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Heart transplantation (HTx) is now an established therapy for end-stage 
cardiac failure not responding to medical treatment. Recent decades have seen 
improved outcome following HTx due to more effective and targeted 
immunosuppressive therapy. However, acute and chronic rejection remains a 
major cause of morbidity and mortality. At the same time, immunosuppressive 
strategies are associated with significant side effects, including development of 
tumours. Hence, the induction of immunologic tolerance to alloantigen is 
considered the “holy grail” of transplant research.  

T regulatory cells (Tregs) are a subset of T cells that appear to suppress 
cytotoxic cell and initiate tolerance to foreign tissues. The Tregs suppress 
cytotoxic cells through specific cytokine pathways and cell-cell contact. In-vivo 
Treg migration has been a matter of debate in recent years. Treg trafficking is 
governed by chemokines, which are small secreted proteins, acting via their 
distinct trans-membrane serpentine receptors.  

Experimental work has demonstrated an involvement of distinct 
chemokine pathways in Tregs migration and localization following cardiac 
transplantation; however, there is paucity of data in humans. I investigated the 
effects of chemokines on Tregs in heart transplant recipients through a series of 
observational studies. My study demonstrated that acute rejection following 
heart transplantation is associated with a significant elevation of peripheral 
blood Th1 chemokine levels. I hereby further show that peripheral blood Treg 
counts in stable heart transplant recipients are not affected by 
immunosuppression but are significantly lower in patients taking statins. I have 
demonstrated via in-vitro chemotaxis assays a specific pattern of chemotactic 
response for Tregs and the effector T cells. Using double immunofluorescence 
staining and immunostaining, I show for the first time that Tregs may migrate to 
the allograft under the influence of CCL17.  
 
 
Word count: 32,445 
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Chapter 1 A review of the role of chemokines and Tregs following heart 

transplantation 

1.1 Introduction 

Clinical outcome following cardiac transplantation has significantly 

improved since its first description by Prof. Christian Barnard, who performed 

this pioneering operation on December the 3rd, 1967 in Cape Town (1). 

Although the first heart transplant recipient survived for 18 days only before 

succumbing to a chest infection; it sparked enormous interest in the medical 

community across the globe. This enthusiasm soon faded due to a poor long-

term survival owing to inadequate understanding of the early post-operative 

complications, acute rejection and coronary vasculopathy (2). The next two 

decades saw overcoming of these hurdles, with a better understanding of the 

immune response across the antigenic barrier, diagnosis for rejection and 

provision of better immunosuppressive agents (3). Current figures demonstrate 

an excellent long-term survival following heart transplantation, with the median 

survival in excess of 10 years (4). Nevertheless, acute and chronic rejections 

continue to remain a major cause of morbidity and mortality. In addition, long 

term use of various immunosuppressive agents risks the development of serious 

adverse effects, including infections and carcinomas (4). Hence, considerable 

research is focused on obtaining a state of immunological tolerance across the 

barrier of Major Histocompatibility Complex (MHC). Immunological tolerance 

is a state of antigen-specific immunological unresponsiveness towards the 

allograft, thereby avoiding rejection and allowing sustained graft function 

without the need of immunosuppressive medications.  
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1.2 Mechanisms of transplant tolerance 

The concept of immunological tolerance emanates from the pioneering 

work by Sir Peter Medawar during World War II.  His work, which started as an 

attempt to improve the outcome of skin grafting to help the burn victims, formed 

basis of the immunological mechanisms underpinning future developments in 

solid organ transplantation (5). His elucidation of acquired immunological 

tolerance constituted part of the overall work leading to the award of Nobel 

Prize in 1960.  

The mechanisms for tolerance induction include central and peripheral 

tolerance (6). Central tolerance involves intra-thymic deletion or “negative 

selection” of T lymphocytes with high avidity for the expressed antigens. In 

contrast, there are several mechanisms for the induction of Peripheral 

tolerance, including clonal deletion, clonal anergy, exhaustion, ignorance or 

active suppression  by regulatory T cells (7). 

Clonal deletion is achieved by elimination of all those clones of T 

lymphocytes that can bind to donor-associated MHC antigens. It can be 

accomplished by thymic elimination of donor-specific T cells (central 

deletion), as seen in animal models of haematopoietic donor-chimerism (8). The 

donor T cