT and Cxcr2-/- animals in aged animals. 

Images show representative flow cytometry plots of lineage negative (A), LSK (B) and 

HSC staining (C) in WT and Cxcr2-/- animals. Animals were all F due to availability and 

between 48 and 52 weeks of age. 
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Figure 4-26 Absolute numbers of progenitor populati ons between WT and Cxcr2-/- animals. 

Whole BM was made into a single cell suspension and stained for antibodies to examine 

the progenitor populations and analysed using flow cytometry. Percentages of cells within 

whole BM was multiplied by the WBC cellularity of the BM and absolute numbers 

compared. Data are presented as the mean absolute cell numbers for LK, CMP, GMP and 

MEP populations between WT and Cxcr2-/- animals. Statistical analysis was carried out 

using a student’s unpaired t test with Welch’s correction for unequal variance (n.s., n = 5, 

3). Animals were between 6 to 12 weeks and the same gender (WT 5 female; Cxcr2-/- 3 

female). 
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Figure 4-27 Absolute numbers of stem cell populatio ns between WT and Cxcr2-/- aged 

animals in spleen. 

Spleen was made into a single cell suspension and stained with antibodies to examine the 

stem cell populations and analysed using flow cytometry. Percentages of cells within 

whole spleen was multiplied by the WBC cellularity of the spleen and absolute numbers 

compared. Data is presented as the mean absolute cell numbers for lineage negative, LSK 

or HSC populations between WT and Cxcr2-/- animals. Statistical analysis was carried out 

using a student’s unpaired t test with Welch’s correction for unequal variance (n.s., n = 5, 

3). Animals were between 6 to 12 weeks and the same gender (WT 5 female; Cxcr2-/- 3 

female). 
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Figure 4-28 Absolute numbers of progenitor populati ons between WT and Cxcr2-/- animals in 

the spleen. 

Spleen was made into a single cell suspension and stained with antibodies to examine the 

progenitor populations and analysed using flow cytometry. Percentages of cells within 

whole spleen was multiplied by the WBC cellularity of the spleen and absolute numbers 

compared. Data is presented as the mean absolute cell numbers for LK, CMP, GMP and 

MEP populations between WT and Cxcr2-/- animals. Statistical analysis was carried out 

using a student’s unpaired t test with Welch’s correction for unequal variance (n.s., n = 5, 

3). Animals were between 6 to 12 weeks and the same gender (WT 5 female; Cxcr2-/- 3 

female). 
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4.3.7.4  CFC assays 

As an in vitro measure of the stem/progenitor activity in a population, cells from aged 

animals were plated in Methocult™ and examined for colony growth as described in 

section 4.3.4.  

4.3.7.5  BM 

No difference in colonies was found in the BM between strains. Colonies were pooled and 

counted as total number of colonies as no difference in different types were found (n.s., n = 

3, 1) (Figure 4-29). No statistical analysis was carried out due to the sample size of 1 in the 

Cxcr2-/- population. This was due to contamination in several samples. Colonies were 

reseeded into a secondary colony formation assay to get an indication of the self renewal 

activity of the stem/progenitor cells. A trend towards an increase was noted in the Cxcr2-/- 

condition, however small sample size does not allow for statistical analysis (n.s., n = 3, 1) 

(Figure 4-29).  

4.3.7.6  Spleen 

There is a trend towards an increase in CFU-GM colonies was found in the spleen. No 

difference in CFU-E or CFU-GEMM colonies were found. The increase in CFU-GM 

colonies causes an overall trend towards increase in the total number of colonies in the 

Cxcr2-/- animals (n.s., n = 5, 3) (Figure 4-30). The lack of significance is likely due to 

variation between samples in this assay and a small sample size in one of the conditions. 

Not enough material from PB in aged animals was available for colony formation assays. It 

is predicted an increase would be found in the Cxcr2-/- condition as reported in the young 

animals. 

Taken collectively, the data shows the same trend as in young animals. The lack of 

difference in CFU in the BM of Cxcr2-/- animals is likely technical due to small numbers of 

CFU obtained. 
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Figure 4-29 WT and Cxcr2-/- CFC analysis in BM derived cells shows no differenc e between 
strains in primary or secondary plates in aged anim als. 
 

Whole BM was made into a cell suspension, WBC counted and 105 cells plated per mL in 

Methocult™ and incubated for 10-14 days. Data are presented as the mean total number of 

colonies in a primary (A) and secondary replate (B) (n = 3, 1). No statistical test was 

carried out due to the sample size of 1 in one of the conditions. Animals were between 6 to 

12 weeks and the same gender (WT 3 female; Cxcr2-/- 1 female). 
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Figure 4-30 WT and Cxcr2-/- CFC analysis in spleen derived cells shows no diffe rence 
between strains in aged animals. 
 

The spleen was made into a cell suspension, WBC counted and 105 cells plated per mL in 

Methocult™ and incubated for 10-14 days. Data are presented as the mean total number of 

colonies in a primary plating assay (n  = 5, 3). Statistical analysis was carried out using a 

student’s unpaired t test with Welch’s correction for unequal variance (n.s.). Animals were 

between 6 to 12 weeks and the same gender (WT 5 female; Cxcr2-/- 3 female). 
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4.3.7.7  Stem cell viability and cell cycle status 

The stem and progenitor populations were examined for viability and cell cycle status in 

aged mice as described in section 4.3.5.  

Data shows a trend towards a decrease in the percentage of Annexin-V+ cells in cell 

populations in the Cxcr2-/- animals in the LSK, CD150+CD48-, CD150-CD48- (P <0.05), 

CD150+CD48+ (P <0.01) and CD150-CD48+ populations (P <0.05). A total of 5 and 3 

animals for WT and Cxcr2-/- conditions were analysed respectivel (Figure 4-31). A trend 

towards an increase in Annexin-V+ cells was found in the Cxcr2-/- animals in the whole 

BM, lineage negative and LK fractions but this is not statistically significant and likely 

represents no differences between populations (n.s., n = 5, 3) (Figure 4-31).  

The data suggests that the stem/progenitor populations are more viable in the Cxcr2-/- 

animals in comparison to the WT littermates. This is in accordance with data obtained on 

HSC populations in young mice. Furthermore, the increase in sample sized in aged animals 

allowed statistical analysis. It can seen from data on the WT cells that there is a basal level 

of apoptosis in BM cells which decreases in the LSK and more primitive HSC populations 

which suggests the staining is correct. Interestingly, in the WT mice in both young and 

aged mice show a high percentage of Annexin-V+ cells in the CD150+CD48+ (MPP) 

population in comparison to the other HSC fractions suggesting this is a more apoptotic 

population. In addition, the CD150+CD48+ population in the Cxcr2-/- mice shows a lower 

percentage of Annexin-V+ cells in comparison to the WT. 

Ki-67 staining was used to examine proliferation, although this stain used alone cannot 

discriminate between cells in G0 versus G1, percentage of positive cells can indicate 

proliferation. Data shows a trend towards decrease in the percentage of Ki-67+ cell 

populations Cxcr2-/- animals in the whole BM, lineage negative and LK populations 

(Figure 4-31) (n.s., n = 4, 2).  
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Figure 4-31 Cxcr2-/- HSC show an increase in viability in aged HSC. 
 
WT or Cxcr2-/- stem and progenitor populations were stained for Annexin-V and analysed 

for viability or fixed, permeabilised and stained for Ki-67. Data are presented as the mean 

percentage of Annexin-V+ cells (n = 5, 3) (A) or Ki-67+ cells (B) (n = 4, 2). Statistical 

analysis was carried out using a student’s unpaired t test with Welch’s correction for 

unequal variance. Sample size is too low for the Cxcr2-/- conditions in the Ki-67 

experiment, therefore no statistical analysis is shown. Representative plots of Annexin-V 

staining in the CD150+CD48+ fraction (C) or Ki-67 staining in the LK fraction (D) are 

displayed. Animals were between 6 to 12 weeks and the same gender (A WT 5 female; 

Cxcr2-/- 3 female; B WT 4 female; Cxcr2-/- 2 female). 
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4.4 Discussion 

The results in this chapter focus on the analysis of a mouse model which lacks Cxcr2. The 

results are found to be in accordance with published literature which shows an increase in 

the myeloid cells in the haemopoietic organs, and an increase in CFU in the spleen and PB 

in the Cxcr2-/- animals (Broxmeyer et al., 1996, Cacalano et al., 1994). However, it has not 

been examined to date whether this signalling pathway may play a role in HSC function.   

Previous literature which first documented the phenotype of the Cxcr2-/- mice showed data 

to suggest that Cxcr2 signalling controlled myeloid regulation (Broxmeyer et al., 1996). 

Therefore it was proposed this signalling pathway is controlling negative regulation of 

myeloid cells. However, if Cxcr2 signalling was solely controlling myeloid regulation, 

there would be no additional phenotype in Cxcr2-/- animals particularly involving the HSC 

population. More specifically, this does not explain the expansion of the LT-HSC in the 

BM and enhanced mobilised with extramedullary haemopoiesis in the spleen and PB. In 

addition, this does not explain why Cxcr2-/- HSC show a defect in BM engraftment.  

The expansion of the myeloid cells is due to a lack of Cxcr2 signalling. However it was 

interesting to observe that the progenitor populations (GMP, CMP and MEP) show a trend 

towards differences in the Cxcr2-/- animals in comparison to the WT controls. If this was to 

be repeated and gain statistical significance, this could suggest that Cxcr2 regulates 

myeloid cell production at a more primitive level than at the mature cells. In addition to an 

increase in myeloid cells, the Cxcr2-/- animals show an increase in the HSC in comparison 

to the controls in the BM. It is possible that Cxcr2 signalling contributes to establishing 

numbers of HSC in addition to mature cells. A previous study has noted that Cxcr2 

signalling is involved in the regulation of oligodendrocyte numbers as Cxcr2-/- animals 

show differences in comparison to the controls (Padovani-Claudio et al., 2006).  

In addition to the expansion of LT-HSC in the BM of Cxcr2-/- animals, the HSC were 

shown to be more viable than the WT counterparts. Although a sample size of 1 in the 

young animals does not allow a valid conclusion to be drawn. However, from the human 

data in the previous chapter it is predicted that a lack of Cxcr2 would decrease cell 

viability. It is possible that mechanisms of signalling differ between species and this should 

be further examined. It could be inferred that Cxcr2 signalling negative controls stem cell 

viability, or alternatively the lack of the receptor is causing a compensatory effect resulting 

in an increase in viability.  As an example, it could be that Cxcr2 reduction results in an 
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increase in Cxcr1 expression. In support of this, Cxcr1 and Cxcr2 have been shown to 

show compensatory effects with each other. Furthermore, mRNA transcripts of CXCR1 

have been shown to be expressed in the BM and spleen. In a previous study, Cxcr2-/- 

animals showed an over expression of Cxcr1 in endothelium in comparison to levels in WT 

mice (Sanchez et al., 2007). Studies inhibiting Cxcr1 have shown a decrease in cell 

viability, it is therefore likely that an increase in expression could support viability 

however this has not been tested in this study (Ginestier et al., 2010).  

The true functional assay of a stem cell is the ability to reconstitute a host with a lethally 

ablated BM. In this experiment, it was found that there was a trend towards a reduction in 

the ability of the HSC derived from the Cxcr2-/- donor to engraft to the same level as the 

WT donor HSC. This suggests that Cxcr2 signalling may have an effect on stem cell 

function in a cell autonomous manner. However, inter experimental variation resulted in 

the difference between conditions to be not significant. Therefore, it cannot be concluded 

that Cxcr2 null HSC show a defect in functional activity with the results in this thesis. 

However, the data indicates there may be difference between samples. If this is the case, it 

is unclear from this experiment whether the HSC derived from the Cxcr2-/- donor show a 

trend towards a decrease in engraftment due to a defect in homing or due to a problem 

within the BM niche. Indeed, CD45.2+ cells derived from the Cxcr2-/- donors were found to 

produce multilineage reconstitution and a percentage of CD45.2+ cells from the Cxcr2-/- 

recipients were found in all mature cells, stem and progenitor cells. Furthermore, the 

percentage engraftment from donor Cxcr2-/- HSC increased over time which suggests the 

HSC were capable of self renewal. It is known that Cxcr2 signalling plays a role in 

neutrophil mobilisation and it is possible that this receptor may play a role in HSC 

mobilisation (Eash et al., 2010). Indeed, a variety of studies have shown that 

administration of Cxcr2 ligands results in the immediate mobilisation of HSC from the BM 

into the periphery which is Cxcr2 dependent (Pelus and Fukuda, 2006). Furthermore, 

previous research reported that Cxcr2 signalling in combination with Cxcr4 (a key HSC 

mobilisation gene) regulated neutrophil mobilisation (Eash et al., 2010). Whether these 

genes may play a role together in HSC mobilisation has not been assessed. To support this 

idea, the evidence that CFU are found in extramedullary sites of haemopoiesis in Cxcr2-/- 

animals does indicate that there may be a defect in HSC mobilisation. The results show 

that Cxcr2-/- HSC do not locate to the PB or spleen instead of the BM as a reduction in 

engraftment was found in all haemopoietic sites. Therefore if the HSC cannot home to the 

BM it is likely that they undergo apoptosis.  



225 

Data from this chapter showed that mouse HSC populations, including the most primitive 

LSKCD150+CD48- fraction express the receptor, Cxcr2. However due to limited cell 

numbers and time constraints in this study, although mRNA data is available on the 

receptor. To strengthen this result, protein expression should be assayed. To date, very few 

chemokine receptors have been reported on HSC. The majority of research has been on 

CXCR4 which responds to CXCL12 resulting in HSC migration to and from the BM. Gene 

expression analysis for CXCR2 binding ligands on HSC showed no positive expression for 

the ligands tested. This could be technical, or that they are expressed on a less primitive 

stem cell population. It cannot be concluded from the experiments conducted in this study 

what is the mechanism of action of CXCR2 signalling. This presents a future avenue of 

research. 
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5 Results III: Human and mouse HSC express 
CXCL4 which regulates HSC self renewal  

5.1 Introduction 

The results shown in chapters 4 and 5 provide evidence to support that CXCR2 signalling 

plays a role in stem cell properties including survival and proliferation in both human and 

mouse systems. However, a discrepancy between the human and mouse experiments 

exists. In chapter 4, it was shown that CXCR2 binding ligands (Cxcl1, Cxcl2 and Cxcl5/6) 

mRNA transcripts were found in human HSC. However, in chapter 5 it was shown that the 

mouse homologs of these specific genes were not expressed by the mouse HSC 

populations tested. Explanations for this result were previously discussed. In addition to 

Cxcr2 binding ligands, another member within the CXC family of chemokines (Cxcl4) was 

examined for expression on mouse HSC populations. We investigated Cxcl4 expression on 

mouse HSC for several reasons; 1. Cxcl4 is within the CXC family of chemokine ligands 

and is structurally similar to Cxcr2 binding ligands; 2. Examination of previously 

unpublished microarray data from our lab identified Cxcl4 as being highly expressed in 

mouse HSC populations at levels comparable to stem cell gene Cxcr4 (data not shown, 

unpublished data); 3. Literature searching identified that Cxcl4 supports human HSC 

survival and adhesion (reviewed in the introduction section). This chemokine therefore 

seemed to be an ideal candidate to further pursuit. The experiments in this chapter were 

designed to elucidate the biological role of Cxcl4 in mouse HSC behaviour. Furthermore, 

we wanted to examine CXCL4 expression in human HSC to examine whether this is a 

novel stem cell factor highly expressed in both mouse and human HSC populations.  

Cxcl4 is a chemokine belonging to the CXC group, which is predominantly expressed by 

activated platelets and promotes blood coagulation (reviewed in the introduction section). 

There is some literature available on the role of Cxcl4 signalling in human stem/progenitor 

cells (reviewed in introduction section) with evidence that Cxcl4 inhibits haemopoeisis and 

promotes stem/progenitor survival, however this is not well understood. Furthermore, as 

far as we have understood, there are no data on mouse Cxcl4 in terms of HSC behaviour. 

In this chapter, expression of the chemokine was examined in both mouse and human HSC 

systems. In addition, the functional role was investigated in the mouse system using 

transgenic Cxcl4-Cre driven reporter mice, Cxcl4 null mice (Cxcl4-/-) and reduction of 

Cxcl4 expression in vitro using shRNA mediated lentiviral transduction. 
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5.2 Aims and Objectives 

The specific aims of this chapter were: 

I  To examine Cxcl4 expression on mouse HSC populations 

It was hypothesised that this chemokine may play a role in HSC properties therefore 

mRNA expression was analysed in mouse HSC populations using Q-PCR. 

II To examine whether a Cxcl4-Cre driven reporter mouse model activity 

correlates with gene expression in HSC populations 

A reporter mouse model in which Cxcl4 drives RFPexpression is available. We wanted to 

use this mouse model to validate the gene expression data. Furthermore, it was aimed to 

use this mouse model to elucidate the biological function of Cxcl4. 

III To investigate how a lack of Cxcl4 alters stem/progenitor cell behaviour 

We wanted to use different approaches to modulate Cxcl4 expression in an aim to 

understand the role of this chemokine in HSC behaviour. We used animals lacking Cxcl4 

(Cxcl4-/-) and examined whether these animals displayed differences in stem/progenitor 

cell frequency, properties and function. As an alternative approach we aimed to reduce 

Cxcl4 expression in vitro using shRNA and to examine the resulting phenotype. 

V To examine the expression of CXCL4 on human HSC 

The microarray study used for this thesis was not conclusive for CXCL4 expression on 

human HSC, therefore this objective was to assess whether this gene is also expressed in 

human HSC and may play a role in human HSC properties. 
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5.3 Results 

5.3.1 CXCL4 is expressed on mouse HSC  

Data in chapter 3 showed that Cxcr2 is expressed on mouse HSC populations, however 

Cxcr2 binding ligands were not detected by Q-PCR analysis. Other chemokines in the 

same functional group were examined for expression, in particular Cxcl4 (also known as 

platelet factor 4). This chemokine is not a known ligand for Cxcr2, but is part of the CXC 

functional group and is structurally related to other CXC chemokine ligands. Furthermore 

there is evidence that Cxcl4 can bind Cxcl8 in vitro (Dudek et al., 2003). In addition, Cxcl4 

was reported to be highly expressed in mouse HSC from a search in unpublished 

microarrays from our group (data not shown). The experiment in this section was carried 

out with Dr Amelie Guitart. 

Q-PCR using the Fluidigm™ platform was used to examine Cxcl4 expression in mouse 

HSC populations. Gene expression was examined in the LSK fraction sorted using CD150 

and CD48 using the terminology described in chapter 4. Data showed detectable 

expression of Cxcl4 in the LT-HSC (CD150+CD48-), ST-HSC (CD150-CD48-) and MPP 

(CD150+CD48+ and CD150-CD48+) populations. Examination of differences between 

populations revealed a trend towards decrease in the CD150-CD48- fraction (n.s.), an 

increase in the CD150+CD48+ population (P <0.01) and a decrease in the CD150-CD48+ 

fraction (P <0.01) with the fold change calculated using the CD150+CD48- fraction as the 

calibrator and set to the value of 1 (n = 3) (Figure 5-1). Gene expression of Pf4 is 

compared to a gene highly expressed in HSC populations (P21) to demonstrate expression 

at relatively high levels (Cheng et al., 2000).  

In summary, results show that Cxcl4 is highly expressed on mouse HSC populations with 

the highest expression found in the MPP population. The observation that Cxcl4 is highly 

expressed in mouse HSC populations including the LT-HSC population merited further 

investigation into the role of this chemokine in stem cell activity. As Cxcl4 is well known 

to be expressed in cell types of megakaryocyte/platelet lineage, it is possible that Cxcl4 is 

actively transcribed in the MPP population and marks cells destined for a particular lineage 

at an early stage in lineage differentiation. However, this is speculation as was not 

investigated further.  
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Figure 5-1 Cxcl4 is expressed on mouse HSC at the mRNA level. 

Normal BM was freshly isolated and stained for antibodies against LSK, CD150 and 

CD48. 500 cells were sorted, RT, preamplified and Q-PCR was carried out to assess Cxcl4 

mRNA expression. Results are shown relative to housekeeping control β2M fold change 

using the CD150+CD48- population as a calibrator set to 1 (A) and displayed as relative 

expression levels (2-DeltaCT) (B). Results displays the mean expression level from three 

independent experiments performed in triplicate (A). Panel B shows relative expression 

levels (2-DeltaCT) with a stem cell gene to compare expression levels. Each dot represents 

average expression from three (Cxcl4) and two (p21) independent experiments (B). 

Animals were 6-12 weeks of age and males. Statistical test carried out was a repeated 

measures one-way ANOVA using Dunnett’s multiple comparison test to compare 

differences between the LT-HSC fraction and each population for panel A only as P21 

expression was examined in two samples only (n = 3, ** P <0.01).   
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5.3.2 Lineage tracing of Cxcl4 marks a proportion of HSC with 
enhanced colony formation activity 

The gene expression data identifies that Cxcl4 is highly expressed in HSC populations 

including the LT-HSC fraction. Cxcl4-Cre (commonly referred to as Pf4-Cre) is a widely 

used transgenic model which has been studied extensively previously (Tiedt et al., 2007). 

In this study, we used this reporter model to demonstrate that Cxcl4-Cre recombines in a 

proportion of BM derived HSC. This transgenic mouse model expresses Cre-recombinase 

in cells in which endogenous Cxcl4 is expressed. The cross of Cxcl4-Cre with a reporter 

strain allows cells in which Cre-recombinase activity is active, to be identified and 

isolated. Briefly, Cxcl4-Cre mice were crossed with a tandem repeat RFP under the 

Rosa26 promoter which should show RFP expression in cells expressing Cxcl4 and their 

progeny. The Rosa26-RFP+;Cxcl4-Cre+ transgenic mouse model was used with Rosa26-

RFP+;Cxcl4-Cre- and Rosa26-RFP-;Cxcl4-Cre- models used as controls which showed no 

difference in phenotype and were used interchangeably. The experiments in this section 

were carried out in collaboration with Dr Simon Calaminus.  

5.3.2.1  Cxcl4-Cre is expressed in HSC and subsequent 
progeny 

The transgenic model has been used previously to show RFP expression in cells positive 

for Cxcl4 expression including megakaryocytes and platelets (Tiedt et al., 2007). However, 

an in depth analysis of the reporter model in HSC populations has not been examined to 

date. Results from section 5.3.1 demonstrate that endogenous Cxcl4 is expressed in mouse 

HSC. We wanted to use the reporter mouse model to 1. Provide validation endogenous 

Cxcl4 is expressed in HSC and 2. Elucidate the biological function of Cxcl4. Mice were 

analysed for expression of Cxcl4 using RFP as a marker with flow cytometry analysis in 

combination with antibodies to identify HSC populations. 

Firstly, it was noted that positive RFP expression was found within the haemopoietic 

organs tested (BM, spleen and thymi) with the highest expression in the BM followed by 

the spleen and thymi (n = 3, Figure 5-2). The controls were negative for RFP expression as 

expected (data not shown). Representative plots can be visualised in (Figure 5-3). 

Examination of the stem cell compartment showed that RFP+ cells were found in HSC 

populations. Results showed a proportion of RFP+ cells in the BM, LSK and HSC 

compartments including the most primitive CD150+CD48- fraction (n = 9) (Figure 5-2).  
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As a positive control, BM derived megakaryocytes and PB derived platelets were isolated 

and examined for RFP expression within CD41+ cells. Megakaryocyte and platelets are 

CD41+ and are known to express Cxcl4 therefore should show positive expression for RFP. 

Results showed RFP+ cells in platelets (94.3%) and the majority of megakaryocytes 

(50.2%) (n = 3) (Figure 5-4). This result is as expected and has been shown previously 

suggesting that the transgenic model functions correctly. Although all of the platelets are 

positive for RFP expression, only 50% of megakaryocytes were found to be positive for 

RFP. However, previous results have shown that immature megakaryocytes may have 

incomplete recombination and therefore RFP expression which reflects the cell type and 

not the model (Tiedt et al., 2007). As a technical control, RFP+ and RFP- cells were sorted 

from Rosa26-RFP+;Cxcl4-Cre+ mice and examined for the presence of genomic Cre. 

Results showed the presence of Cre in both RFP+ and RFP- fractions using standard PCR 

(Figure 5-2).  

The Cxcl4-Cre model has been used previously for megakaryocyte and platelet biology but 

Cxcl4 expression in the HSC population has not been identified. This is likely due to 

differences in the techniques with previous research using histology which is not as 

sensitive as flow cytometry for RFP expression. The combination of detection of 

endogenous Cxcl4 mRNA in HSC (Figure 5-1) and the positive RFP expression in HSC 

(Figure 5-2) suggests that Cxcl4-Cre reflects transcriptional activity of Cxcl4 promoter in 

these populations.  

As described in section 2.3.7.2.1, the BAC used to create the transgenic mice in this study 

also contained other genes, one of which is known to play a role in stem cell maintenance. 

Therefore, the results should be concluded with caution. 

Gender was not noted for the animals used in this section. Without knowing whether the 

gender was similar or different between groups does not allow a valid conclusion to be 

drawn. Experiments should be repeated with the gender variable controlled. 
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Figure 5-2 Mature haemopoietic organs and HSC popul ations express RFP which is under 

the control of the Cxcl4 promoter. 

BM, spleen and thymi were isolated, stained for HSC populations and examined for RFP 

expression using flow cytometry. Data are presented as the mean percentage of RFP+ cells 

in mature haemopoietic organs BM, spleen and thymi (A) in BM and HSC populations 

LSK and LSK,CD150+CD48- from three independent experiments (n = 3) (B). Image 

represents the presence of Cre in DNA isolated from LSK sorted cells which are RFP+ (+) 

and RFP- (-).  Animals were 6-12 weeks of age. Animals were given by Dr Simon 

Calaminus (Beatson Institute for Cancer Research) and gender was not noted.  

  

A B 

C 



233 

 

Figure 5-3  Representative plots of RFP expression in organs in Pf4-Cre+-Rosa26-RFP+ mice. 

BM, spleen and thymi were isolated, stained for HSC populations and examined for RFP 

expression using flow cytometry. Data shows representative image of plot for RFP 

expression of cells in mature haemopoietic organs BM, spleen and thymi in BM and HSC 

populations LSK and LSK,CD150+CD48- from three independent experiments (B). Panel 

A demonstrates staining profile for all controls used in this study (A). Animals were given 

by Dr Simon Calaminus (Beatson Institute for Cancer Research) and gender was not noted. 
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Figure 5-4 Positive control cells megakaryocytes an d platelets express RFP which is under 

the control of the Cxcl4 promoter. 

BM derived megakaryocytes and PB derived platelets were isolated, stained for CD41 and 

analysed for RFP expression using flow cytometry. Data are presented as the mean 

percentage of RFP+ cells within the CD41+ fraction from three independent experiments (n 

= 3) (B). Representative flow cytometry plots show CD41 and RFP expression in cell 

populations between strains (A). Animals were given by Dr Simon Calaminus (Beatson 

Institute for Cancer Research) and gender was not noted. 
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5.3.2.2  Lineage tracing of Cxcl4 marks a stem/progenitor 
population with increased colony formation activity  

Interestingly, experiments in section 5.3.2.1 showed that only a proportion of HSC 

expressed RFP. Technical controls were carried out to suggest that this was a true 

biological result (Figure 5-2). It can be inferred from the data that Cxcl4 is only 

transcriptionally active in a subset of cells. Therefore, the question arose, why are only a 

proportion of cells positive for Cxcl4 expression in the HSC? RFP+ and RFP- negative cells 

were isolated from the BM from the Cxcl4-Cre and seeded into a CFC assay to get an 

indication of how these populations differ in terms of differentiation and proliferation 

capacity.  

Results showed an increase in the number of colonies obtained in RFP+ sorted cells in 

comparison to cells lacking RFP expression in a primary CFC assay (P <0.05, n = 3) 

(Figure 5-5). To get an indication of self renewal activity, cells were replated into a 

secondary colony formation assay and results showed a trend towards a decrease in colony 

numbers between RFP+ versus RFP- cells, which was not statistically significant and likely 

represents sample variation (n.s., n = 3) (Figure 5-5).  

The results indicate that Cxcl4+ cells have enhanced colony formation capability in 

comparison to negative cells. This infers that Cxcl4+ cells exhibit an increase in viability, 

differentiation or proliferation in comparison to the negative counterparts. Previous 

literature has shown that human haemopoietic cells respond to exogenous Cxcl4 which 

results in an enhancement in cell viability, therefore this result would be in accordance 

with literature available (Han et al., 1997). It might be expected that an increase in primary 

colonies would result in an increase in colonies in a secondary plating, however this was 

not found. One explanation is that Cxcl4+ cells are more proliferative and exhaust therefore 

produce less colonies in a replating assay. However, this cannot be concluded. 

Furthermore, the transgenic model used does not mark active transcription. Therefore, it is 

possible that Cxcl4 is modulated in response to culture conditions which could skew the 

results in a secondary plating assay. It is also possible that RFP expression is not solely 

dependent on Cxcl4 transcriptional activity due to the random integration of the Cxcl4-Cre 

transgene. 
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Figure 5-5 Cxcl4+ BM cells show enhanced colony capability in a prima ry plating assay over 

Cxcl4- counterparts. 

Representative flow cytometry plots display the RFP status of cells prior to plating into a 

CFC assay (A). Data are presented as the mean total colony number from cells sorted for 

RFP expression. Results show primary (B) and secondary (B) plating assays (n = 3). A 

ratio paired t test was carried out to assess statistical significance (** P <0.01). Animals 

were given by Dr Simon Calaminus (Beatson Institute for Cancer Research) and gender 

was not noted. 
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5.3.3 Cxcl4 reduction in vitro reduces colony formation activity in 
mouse stem/progenitor cells 

The results from section 5.3.2.2 implicate that Cxcl4 may mark a stem/progenitor 

population with enhanced colony formation activity. To validate this, Cxcl4 expression 

was reduced using a vector with a shRNA hairpin targeting the mouse Cxcl4 coding 

sequence. Positively transduced cells were plated in a colony formation assay and colony 

growth was compared with a non-targeting shRNA control.  

5.3.3.1  Optimisation of construct for Cxcl4 reduction in 
vitro 

As described in chapter 3, different shRNA sequences against a target gene can result in 

varying levels of gene modification. A set of 5 pLKO.1 vectors each with a different 

shRNA sequence were tested for their knock down efficiency in Cxcl4 expressing mouse 

cell lines. Cell lines used were c-Kit positive mouse BM cells which were immortalised for 

long term culture using integration of oncogenes (Gil Smith, data not shown). These cells 

were chosen for optimisation experiments for two reasons: 1. These cells were shown to be 

positive for Cxcl4 expression and 2. Their immortalisation using oncogenes transformed 

them into cell lines allowing an abundance of cells to carry out the required experiments. 

Cells were transduced using lentivirus particles and subsequently cultured in puro for 

several days before RNA was extracted and Q-PCR was used to test for Cxcl4 expression. 

Each vector resulted in the following fold change decrease in comparison to the control 

which was set to the value of 1; sh1 (0.70, n.s.), sh2 (0.60, P <0.01), sh3 (0.80, n.s.), sh4 

(0.33, P <0.01) and sh5 (0.14, P <0.001) (n = 3) (Figure 5-6). An interesting observation 

was that all vectors resulted in some amount of Cxcl4 reduction and fewer cells were 

obtained in comparison to the control cells (data not shown). The construct which resulted 

in the best reduction in Cxcl4 expression (sh5) was sub cloned into a pLKO.1 vector with a 

GFP reporter tag. The Cxcl4-pLKO.1-GFP vector will be described as sh1 for simplicity. 

This vector was tested in cell lines and confirmed to show a reduction in gene expression 

of Cxcl4 (n = 3, P <0.001) in comparison to a control which was set to the value of 1 

(Figure 5-6). Ideally, protein expression would be examined for the effect of the shRNA on 

Cxcl4 protein reduction. However, due to difficulties with antibodies against mouse Cxcl4 

and time constraints, this experiment was not carried out. 
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5.3.3.2  Reduction of Cxcl4 in c-Kit + cells  reduces colony 
formation capability 

A stem/progenitor population (c-Kit enriched mouse BM) was transduced with the shRNA 

vector (sh1) described in section 5.3.3.1. C-Kit enriched mouse BM cells were deemed 

appropriate for this study as a more primitive fraction would have provided fewer cells for 

the assay. Furthermore, primitive HSC are known to be difficult to transduce due to their 

non proliferative status. After transduction, the GFP+ cells were sorted and subsequently 

cultured in a colony formation assay. Results showed a significant decrease in colonies in a 

primary assay with Cxcl4 reduction in comparison to the number of colonies obtained in 

the control arm (P <0.05, n = 3) (Figure 5-7). No differences in the different colony types 

between conditions were observed therefore data was acquired as the total colony number 

obtained. This data suggests that Cxcl4 reduction reduces colony formation therefore Cxcl4 

plays a role in stem/progenitor survival and proliferation. To examine self renewal 

potential, cells from a primary plating assay were plated into a secondary assay. In a 

secondary replating assay, Cxcl4 reduction showed a significant reduction in colony 

numbers in comparison to the control (P <0.01, n = 3) (Figure 5-7). To ensure that the 

shRNA vector reduced Cxcl4 expression in primary mouse cells, cells were harvested from 

the primary plating assay and examined for gene expression levels of Cxcl4 using Q-PCR. 

Results showed a mean 0.50 reduction in Cxcl4 gene expression levels in comparison to 

the control cells which was set to the value of 1. The decrease in gene expression was not 

statistically significant due to variation that was present in technical triplicates derived 

from 3 independent samples (n.s., n = 3) (Figure 5-7). This result indicates that Cxcl4 

controls stem/progenitor cell survival, proliferation and self renewal. A more in depth 

analysis of apoptosis and cell cycle status in response to Cxcl4 reduction is needed to 

confirm these results, however was not completed due to time constraints. 
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Figure 5-6 Reduction of Cxcl4 using shRNA results in a reduction in Cxcl4 expression in 

mouse cell lines. 

Cell lines were transduced using lentivirus for Cxcl4 shRNA or a control hairpin. 

Subsequently RNA was extracted, RT and Q-PCR carried out for Cxcl4 expression. Data 

are presented as the mean fold change in Cxcl4 expression in transduced cell lines with 5 

vectors in a pLKO.1 puro background (A) and 1 vector in a pLKO.1-GFP background (C) 

compared to the control which is set to the value of 1. Data was calculated using 

housekeeping gene Gapdh and using the DeltaDeltaCT method. Relative expression is 

displayed in panels B and D with each individual dot as an average of technical triplicates 

in three independent experiments. A one-way repeated measures ANOVA with Dunnett’s 

multiple comparisons test was used to assess statistical significance between each shRNA 

vector and the Scr control (A) and a ratio paired t test was used for panel C (* P <0.05; ** 

P <0.01; *** P <0.001, n = 3). Animals were 6-12 weeks of age and males were used.  
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Figure 5-7 Cxcl4 reduction in c-Kit + mouse BM cells reduces colony formation in primary  

and secondary plating assays.  

C-Kit+ BM cells were transduced with shRNA against Cxcl4 or a control hairpin. GFP+ 

cells were sorted into Methocult™ and cultured for 10-14 days and colonies were counted. 

Subsequently, cells were put into a replating assay, cultured and colonies were counted. 

Data are presented as the mean fold change in Cxcl4 expression in the Cxcl4 shRNA 

condition in comparison to the control, which is set to the value of 1 (A). Standard 

deviation represents 3 independent experiments, each with 3 technical replicates. Data 

were calculated using the DeltaDeltaCT method and housekeeping gene Gapdh. Data is 

also presented as relative expression with each dot representing an average of three 

technical replicates from three independent experiments (B). Data are presented as mean 

colony numbers in shRNA condition and control in primary (C) and secondary (D) colony 

formation assays. Statistical analysis carried out was a ratio paired two-tailed t test (A, B & 

C) and a paired two-tailed t test (B) (* P <0.05; ** P <0.01, n = 3). Animals were 6-12 

weeks of age and males were used.  
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5.3.4 Analysis of haemopoiesis in Cxcl4-/- animals 

The results in sections 5.3.2.2 and 5.3.3.2 provide evidence that Cxcl4 controls colony 

formation and self renewal in mouse stem/progenitor populations. To compliment these 

experiments, analysis of animals lacking the Cxcl4 gene were analysed (Cxcl4-/-). Cxcl4-/- 

mice have been generated previously and shown to exhibit an increase in platelet counts 

and defects in blood coagulation in comparison to WT controls (Zhang et al., 2001) 

(Lambert et al., 2007). However, to date the HSC compartment and functional activity of 

these populations has not been assessed. In this study, the Cxcl4-/- mouse model was used 

to examine the frequency of stem and progenitor populations and to examine their 

functional activity in in vitro and in vivo assays. As the previous results show Cxcl4 

supports the survival and self renewal of HSC, experiments were designed to test whether 

similar results could be obtained in cells lacking Cxcl4. 

Cxcl4-/- animals and age/sex matched WT controls were analysed (C57/BL6 background). 

Animals were genotyped prior to use using optimised PCR conditions for primers to detect 

endogenous Cxcl4 or Neomycin (Figure 5-8). The haemopoietic system was assessed by 

measuring the frequency of mature cells/HSC/progenitor cells in the haemopoietic organs 

(BM, spleen, PB and thymus). Functional activity of the HSC populations was 

experimentally tested using in vitro and in vivo assays including colony formation assays 

with replates and BM reconstitution assays. These methods were described previously in 

chapter 4. 
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Figure 5-8 Genotyping analysis of WT and Cxcl4-/-animals. 

Genomic DNA was extracted from tail tips/ear notch samples from animals and PCR was 

carried out using two sets of primers against mouse endogenous Cxcl4 and Neomycin. 

Image shows a representative image of PCR products in WT and Cxcl4-/- DNA. DNA 

derived from WT cells shows the presence of endogenous Cxcl4 (800bp), while DNA 

derived from cells lacking Cxcl4 show the presence of a band corresponding to Neomycin 

expression (620bp). Genotyping was performed to identify whether animals were WT, 

Cxcl4-/- or Cxcl4+/-. Positive (known WT and Cxcl4-/- DNA) and negative controls (no 

DNA template) were run to ensure the PCR reaction worked correctly and no 

contamination of reagents was present. Animals were only used in this study if genotyping 

gave a clear result of a single band for either Cxcl4 or Neomycin to ensure that 

heterozygotes were not included in any experiments. 
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5.3.4.1  Mature cell types in haemopoietic organs 

The frequency of mature cell types was examined in the BM, spleen, PB and thymi as 

described previously. 

5.3.4.1.1 BM 
 
BM analysis showed no difference in the cellularity in the Cxcl4-/- animals in comparison 

to the controls (n.s., n = 6, 7) (Figure 5-9). There were no differences in the numbers of 

erythroid cells, granulocytes or B cells in the BM between the strains (n.s., n = 6, 7) 

(Figure 5-9).  

5.3.4.1.2 Spleen 
 
Spleen analysis showed no difference in cellularity between the strains (n.s., n = 6, 7) 

(Figure 5-10). No differences in erythroid, granulocytes, B or T cells was found between 

strains (n.s., n = 6, 7) (Figure 5-10). 

5.3.4.1.3 PB 
 
PB analysis showed no difference in the cellularity in the Cxcl4-/- animals in comparison to 

the WT animals (n.s., n = 6, 8) (Figure 5-11). A trend towards an increase was noted in 

platelet counts in the Cxcl4-/- animals (n.s., n = 6, 8). Finally, no differences were noted in 

the numbers of mature cells in the PB between strains (n.s., n = 6, 7) (Figure 5-11). 

 

5.3.4.1.4 Thymi 
 
Analysis of the thymi showed no difference in the cellularity between strains (n.s., n = 6, 

7) with no difference in T cells between strains (n.s., n = 6, 7) (Figure 5-12).  

In summary, results showed no differences in the cellularity or numbers of mature cell 

types in the haemopoietic organs between Cxcl4-/- animals and WT controls. This infers 

that Cxcl4 is not involved in the regulation of mature haemopoietic cells. An increase in 

platelet count found in the Cxcl4-/- animals is in accordance with previous literature and the 

lack of significance likely reflects small sample size with previous research examining a 

much larger sample size  
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Figure 5-9 Cellularity and absolute numbers of matu re cells in the BM between WT and 

Cxcl4-/-animals. 

BM was isolated, assessed for cellularity, stained against mature markers and examined 

using flow cytometry. Data are presented as the mean cellularity (A) and absolute numbers 

of erythroid cells (TER119+), granulocytes (GR1+CD11B+) and B (CD19+B220+) cells (B) 

in the BM between WT and Cxcl4-/- animals. A Mann Whitney U test showed no statistical 

significance between conditions (n.s., n = 6, 7). Animals were 6-12 weeks of age and 

gender was the same (WT 6 females; Cxcl4-/- 7 females). 
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Figure 5-10 Cellularity and absolute numbers of mat ure cells in the spleen between WT and 

Cxcl4-/- animals.  

Spleen cells were isolated, assessed for cellularity and stained with antibodies against 

mature cell types and analysed using flow cytometry. Data are presented as the mean 

cellularity (A) and absolute numbers of erythroid cells (TER119+), granulocytes 

(GR1+CD11B+), B (CD19+B220+) (B) and T cell subsets (CD4+CD8+, CD4-CD8-, 

CD4+CD8- and CD4-CD8+) (C) in the spleen between WT and Cxcl4-/- animals. No 

statistical differences were reported using a two-tailed unpaired t test (A) and two-tailed 

unpaired t test with Welch’s correction for unequal variance (B & C) (n.s., n = 6, 7). 

Animals were 6-12 weeks of age and gender was the same (WT 6 females; Cxcl4-/- 7 

females). 
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Figure 5-11 Cellularity and absolute numbers of mat ure cells in the PB between WT and 

Cxcl4-/-animals.  

PB was harvested, assessed for cellularity, RBC were lysed and stained with antibodies to 

identify mature cell populations. extracted with an anticoagulant and assessed for 

cellularity neat and platelet count. Data are presented as the mean cellularity (A), absolute 

numbers of erythroid cells (TER119+), granulocytes (GR1+CD11B+), B (CD19+B220+) 

(B), T cell subsets (CD4+CD8+, CD4-CD8-, CD4+CD8- and CD4-CD8+) (C) and platelet 

counts (D) in the PB between WT and Cxcl4-/- animals. No statistical differences were 

reported using a student’s unpaired t test with Welch’s correction for unequal variance 

(n.s., n = 6, 7 (A-C), n = 6, 8 (D)). Animals were 6-12 weeks of age and gender was the 

same (WT 6 females; Cxcl4-/- 7 females).  
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Figure 5-12 Cellularity and absolute numbers of mat ure cells in the thymi between WT and 

Cxcl4-/-animals. 

Thymi were isolated, assessed for cellularity and stained with antibodies against mature 

cell types and analysed using flow cytometry. Data are presented as the mean cellularity 

(A) and absolute numbers of T cell subsets (CD4+CD8+, CD4-CD8-, CD4+CD8- and CD4-

CD8+) (B) in the thymi between WT and Cxcl4-/- animals. No statistical differences were 

reported using a student’s unpaired t test with Welch’s correction for unequal variance 

(n.s., n = 6, 7). Animals were 6-12 weeks of age and gender was the same (WT 6 females; 

Cxcl4-/- 7 females).  
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5.3.4.2  The numbers of stem and progenitor populat ions in 

mice lacking Cxcl4 

Assessment of the frequency of stem and progenitor populations in Cxcl4-/- mice has not 

previously been carried out. The frequency of stem and progenitor populations was 

examined using antibody staining against a variety of cell surface markers and analysed 

using flow cytometry as mentioned previously.  

5.3.4.2.1 BM 

5.3.4.2.1.1 HSC populations 

 
No difference was found in the number of lineage negative cells in the Cxcl4-/-animals in 

comparison to controls (n.s., n = 6, 7) (Figure 5-13).Within the lineage negative fraction, 

the LSK and further enriched stem cell populations were examined. There was no 

difference in the LSK cells between strains (n.s., n = 6, 7) (Figure 5-13). There were no 

differences noted between HSC populations between strains (n.s., n = 6, 7) (Figure 5-13).  

5.3.4.2.1.2 Progenitor populations 
 
In terms of progenitors, the LK fraction contains progenitor cells and showed no 

differences between strains (n.s., n = 6, 7) (Figure 5-14). There were no statistically 

significant differences between GMP, CMP and MEP populations in terms of absolute 

numbers (n.s., n = 6, 7) (Figure 5-14).  
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5.3.4.2.2 Spleen 
 

5.3.4.2.2.1 HSC populations 

 
A trend towards an increase in the number of lineage negative cells in the Cxcl4-/-animals 

was reported which was not statistically significant (n.s., n = 6) (Figure 5-15). There was a 

trend towards increase in the number of LSK cells in the Cxcl4-/-condition which was not 

statistically significant (n.s., n = 6) (Figure 5-15). All HSC fractions showed no differences 

in the absolute number of HSC populations between conditions (n.s., n = 6) (Figure 5-15).  

 

5.3.4.2.2.2 Progenitor populations 
 
In terms of progenitor cells in the spleen, the LK fraction showed a trend towards an 

increase in the Cxcl4-/-animals which was not statistically significant (n.s., n = 6). There 

were no differences in the progenitor populations including the GMP, CMP and MEP 

populations (n.s., n = 3) (Figure 5-16).  

In summary, the data collectively shows that a lack of Cxcl4 in animals does not alter stem 

or progenitor frequency in either the BM or spleen. As only female animals were 

examined, future experiments should compare stem cell function in male animals in case 

the effects are gender specific. Frequency does not always confer to stem cell function, 

therefore experiments were designed to test functionality of stem/progenitor cells in Cxcl4-

/- animals. 
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Figure 5-13 The numbers of HSC in the BM of WT and Cxcl4-/-animals. 

BM was isolated and stained for antibodies against HSC markers and examined using flow 

cytometry. Data are presented as the mean absolute numbers of lineage negative (A), LSK 

(B) and HSC populations (C) in the BM between WT and Cxcl4-/- animals. No statistical 

differences were reported using a student’s unpaired t test with Welch’s correction for 

unequal variance (n.s., n = 6, 7). Animals were 6-12 weeks of age and gender was the same 

(WT 6 females; Cxcl4-/- 7 females). 
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Figure 5-14 The numbers of progenitor cells in the BM of WT and Cxcl4-/-animals. 

BM was isolated and stained against progenitor markers and examined using flow 

cytometry. Data are presented as the mean absolute numbers of LK (A) and progenitor 

populations (B) in the BM between WT and Cxcl4-/- animals. No statistical differences 

were reported using a student’s unpaired t test with Welch’s correction for unequal 

variance (n.s., n = 6, 7). Animals were 6-12 weeks of age and gender was the same (WT 6 

females; Cxcl4-/- 7 females). 
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Figure 5-15 The numbers of HSC in the spleen of WT and Cxcl4-/-animals. 

The spleen was isolated and stained with antibodies against HSC markers and examined 

using flow cytometry. Data are presented as the mean absolute numbers of lineage negative 

(A), LSK (B) and HSC populations (C) in the spleen between WT and Cxcl4-/-animals. No 

statistical differences were reported using a student’s unpaired t test assuming equal 

variance between conditions (n.s., n = 6, 7). Animals were 6-12 weeks of age and gender 

was the same (WT 6 females; Cxcl4-/- 7 females). 
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Figure 5-16 The numbers of progenitors in the splee n of WT and Cxcl4-/-animals. 

The spleen was isolated and stained with antibodies against HSC markers and examined 

using flow cytometry. Data are presented as the mean absolute numbers of LK (A) and 

progenitor populations (B) in the spleen between WT and Cxcl4-/- animals. No statistical 

differences were reported using a student’s unpaired t test assuming equal variance (n.s., n 

= 6, 7 (A), n = 3 (B)). Animals were 6-12 weeks of age and gender was the same (WT 6 

females; Cxcl4-/- 7 females). 
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5.3.4.3  WT and Cxcl4-/- stem/progenitors show no difference 
in viability or cell cycle status 

Although results in section 5.3.4.2 show animals lacking Cxcl4 do not show different 

frequencies of stem or progenitor cells, we wanted to examine stem cell functionality. We 

examined viability and cell cycle status in HSC as described in chapter 4. 

BM cells harvested from WT and Cxcl4-/- animals were stained for LSK and Annexin-V. 

Results showed no difference in Annexin-V+ cells between different populations between 

strains (n.s., n = 3) (Figure 5-17). 

Ki-67 staining showed no differences in Ki-67+ cells between strains (n.s., n = 3) (Figure 

5-17). However, a trend towards an increase is noted in all populations.  

The staining pattern obtained suggests that the assay was technically sound with the 

highest percentage of viable and quiescent cells in the HSC compartments. Therefore, it 

can be inferred from the data that there are no differences in cell viability or proliferation 

in HSC populations between WT and Cxcl4-/- conditions. As there is trend towards an 

increase in Ki-67+ cells in the Cxcl4-/- cells, it suggests that this experiment should be 

repeated with more animals and perhaps examining male animals. 
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Figure 5-17 Viability and cell cycle status in HSC derived from WT and Cxcl4-/- animals. 

BM cells were stained with antibodies against lineage, Sca-1, c-Kit, CD150 and CD48 and 

Annexin-V or Ki-67 and analysed using flow cytometry (LSK only for panel A). Data are 

presented as the mean percentage of Annexin-V+ (A)  cells in BM, lineage negative, LK 

and LSK cells (A) or the percentage of Ki-67+ cells in BM, lineage negative, LK, LSK and 

HSC populations (B) between strains. Statistical test carried out was a student’s unpaired t 

test assuming equal variances (B) and with Welch’s correction (A) (n.s., n = 3). Animals 

were 6-12 weeks of age and gender was the same (WT 3 females; Cxcl4-/- 3 females). 
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5.3.4.4  Cxcl4-/- BM cells show no difference in colony 
numbers compared to controls   

Colony formation primary and secondary replating assays were used to get an indication of 

whether stem/progenitor cell function is impaired in cells lacking Cxcl4. 

5.3.4.4.1 BM 
 
Results showed no difference in colony numbers in cells derived from the BM in a primary 

plating assay (n.s., n = 6) (Figure 5-18). In a secondary replating assay, results showed a 

trend towards a decrease in the Cxcl4-/- condition which was not statistically significant due 

to high variation between samples (n.s, n = 5) (Figure 5-18). 

High variation found between individual samples resulted in a lack of statistical 

significance. However, this result in combination with data obtained in section 5.3.3.2 

provides evidence to support that Cxcl4 reduction reduces colony formation capability. 

This could be due to a role of Cxcl4 in differentiation, survival or proliferation. This could 

also infer Cxcl4 plays a role in stem cell self renewal. However, the CFC assay is a more 

progenitor assay and more in depth experiments are required to confirm the role of Cxcl4 

in stem cell properties. 

5.3.4.4.2 Spleen 
 
Results showed no difference in colony numbers in cells derived from the spleen in a 

primary plating assay, however a trend towards an increase in the CFU-GM colony types 

was noted (n.s., n = 4) Figure 5-19). No difference in the CFU-E or CFU-GEMM colonies 

was found (n.s., n = 4) (Figure 5-19). When the colony types were counted collectively, a 

trend towards an increase in the number in the Cxcl4-/-condition was noted which was not 

statistically significant (n.s., n = 4) (Figure 5-19).  

The trend towards increase in the number of colonies in the spleen cells in the Cxcl4-/-

condition suggests there is increased stem/progenitor activity in the absence of Cxcl4. This 

is in accordance with the trend towards an increase reported in the frequency of LK and 

LSK populations in the Cxcl4-/-condition (Figure 5-15; Figure 5-16). However, the results 

were not statistically significant. 
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Figure 5-18 Cxcl4-/- BM cells show no difference in colony numbers in pr imary or secondary 

replating assays in comparison to WT cells. 

BM cells harvested from WT and Cxcl4-/- animals were cultured in Methocult™ for 10-14 

days and colonies were counted, cells harvested and plated in a secondary plating assay. 

Data are presented as the mean number of total colonies between strains in a primary (A) 

(n.s., n = 6) and secondary replating assay (B) (n.s., n = 5). Statistical test carried out was a 

student’s unpaired t test with the assumption of equal variance (A) and with Welch’s 

correction (B).  Animals were 6-12 weeks of age and gender was the same (CFC1 WT 6 

females; Cxcl4-/- 6 females; CFC2 WT 5 females; Cxcl4-/- 5 females). 
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258 

 

Figure 5-19 Cxcl4-/- spleen cells show no difference in colony numbers i n comparison to WT 

cells. 

Spleen cells harvested from WT and Cxcl4-/- animals were cultured in Methocult™ for 10-

14 days and colonies were counted. Data are presented as the mean number of different 

colony types (A) and total colonies between strains (B) in a primary assay. Statistical test 

carried out was a student’s two-tailed unpaired t test assuming equal variance (n.s., n = 4). 

Animals were 6-12 weeks of age and gender was the same (WT 4 females; Cxcl4-/- 4 

females). 

  

A B 
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5.3.4.5  WT and Cxcl4-/- show no difference in BM 
reconstitution potential 

Collectively, the results show that cells in which Cxcl4 is reduced show a reduction in 

colony formation. The gold standard technique for assaying HSC activity is the BM 

reconstitution assay. LT-HSC were isolated from WT or Cxcl4-/- BM and examined for the 

ability to engraft in a recipient with a lethally ablated BM as described previously in 

chapter 4. 

PB from irradiated recipient animals were examined for the percentages of CD45.1+ versus 

CD45.2+ cells to track engraftment as described previously in chapter 4. Furthermore, 

within the CD45.2+ fraction, the percentage of myeloid (GR1+ and CD11B+), B (CD19+) 

and T (CD4+ and CD8+) cells were examined to assess the donor contribution to 

multilineage differentiation. Due to availability of mice, different sexes were used in this 

assay. This should be noted as same sex would make the experiment more reliable. 

At up to 16 weeks post transplant, no differences in the percentage of donor cells in the PB 

was found between WT and Cxcl4-/- groups (n.s., n = 7, 6) (Figure 5-20). Panel B in Figure 

5-20 shows engraftment levels obtained in individual animals from each group and it can 

be seen that although some inter group variation exists, the means are similar.  

Within the CD45.2+ cells, the percentage of cells positive for mature cells was examined at 

16 weeks post transplant. Data showed no difference in the ability of the recipient animals 

to produce mature cell types at 16 weeks post transplant (n.s., n = 7, 6) for WT and Cxcl4-/-

conditions (Figure 5-20). The data trended towards an increase in myeloid cells and 

decrease in T cells in Cxcl4-/- derived cells, however this was not statistically significant 

and likely represents heterogeneity between samples. 

Primary recipients were sacrificed at 16 weeks post transplant and the engraftment of 

donor cells was examined in the mature cell types (myeloid, erythroid and B cells) and 

stem cells within the BM and spleen. No differences were found in the engraftment of any 

cell types in the BM or spleen between WT and Cxcl4-/-conditions (n.s., n = 7, 6).  
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In terms of the stem cell populations, no differences were found in CD45.2+ cells between 

groups in the BM (n.s., n = 7, 6). Similar results were obtained with the spleen between 

conditions (n.s., n = 7, 6).  

If Cxcl4 was regulating self renewal, the assay to conclude this is a secondary BM 

transplantation assay. In this assay, donor derived stem cells are harvested from primary 

recipients and transplanted into secondary recipients and examined for engraftment. Due to 

time constraints in this study, this experiment could not be completed. It can be seen in 

Figure 5-20 that an increase in CD45.2+ cells over 16 weeks is found in the recipients 

transplanted with WT HSC. This is as expected as it indicates that the HSC are self 

renewing over time and able to contribute to haemopoiesis. A defect in self renewal 

activity would reduce the ability of the donor cells to contribute to haemopoiesis. In the 

recipients transplanted with Cxcl4-/- HSC, an increase in CD45.2+ cells are found up to 12 

weeks. However, at the 16 week time-point, a reduction/no change in engraftment is found 

in comparison to the 12 week time-point (Figure 5-20). This could potentially represent a 

defect in self renewal which would complement the previous results, however this is not 

conclusive. To assess defects in self-renewal conclusively, engraftment in secondary 

transplantation assays needs to be assessed.  

Donor cells from animals were aged matched (6-12 weeks) but differed in sex due to 

availability (WT F, KO M). Recipient animals were age matched (6-12 weeks) and were 

gender matched but due to toxicity related deaths final analysed animals were skewed (WT 

3M, 4F; and Cxcl4-/- 1M, 5 F). This experiment should be repeated with cells derived from 

donors matched for gender. This is important in stem cell biology and there is evidence to 

support that HSC behave differently in response to gender (Nakada et al., 2014). 
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Figure 5-20 WT and Cxcl4-/  HSC-show no difference in the engraftment or multilinea ge 

differentiation capacity after BM transplantation.  

LT-HSC (102) were sorted from BM from WT or Cxcl4-/-animals and mixed with 2.0x105 

BM cells from mice on a CD45.1 background. Data are presented as the mean percentage 

of CD45.2+ cells in recipient mice transplanted with either WT or Cxcl4-/-HSC in the PB 

across 16 weeks (A). Each recipient animal is displayed as a single symbol on the graph at 

16 weeks post transplant to demonstrate heterogeneity in engraftment between samples 

(B). A representative flow cytometry plot is used to demonstrate engraftment between 

conditions (C). Within the CD45.2+ cells, the percentage of mature cell types was 

examined in the PB including myeloid (GR1+CD11B+), B (CD19+) and T (CD4+CD8+) 

cells (D). Antibodies against CD4 and CD8 were used in the same fluorophore therefore T 

cells are labelled as double positive cells (CD4+, CD8+ ) only. Data are presented as the 

mean percentage of mature cell types within the CD45.2 + fraction (n = 7, 6) (B). A two-

way ANOVA was used with Sidak’s multiple comparisons to compare differences between 

WT and Cxcl4-/- null animals at each time point (A). A two tailed unpaired t test was used 

to compare differences in percentage of mature cells within CD45.2+ cells between WT 

and Cxcl4-/- conditions (D). Animals were 6-12 weeks of age and mixed gender (donor WT 

2 females; Cxcl4-/- 2 males; recipient WT 3 males, 4 females; Cxcl4-/- 1 male and 5 

females). 
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Figure 5-21 WT and Cxcl4-/- show no differences in the contribution to mature, stem and 

progenitors in a BM reconstitution assay. 

LT-HSC (102) were sorted from BM from WT or Cxcl4-/-animals and mixed with 2.0x105 

BM cells from mice on a CD45.1 background. Animals were sacrificed at 16 weeks post 

transplant and examined for the percentage of CD45.2+ cells within the BM and spleen 

HSC and progenitor cell types (A-D). Data are presented as the mean percentage of 

CD45.2+ cells within each cell fraction stated (n = 7). No statistically significant 

differences were reported using a student’s unpaired t test with Welch’s correction for 

unequal variance (n.s.). Animals were 6-12 weeks of age and mixed gender (donor WT 2 

females; Cxcl4-/- 2 males; recipient WT 3 males, 4 females; Cxcl4-/- 1 male and 5 females). 
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5.3.5 CXCL4 is highly expressed on human HSC and up regulated 
on the most primitive, quiescent fraction 

To relate the mouse work to the human system, CXCL4 expression was examined on 

human HSC populations. Data from a published microarray on human HSC populations 

was shown to be inconclusive for CXCL4 expression ((Graham et al., 2007); data not 

shown). Furthermore, there was no literature to suggest CXCL4 is expressed by human 

HSC. To examine this, human HSC populations were sorted and examined for CXCL4 

expression at the mRNA and protein level. 

5.3.5.1  CXCL4 gene expression 

Primitive HSC (CD34+CD38-) and more proliferative progenitor (CD34+CD38+) fractions 

in BM and PB derived human samples were stained, sorted and examined for CXCL4 

expression. Results showed high levels of expression in the HSC populations from both 

sources, with an up regulation in the most primitive fraction (CD34+CD38-). The results 

showed a 0.03 and 0.12 fold change in CXCL4 levels in the BM and PB respectively in the 

CD34+CD38+ fraction using the CD34+CD38- fraction which was set to the value of 1 

(Figure 5-22). This suggests that CXCL4 is highly expressed in human HSC in comparison 

to progenitor populations. The CD34+CD38- HSC fraction can be further enriched for a 

purer, more primitive population. Gene expression was examined in CD34+CD38+ versus 

CD34+CD38-CD90- and CD34+CD38-CD90+ fractions. PB derived samples were used due 

to the availability of material. Results showed an up regulation in the CD34+CD38-CD90- 

and the CD34+CD38+ fraction in comparison to the CD34+CD38-CD90+ fraction which 

was set to the value of 1 (n = 3) (Figure 5-22). Collectively, the results show that CXCL4 is 

expressed in human HSC populations with highest expression in the most primitive, 

quiescent HSC fraction (CD34+CD38-CD90+). 

5.3.5.2  CXCL4 protein expression 

To ensure that the CXCL4 protein was translated, protein expression was examined using 

intracellular flow cytometry. PB derived HSC were stained to assess HSC (CD34+CD38-

CD90+) and progenitor (CD34+CD38+) fractions with the addition of a monoclonal 

antibody against CXCL4. 

Results showed that all HSC populations stained positive for CXCL4 in comparison to 

isotype control stained cells (CD34+; CD34+CD38- and CD34+CD38+). This was not in 
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accordance with the gene expression data and the flow cytometry plots suggest this is non 

specific staining due to a shift in the whole population (Figure 5-23). It is understood that 

there can be technical problems associated with chemokine antibodies using intracellular 

staining and this was not further pursued due to time constraints. Ideally western blotting 

or immunofluorescence should be used for conclusive evidence of CXCL4 protein 

expression in human HSC. 
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Figure 5-22 CXCL4 is highly expressed in human HSC with an up regulat ion in the more 

primitive fraction. 

BM or PB derived cells were sorted for CD34, CD38 and CD90 cell populations (500 

cells), RT and Q-PCR was carried out. Gene expression was calculated using expression 

levels of housekeeping control GAPDH and using the DeltaDeltaCT method. Data are 

presented as the mean fold change in CXCL4 expression in BM and PB derived 

CD34+CD38+ fraction using the CD34+CD38- as a calibrator set to the value of 1 (A) (*** 

P <0.001) (n = 3). Panel C displays the fold change in CXCL4 expression in the 

CD34+CD38-CD90- and CD34+CD38+ fraction using the CD34+CD38-CD90+ as a 

calibrator set to the value of 1 (C) (** P <0.01; *** P <0.001) (n = 3). Panels B and D 

show relative expression using 2-DeltaCT. Each dot represents the average of technical 

triplicates from three independent experiments. A paired t test (A) and a repeated measures 

one-way ANOVA with Dunnett’s test for multiple comparisons (C) was used to analyse 

statistical differences between the CD34+CD38-CD90+ population against the other 

populations. Patient samples used were of mixed age, gender and health status. 
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Figure 5-23 CXCL4 flow cytometry monoclonal antibody is not appropria te to detect CXCL4 

in human HSC. 

Human PB samples were stained with antibodies for CD34, CD38, CD90, fixed, 

permeabilised and analysed for CXCL4 expression. Data are presented as the flow 

cytometry plots for the gating strategy used for different human HSC populations (A) and 

the observed histogram for CXCL4+ expression in each population (B) (n = 1). Gates are 

set according to isotype control which correlated with unstained cells.  
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5.4 Discussion 

Collectively, the data from this chapter show that human and mouse HSC express CXCL4 

and the chemokine may play a role in stem cell properties, such as stem cell self renewal.  

The Cxcl4-Cre reporter model was previously used to study platelet biology as it was 

originally thought that Cxcl4 was expressed solely on platelets and megakaryocytes. 

However, data from this study identifies that Cxcl4 is also expressed on HSC populations 

and subsequent mature cells in haemopoiesis. The question arises, why was this not 

identified in previous studies?  Previously this model has been shown to be specific for 

platelet and megakaryocyte cells (Bertozzi et al., 2010) (Tiedt et al., 2007). However, other 

studies have shown that Cxcl4 driven reporter models show expression outside these cells 

(Chagraoui et al., 2011). It is possible that technical reasons and differences in data 

analysis are responsible for discrepancies between studies. More specifically, previous 

studies have used immunohistochemistry, while flow cytometry is thought to be more 

sensitive. Secondly, varying reporter genes have been used, such as lacZ, which possibly 

show variations in expression. As data in this chapter showed endogenous Cxcl4 

expression in HSC populations at the mRNA level, this provides further evidence that 

Cxcl4 is expressed in HSC populations. The identification that Cxcl4-Cre is expressed in 

HSC is important, not only for the study of Cxcl4 in HSC biology, but also for those who 

use the Cxcl4-Cre models. Although these models have provided invaluable data regarding 

platelet biology, any HSC phenotype, for example using these mice, may be misinterpreted 

as involving platelet and megakaryocyte biology, which may not be the case and should be 

interpreted with care. As a positive control using the Cxcl4-Cre model, platelets and 

megakaryocytes were examined for RFP expression and it was predicted these cell types 

should show maximum RFP expression. The results showed that approximately 100% of 

platelets showed RFP+ expression and approximately 50% of the megakaryocytes were 

RFP+. This is perhaps due to the presence of immature megakaryocytes which have yet to 

produce Cxcl4 and subsequently RFP expression, which has been noted in another study 

with integrin β1. In contrast, the Cxcl4-Cre transgene, although useful, has its pitfalls. 

Integration can be random therefore an active model for lineage tracing would be better.  

In addition, a proportion of RFP+ cells are noted in thymocytes which cannot be explained 

by megakaryocytes and platelets. This suggests that Cxcl4 becomes transcriptionally active 

in stem cells which then results in a proportion of positive cells in all lineages including 

thymocytes. The reason only a proportion of mature cells are RFP+ suggests that only a 
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subset of HSC switch on Cxcl4 therefore mature cell types contain a mix of both positive 

and negative cells. Indeed, HSC analysis shows not all HSC are RFP+. Again, cells which 

are marked with Cxcl4 transcription with a dynamic reporter would help address these 

questions. 

As Cxcl4 is thought to be a ‘platelet specific’ gene, it is surprising that expression was 

found in a stem cell population. In support of this, genes thought to be associated solely 

with platelet biology or other lineage specific paths have been identified to be expressed in 

stem cell populations (Pina et al., 2012). Indeed, platelets are a major source of CXCL12 

and CXCR4 (Chatterjee and Gawaz, 2013). One example to support this has been reported 

in a previous study in which another ‘platelet associated’ gene (Vwf) was noted to be 

expressed in HSC in the mouse system (Kent et al., 2009). Furthermore, this particular 

gene was noted to be highest and consistently expressed in the self renewing HSC fraction 

which supports the results and conclusions proposed in this chapter. In addition, recent 

research published in Nature by Sten Jacobsen and his group used a Vwf  driven GFP 

reporter mouse model (Sanjuan-Pla et al., 2013). Their research showed only a subset of 

HSC were positive for Vwf transcription. They have data to show that this population 

marks a mouse HSC subset primed for platelet-specific gene expression. They suggest the 

HSC hierarchy starts with platelet primed HSC at the apex. Possibly Cxcl4 is playing a 

similar role in HSC biology, however experiments will need to address this. 

Results using shRNA to knock down Cxcl4 in vitro showed a decrease in colony formation 

in cells with reduced Cxcl4 in primary plating assays, which was more exaggerated in 

secondary replating assays. This result indicates that Cxcl4 is controlling colony formation, 

but to a greater extent self-renewal. This could be supported by the experiments using 

Cxcl4-/- BM which showed a reduction of colonies in a secondary replating assay in the 

cells lacking Cxcl4 however it should be noted that this result was not statistically 

significant. It is possible that Cxcl4-/-mice are less sensitive than WT cells with Cxcl4 

reduction in vitro. Furthermore, a transgenic reporter mouse model under the promoter of 

Cxcl4-Cre showed that Cxcl4 negative cells showed decreased colony formation in a 

primary plating assay. In the secondary replate, no difference was found between 

conditions. One possibility for the discrepancy in these results is that the transgenic 

reporter model does not mark active Cxcl4 expression and only reports expression in which 

a Cxcl4 transcription was active at some point. It is possible that the cells respond to 

culture conditions and switch on or switch off Cxcl4 transcription and show skewed 

results. Therefore more conclusive evidence was obtained using Cxcl4 reduction in vitro 
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and from Cxcl4-/- cells. Possible future work will be to study a transgenic model which 

marks active Cxcl4 transcription with a reporter gene. In this way, the expression pattern of 

Cxcl4 and its activity can be traced over time. In addition, the Cxcl4-/-mice were all female 

and the transplantation assays had mixed genders. It is possible that the Cxcl4 is gender 

specific and further experiments should address this. This could be explained by the 

experiment in which Cxcl4 is reduced in vitro as these animals were male. 

The key experiment to investigate self renewal is to examine the ability of a HSC 

population to reconstitute a lethally ablated BM in a secondary transplantation assay. This 

experiment is currently under way and it is hypothesised that a decrease in engraftment 

will be noted in recipients engrafted with Cxcl4-/- HSC populations, however this was 

outside the timeframe of this study. An experiment to compliment this could use WT HSC 

transduced with Cxcl4 shRNA and the engraftment in secondary recipients should be 

examined. However, this experiment was outside the time frame in this study. 

The data in this chapter examines the role of Cxcl4 in adult haemopoiesis. It is possible 

that the chemokine may play a role in early haemopoiesis in addition to adult 

haemopoiesis, however this should be further investigated. 

The results in this chapter showed that CXCL4 is highly expressed in a primitive human 

HSC population, however the role is unclear. Data from mouse studies suggested that it 

was playing a role in self renewal and this should be examined in human studies. There is 

little literature on the expression of CXCL4 on human HSC populations. One study 

examined expression between BM, CB and G-CSF mobilised PB and noted a much higher 

expression in BM derived cells (Ng et al., 2004). Results in this chapter showed both BM 

and PB derived samples had an up regulation in expression in the CD34+CD38- fraction, 

however expression between samples was not compared. It is possible that BM derived 

cells express higher levels due to the increase in quiescence in these cells in comparison to 

PB sources. The data in this chapter investigated a more in depth analysis of Cxcl4 

expression in the stem cell compartment. Although there is little literature currently to 

suggest human HSC express CXCL4, there is evidence to support that the cells can respond 

to the chemokine. Studies have shown that recombinant CXCL4 (rCXCL4) supports the 

viability of BM cells, including the CD34+ fraction, and provides a protective effect from 

cytotoxic drugs (Han et al., 1997). Furthermore, rCXCL4 was found to increase quiescence 

in CD34+ cells in comparison to the control (Huang et al., 2000). Another study noted that 

CXCL4 enhanced the adhesion of CD34+ cells to intact stroma (Dudek et al., 2003). 
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However, self renewal has not been assessed. It is possible that cells respond to the 

chemokine and plays several functions in these cells, including promoting cell viability and 

self renewal. This also suggested that CXCL4 may be acting in an autocrine fashion, with 

evidence that human HSC express and respond to the chemokine. This is in accordance 

with data from the mouse system, in which the mouse stem/progenitor cells expressed 

CXCL4 and also responded to modulation. 

To extend this research in a possible future avenue, the mechanism of action can be 

examined. CXCL4 is a curious chemokine and in the literature it is not well understood 

which receptor it binds to or how it elicits its effects. Although there are various proposed 

mechanisms of action, currently it is unclear in the literature therefore future experiments 

are required to address this, particularly in the context of HSC properties. 
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6 Conclusion 

6.1 Concluding remarks and future work 

The haemopoietic system is an elegant hierarchical organisation in which a stem cell 

population is responsible for producing and maintaining all the mature haemopoietic cell 

types over the period of a lifetime (Weissman, 2000). The biological decisions of the HSC 

population are tightly controlled for the maintenance of the stem cell pool and the 

production of multi-lineage differentiated cells for basal haemopoiesis and when required 

in response to haemopoietic stress or injury (Passegue et al., 2005). HSC respond to 

intrinsic and extrinsic factors in the BM niche (Zon, 2008, Pietras et al., 2011, Blank et al., 

2008). The deregulation of cellular fate decisions consequently disrupts stem cell 

maintenance and subsequently results in defects in the haemopoietic system. There is 

evidence to suggest that stem cell fate decisions are deregulated in response to ageing and 

in malignant transformation, including diseases of the haemopoietic system, such as 

leukaemia (Geiger et al., 2013) (Warr et al., 2011). However to begin to understand cancer 

and cancer stem cell properties in particular, it is essential to first understand the regulation 

of normal stem cells. It is therefore fundamental that the molecular mechanisms underlying 

cellular fate decisions are well understood.  

A variety of studies have aimed to understand the molecular mechanisms of HSC cellular 

fate regulation. Studies have used a combination of data driven approaches using high-

throughput expression studies and hypothesis driven research for the identification of novel 

candidates in the regulation of HSC fate. One of these studies compared the global gene 

expression profile between quiescent and proliferating HSC populations through a 

microarray that aimed to identify novel transcriptional targets that may be key to HSC 

regulation (Graham et al., 2007). However, the nature of a microarray alone does not allow 

for interpretation of the biological role of these chemokine ligands within the haemopoietic 

hierarchy. Therefore, it was aimed to expand current knowledge that is critical to the 

current understanding of HSC fate regulation. The aim of this present study was to validate 

findings from the study conducted by Graham et al. as well as focus on the biological role 

of CXC chemokines within haemopoiesis, including cell cycle regulation. In this 

conclusion chapter, the results obtained from this study are discussed in accordance with 

previous literature and possible future avenues for research are proposed. 
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6.1.1 High-throughput screening as a tool to identify novel 
candidates in biological processes 

The genes examined in this study were identified from a microarray screen comparing 

gene expression in quiescent (G0) and dividing (G1, G2, S and M) normal HSC populations 

(Graham et al., 2007). This highlights the advantages of using a high-throughput approach 

to identify novel candidates in biological processes. Systems biology is a field of study 

which combines biology with informatics in an aim to understand complex interactions 

within biological systems. Systems biology has emerged over the past several years as a 

novel high-throughput approach to compare expression patterns between different cell 

populations which has aided biological and biomedical research (Soon et al., 2013). 

Systems biology approaches allow global expression patterns to be compared between 

different cell populations at the epigenetic, genetic, protein and phospho-protein levels. 

This approach allows a data driven method which has the ability to identify several 

differentially regulated components in a variety of cellular processes. This can be applied 

to studying genes involved in biological processes, such as HSC cellular fates or disease 

populations. Furthermore, analysis can identify candidates for further study that can prove 

useful for drug discovery research. In terms of stem cell biology, these techniques have 

allowed us to increase our understanding of the biological system.  

Various studies have employed this approach to examine the differential expression 

between HSC populations. However, only one previous study to date has identified 

CXCR2 signalling in this context. This is likely due to differences in samples used, method 

of cell isolation, culture conditions, data acquisition and the informatics analysis. This 

highlights an important issue in which although high-throughput screening has increased 

our understanding, there are disadvantages involved.  The main limiting factors are 

expense and the need for large amounts of material for screens which is sometimes not 

possible when studying rare populations, including stem cell populations. Importantly, the 

expression data obtained is combined with bioinformatics analysis and there are several 

different approaches in the analysis step (Slonim, 2002). Consequently, it is possible that 

significant and biologically relevant candidates are neglected due to the particular 

threshold values used in the analysis step or even due to technical problems with the assay. 

As an example, in this study the chemokine CXCL4 was investigated due to its structural 

similarity to the candidates identified from the screen and from unpublished data and 

evidence in the literature. However, CXCL4 was not originally identified as differentially 

expressed between quiescent and proliferating normal human HSC in the original 
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microarray.  On the contrary, it is understood that there is a high level of ‘noise’ obtained 

from global expression studies, leading to the identification of candidates which are not 

biologically significant. Therefore, it is crucial for candidates to be validated after the array 

step. Collectively these points highlight that there is the need for data driven expression 

data in combination with hypothesis driven research approaches. This includes the use of 

appropriate bioinformatics analysis, a comprehensive review of the literature and most 

importantly experimental validation. 

6.1.2 The role of CXCR2 signalling in HSC properties 

The aim of this study was to extend previous research with the main question addressing  

what is the biological role of particular CXC chemokines in terms of HSC properties? 

Importantly, the current study corroborated the microarray data from the Graham et al, 

study to show that CXCL1 and its receptor CXCR2 are expressed by human HSC 

populations. Furthermore through inhibition experiments, the current study demonstrated 

that CXCL1 and CXCR2 may play a pro survival role in human HSC. However, it is 

important that these experiments are repeated to obtain an appropriate number of biological 

replicates so that proper conclusions can be made. In addition, as discussed in section 3.3.2 

further experiments are required to conclude that human HSC express CXCL1 due to 

technical issues with antibodies. 

CXCR2 is a promiscuous receptor, which is capable of binding several ligands, which are 

structurally very similar, thus suggesting redundancy between them (Rossi and Zlotnik, 

2000). It was therefore surprising that one key ligand for the receptor showed such a 

dramatic effect on the viability of HSC, considering several other ligands for the receptor 

were also found to be expressed on HSC. However, the results obtained in this study were 

supported by evidence in the literature which shows that although CXCR2 ligands share 

similar roles in some processes, in other processes, such as autocrine driven viability and 

proliferation, CXCL1 and CXCR2 pathways play clearly distinct roles. This has been 

reported in various cell types, including oligodendrocyte precursor cells and epithelial 

ovarian carcinoma cells (Bolitho et al., 2010, Filipovic and Zecevic, 2008, Botton et al., 

2011, Tsai et al., 2002). To extend this research, future experiments should validate this 

research. In addition, experiments to extend this research might examine the mechanism of 

action with examination of signalling pathways involved. Experiments from other cell 

types implicate the involvement of ERK1/2 and epidermal growth factor (EGF) in CXCR2 

signalling (Miyake et al., 2013). These have been shown to influence cell proliferation in 
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human ES cells and could therefore be potential candidate pathways to explore (Schuldiner 

et al., 2000). It is not surprising that a pro survival signalling pathway is expressed in 

normal HSC and up regulated in the quiescent sub population as stem cells are designed to 

be robust and viable in order to protect the haemopoietic system. Indeed, this is supported 

by the evidence that a variety of pro survival genes and pathways are up regulated in the 

most primitive HSC population. Survival is an important feature of HSC as the balance of 

survival and programmed cell death in the HSC population is tightly regulated to control 

the numbers of the stem cell pool (Wagers et al., 2002). 

For experimental research, it should be considered that HSC do not exist in isolation in 

vivo, they reside in the BM where complex signalling occurs, with both intrinsic and 

extrinsic factors involving several diverse cell types. Examining human signalling 

pathways in vitro gives a good indication of human function. However, in vivo assays can 

add the advantage of examining the HSC population in the presence of complex signalling 

in the niche. This is important to this particular study as there is evidence that other cell 

types in the niche can contribute to determining HSC cell fate (Yin and Li, 2006). To 

extend the human research in this study, possible future experiments could examine the 

CXCL1 and CXCR2 interaction on human HSC in the context of the niche. Several 

approaches to modelling the niche interaction have been developed which could be used. 

Furthermore, human HSC could be transduced with plasmids to inhibit CXCL1 or CXCR2 

expression and the effect in vivo observed using BM transplantation assays. 

The majority of experiments examining stem cell function have used mouse models. The 

advantages are the availability of more material and more elegant in vivo models of HSC 

function. The availability of a Cxcr2-/- mouse model allowed the human work to be 

strengthened and to give a more in depth analysis of the role of this signalling pathway in 

HSC biological properties in vivo.  

Briefly, the results in this study show that Cxcr2-/- animals exhibit extramedullary 

haemopoiesis amd an expansion of viable LT-HSC in the BM. The data indicates Cxcr2-/- 

HSC may display a reduced ability of LT-HSC to engraft the BM of an irradiated host. 

However, this result needs to be repeated due to variation between replicates.  

To strengthen these results, in addition to repetition of the experiments in this thesis, future 

work could examine which cell types Cxcr2 expressing HSC signal to. From the results in 

this thesis it is therefore currently unclear in the animal system which ligands are involved 
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in Cxcr2 signalling and in addition, which cell types are expressing these ligands. One 

possibility is that CXCR2 binding ligands are expressed by the HSC which were not 

examined in this study. A well-studied chemokine signalling pathway in haemopoiesis is 

CXCR4 and ligand CXCL12, which involves signalling between the HSC and stromal 

cells (Sugiyama et al., 2006). There is literature to show that CXCR2 ligands are expressed 

by cell types residing in the BM niche, including EC and the possibility of a HSC/stromal 

cell interaction is also possible (Miyake et al., 2013). Alternatively, it is possible that 

CXCR2 ligands are expressed by a more proliferative progenitor population which signals 

to LT-HSC. Figure 6-1 highlights possibilities of how CXCR2 signalling is mediated in the 

mouse system which future experiments can assess. 

For future research, it will be essential to repeat the transplantation experiments with the 

adidition of serial transplantation assays. If repetition shows that Cxcr2 expressing HSC 

show a disadvantage in transplantation ability in comparison to the WT controls, 

experiments should aim to test why. Two hypotheses are proposed from this result in 

which either the Cxcr2-/- HSC exhaust faster than the WT cells, subsequently losing 

reconstitution potential, or alternatively the Cxcr2-/- HSC have a defect in migration and 

cannot home to the BM for engraftment. If we first consider the first hypothesis that the 

Cxcr2-/- HSC are exhausting faster than the control counterparts. The tight regulation of 

self renewal and multilineage differentiation is responsible for the maintenance of 

haemopoiesis and deregulation in these properties can result in stem cell exhaustion. Cell 

cycle blocking can inhibit self renewal and in contrast, cell cycle activation can lead to 

stem cell exhaustion which has been elegantly shown using manipulation of these 

properties (Yoshida et al., 2008). Deregulation of key self renewal genes results in the 

activation of cell cycle and consequently results in stem cell exhaustion and therefore 

reconstitution potential. Future work to further examine this should analyse the cell cycle 

status of WT and Cxcr2-/- HSC populations. Analysis ex vivo shows that there is no 

difference in proliferation as measured using Ki-67 staining in HSC populations between 

Cxcr2-/- cohorts and their control counterparts. However, possible future experiments to 

conclude this involve in vivo cell cycle assays, including the treatment and subsequent 

analysis of Brd-U to track proliferation of the cells in vivo or administrating 5-FU that will 

introduce stress to the system, which can be analysed between strains. In addition, to 

compare the self renewal capacity between Cxcr2-/- HSC and their WT counterparts, 

secondary transplantations can be examined and these experiments are currently underway. 
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In contrast, Cxcr2 is well-studied for its effects on cellular migration and there is evidence 

to support this hypothesis in the HSC system. The Cxcr2-/- mouse model shows the 

presence of circulating HSC in the periphery and enhanced numbers of HSC in the spleen. 

Furthermore, CXCR2 binding ligands have been identified as factors which, when added 

exogenously to mice, results in mobilisation (Pelus and Fukuda, 2006). In addition, G-CSF 

treatment, which also leads to HSC mobilisation, has been shown to modulate the 

expression of Cxcl1 and Cxcl2 in the BM niche (Pelus, 2008). Future work should examine 

the ability of HSC from WT and Cxcr2-/- HSC to home to the BM immediately post 

injection into irradiated hosts which will address this hypothesis.  

 

 

Figure 6-1 Potential mechanisms of CXCR2 signalling  within mouse BM. 

The schematic diagram illustrates potential mechanisms mediating CXCR2 signalling in 

mouse HSC. It is unknown from experiments in this thesis how CXCR2 ligands are 

binding to the receptor and which cell types are involved are in the mouse system. It is 

possible that an autocrine loop exists with ligands (panel A). Alternatively, paracrine 

signalling could be involved with ligands expressed by more mature progenitor cells or 

mature cells within the BM niche including EC (panel B). 

6.1.3 The role of CXCL4 signalling in HSC properties 

A key gene identified in this study as important in HSC regulation is CXCL4. The current 

study shows that CXCL4 is expressed by both human and mouse primitive HSC 

populations. Furthermore, experiments using transgenic mouse models in combination 

with knock down, collectively identifies CXCL4 alters stem cell colony formation ability 

and indicate CXCL4 may play a role in stem cell properties. The observation that CXCL4 

A B 
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is up regulated in the most primitive fraction of human HSC supports this hypothesis as it 

is predicted a key stem cell gene would be highly expressed in this HSC population. The 

results are fortified by evidence in the literature in which human CD34+ cells have been 

shown to respond to exogenous CXCL4 with effects on cell viability, adhesion and stem 

cell expansion (Dudek et al., 2003, Lu et al., 2003, Li et al., 2006, Han et al., 1997). 

Importantly, the expression of CXCL4 on human and mouse HSC and its role in stem cell 

properties are novel. One possibility is that CXCL4 is involved in self renewal. HSC self 

renewal is a fundamental process of HSC and to date a variety of self renewal genes have 

been identified (Zon, 2008). However, there is still much left to be discovered in this field 

and the results in this study identify a novel gene involved in the process of self renewal. 

However, as discussed in chapter 5, serial BM transplantations are required to confirm this 

result and cannot be concluded with the results in this thesis. 

CXCL4 was originally thought of as a lineage specific gene. A variety of studies have 

identified this gene as expressed solely on megakaryocytes and platelets, however the 

current study identifies that this gene is expressed by HSC populations. This finding is 

corroborated by emerging literature that suggests that genes associated with lineage 

commitment, in particular megakaryocyte/platelet expression, are expressed by HSC and 

involved in biological roles. An example of this is Vwf  which shows expression in self 

renewing mouse HSC populations (Kent et al., 2009). Alternatively, it is possible that 

CXCL4 is active in a population of HSC which are destined for a particular lineage, 

however this would require future investigation.  

As a possible avenue for future research, the mechanism of action of CXCL4 activity is 

currently not well understood in the literature and could be investigated (Kasper and 

Petersen, 2011). As the results show HSC express CXCL4 and modulation of the protein 

demonstrates a phenotype in vitro, this suggests the signalling is occurring in an autocrine 

manner. However, CXCL4 signalling is complex and not standard as exhibited by the other 

structurally similar chemokine ligands with ‘classical’ GPCR signalling (Rossi and 

Zlotnik, 2000). As detailed in the introduction, CXCL4 signalling is complicated. 

Expression of CXCR3B to date is not known on human/mouse HSC and could be a 

possible avenue of future work. Similarly, it is possible CXCL4 is functioning through 

binding to integrin receptors which have indeed been shown to be important for HSC 

behaviour (Yin and Li, 2006). Additionally, CXCL4 can heterodimerise with other 

chemokine ligands (Slungaard, 2005). In the context of HSC, an interesting study has 

observed the ability of CXCL4 to adhere and bind to CD34+ cells through binding of 
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CXCL8 and with a CD34+ chondroitin sulphate-containing moiety (Dudek et al., 2003). 

This would suggest a link between CXCL4 and CXCR2 in HSC biology. Furthermore, 

CXCL4 can bind GAG which may also transducer the signal. I think that understanding the 

mechanism of action of CXCL4 signalling in stem cells is particularly important and 

requires further examination. Figure 6-2 demonstrates possible mechanisms of CXCL4 

signalling which can be studied further in future research. Understanding the mechanism of 

action will not only be important for furthering our understanding of haemopoiesis, but 

also for the other roles of the protein, including in megakaryocytic/platelet research.  

 

 

Figure 6-2 Potential signalling mechanisms for CXCL 4. 

The schematic diagram illustrates potential mechanisms mediating CXCL4 signalling in 

human and mouse HSC. It is unknown from experiments in this thesis how CXCL4 

mediates its effects. It is possible that an autocrine loop exists with ligands including 

CXCR3B, integrin receptors or GAG (panels A and C). Alternatively, CXCL4 could elicit 

its effects through binding other ligands such as CXCL8 (panel B). 

Finally, in this thesis we have identified a role for CXCL4 in mouse HSC biology. Gene 

expression analyses have shown that this ligand is expressed by human HSC and indeed is 

up regulated in the most primitive subsets. This would infer that CXCL4 is important for 

stem cell behaviour in human HSC. However, due to time constraints, an investigation into 

the function in human HSC could not be carried out. Future experiments could use 

inhibitors or shRNA plasmids to block/reduce CXCL4 signalling and examine the 

phenotype in human HSC. 

 

A B C 
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6.1.4 Understanding normal HSC regulation can be applied to 
studying disease models 

Currently, HSC cellular fates are not well understood and understanding this process in 

normal HSC is essential before understanding how the process is deregulated in response 

to disease. Global gene expression studies have been used as an approach for investigating 

the differences between normal and cancer cells. This approach has provided a starting 

point for many important discoveries for potential future therapies. A well understood 

chemokine signalling pathway in HSC biology is CXCR4 and CXCL12, which is shown to 

exhibit roles in normal HSC, but also is deregulated in leukaemia.  Based on experimental 

data, research is examining the therapeutic advantage of CXCR4 inhibitors in cancer 

(Burger and Burkle, 2007). The modulation of chemokine signalling can therefore 

represent a novel therapy in haematological malignancies. 

The role of chemokines in malignancies was described in the introduction section. 

Although the role of CXC chemokines in haematological malignancies was outside the 

scope of this particular study, the previously published microarray was used to compare 

normal dividing and proliferating HSC, but also to examine transcriptional differences 

between normal and leukaemic HSC populations (Graham et al., 2007). This was carried 

out using CML patient samples which were analysed in comparison to normal HSC 

populations. Briefly, CML is a disease in which the HSC compartment is transformed with 

a fusion oncogene (BCR-ABL) which allows the HSC to show deregulated cell fate, 

including increased survival and proliferation, which are responsible for the disease 

pathogenesis (Calabretta and Perrotti, 2004, Sawyers, 1999, Rowley, 1973) (panel A, 

Figure 6-3). CML therefore represents an ideal model in which the leukemic HSC are 

responsible for the pathogenesis of the disease and therefore should be targeted for the 

eradication of the disease. Indeed, studies have shown that it is the HSC fraction that is less 

sensitive to standard therapy both in vitro and in vivo and which consequently prevents the 

eradication of the disease (Jiang et al., 2007, Holtz et al., 2002, Bhatia et al., 2003, Graham 

et al., 2002). It is therefore fundamental that we understand how these leukaemic stem cells 

(LSC) are deregulated for future novel candidates for therapy to be identified. Informatic 

analyses were used to show that chemokine ligands were down regulated in quiescent 

leukaemic HSC in comparison to normal counterparts (Graham et al., 2007) (panel B, 

Figure 6-3). The data from this study suggests CXCL1/CXCR2 and CXCL4 signalling is a 

pro survival pathway in human HSC, therefore it is surprising that this would be down 

regulated in leukaemia. LSC are known to up regulate survival pathways in comparison to 
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their normal counterparts. However, this was not further examined in this study. Results 

from an unpublished study indicate that CML LSC up regulate chemokine ligands after 

treatment with standard therapy drugs, therefore it can be speculated that these genes may 

indeed play a role in the survival of LSC (unpublished data) (panel C, Figure 6-3). In 

addition, the data from the microarray identified that chemokine ligands were expressed at 

higher levels in quiescent CML cells in comparison to proliferating cells. The 

identification of genes up regulated in quiescent CML LSC is important as this population 

is less sensitive to current therapy (panel D, Figure 6-3). 

 

Figure 6-3 CXC chemokines are deregulated in CML an d may provide a novel therapy. 

CML occurs due to mutation resulting in the juxtaposition of BCR and ABL genes in a 

novel chromosome. The result of this mutation in a stem cell population results in the 

generation of a LSC and the pathogenesis of the disease (A). A previously published 

microarray identified that chemokines (CXCL1, CXCL2 and CXCL6) are up regulated in 

CML G0 versus dividing, however expression is down regulated in CML G0 in comparison 

to normal G0 (B). Interestingly, treatment of LSC with standard therapy has been shown to 

increase chemokine expression (C). It is possible that this is due to up regulation of this 

chemokine as a survival pathway. Consequently, inhibition of chemokine signalling may 

represent a novel future therapy (D).  

Interestingly, both CXCL1 and CXCR2 have been implicated in playing a biological role 

in diseases, including solid tumours. Tumours in a preclinical lung cancer model have been 

A B C 
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noted to be decreased on a Cxcr2-/- background (Keane et al., 2004). Similar results have 

been obtained for CXCR2 in prostate and breast cancer models (Waugh and Wilson, 2008, 

Snoussi et al., 2010). In terms of a possible mechanism, previous research suggests 

primary MSC express CXCR2 and facilitate the metastasis of mammary cancer cells to the 

BM (Halpern et al., 2011). Furthermore, CXCL1 has also been identified to play a role in 

promoting tumourigenesis, tumour migration and angiogenesis (Dhawan and Richmond, 

2002, Halpern et al., 2011). Based on the abundance of the literature, CXCR2 inhibitors 

have emerged as a useful pharmaceutical target. In contrast, there is also evidence that 

CXCR2 signalling is involved in tumour prevention with evidence to show that CXCR2 

ligands, including CXCL1, are involved in the recruitment of immune cells to clear tumour 

cells (Acosta and Gil, 2009). Future research could examine whether CXCL1 and CXCR2 

is a survival pathway in CML HSC. 

Focusing on CXCL4, a previous study shows that CXCL4 can inhibit tumour growth 

(Vandercappellen et al., 2011). Although there is little literature available on CXCL4 in 

leukaemia, a recent study notes that the gene is expressed in murine HSC populations in a 

CML model (Zhang et al., 2012). Furthermore, CXCL4 expression is reported to be 

modulated in the absence of hypoxia gene HIF1a, which has previously been shown to 

mediate cellular responses to hypoxia within the BM niche and is essential for HSC 

maintenance (Miyamoto et al., 2007, Kranc et al., 2009, Takubo et al., 2010, Zhang et al., 

2012). Hypoxia related genes have also been implicated in haemopoietic malignancies 

therefore are an important avenue for leukaemia research. As an example, in human AML, 

targeting HIF genes compromises AML functions, implicating these genes in future 

therapies and HIF genes have been shown to be essential in CML (Zhang et al., 2012, 

Wang et al., 2011). In addition, CXCL4 has been shown to regulate adhesion of both 

normal and leukaemic HSC to EC (Zhang et al., 2004). Therefore, CXCL4 in normal HSC 

biology and leukaemia may be interesting for further pursuit. Furthermore, experiments in 

this thesis show that CXCL4 is expressed in mouse HSC which was validated using Cxcl4-

Cre. As discussed in chapter 5, this therefore raises concerns in studies using this model 

for megakaryocyte/platelet biology. This observation also opens up new possibilities for 

the use of this mouse model in haemopoietic studies including disease. Cxcl4-Cre can 

therefore be used in combination with other mouse strains to examine disease. As an 

example, experiments using Cxcl4-Cre coupled to inhibition/activation of β-catenin have 

shown this drives a myelofibrosis phenotype (data not shown).  
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A possible future avenue to extend the research in this study would be to explore the 

biological roles of CXCL1/CXCR2 and CXCL4 signalling in disease models, including 

leukaemia, however this was not within the scope of this study. Possible future 

experiments should examine expression and function of these genes and pathways in 

leukaemic HSC in comparison to normal HSC. Several mouse models of CML are 

currently available and could provide insight into whether these chemokines play a role in 

leukaemia initiation and maintenance and could provide a novel therapy (Koschmieder and 

Schemionek, 2011). Future experiments could examine disease initiation and maintenance 

in animals lacking Cxcr2 or Cxcl4. Animals on a Cxcr2-/- or Cxcl4-/- background could be 

crossed with animal models of CML or alternatively, BCR-ABL+ cells can be generated 

using retroviral transduction which can be transplanted into Cxcr2-/- or Cxcl4-/- hosts. 
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7 Supplementary 

7.1 Western blotting images 

Original western blot images from the following figures are shown below (Figure 3-4, 

Figure 3-7 and Figure 3-10). Images can be found in Figure 7-2, Figure 7-4 and Figure 7-4 

respectively. In addition, a western blot image of human rCXCL1 is displayed (Figure 

7-1). Original, full blots are provided with an overlay of the molecular weight marker with 

sizes of bands. 

 

 

Figure 7-1 Raw western blot image of human rCXCL1. 

Raw image of western blot with human rCXCL1 protein which has been run on a 15% gel. 

L = molecular marker ladder. 1 = rCXCL1. Approximate sizes of the marker are shown on 

the left of the image in kD. Three bands were found with the protein at ~8kD, ~12kD and 

~16kD. 
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Figure 7-2 Raw western blot image for primary human  cells sorted for CD34 +CD38- and 

CD34+CD38+ populations. 

Raw image of western blot with human primary CD34+ cells which has been run on a 15% 

gel. L = molecular marker ladder, 1 = PB CD34+CD38+, 2 = PB CD34+CD38-, 3 = BM 

CD34+CD38+, 4 = BM CD34+CD38- with both CXCL1 and β-Tubulin antibodies. 

Approximate sizes of the marker are shown on the right of the image (kD). Several bands 

were found with the CXCL1 antibody with the most prominent at ~16kD. A single band 

was found in the housekeeping control at the estimated size of 50kD. 
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Figure 7-3 Raw western blot image for HT1080 cells transduced with plasmids to reduce 

CXCL1 or control.  

Raw image of western blot with HT1080 cells which have been transduced with plamids to 

knock down CXCL1 (sh) or the control (Scr). The gel has been run on a 15% gel. L = 

molecular marker ladder, 1 = unstransduced, 2 = Scr, 3 = sh1, 4 = sh2, 5 = sh3, 6 = sh4 and 

7 = sh5 with CXCL1 antibody (A) and β-Tubulin (B) antibodies. Approximate sizes of the 

marker are shown on the left of each panel (kD). Several bands were found with the 

CXCL1 antibody with the most prominent at ~16kD. A single band was found in the 

housekeeping control at the estimated size of 50kD. 
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Figure 7-4 Raw western blot image for HT1080 cells transduced with empty vector or CXCL1 

over expression vector. 

Raw image of western blot with human HT1080 cell lines which has been run on a 15% 

gel. L = molecular marker ladder, 1 = Empty Vector, 2 = CXCL1-PRRL with CXCL1 

antibody (A) or β-Tubulin antibody (B). Approximate sizes of the marker are shown on the 

left of each panel (kD). Several bands were found with the CXCL1 antibody with the most 

prominent at ~16kD (A). A single band was found in the housekeeping control at the 

estimated size of 50kD (B). 

B A 
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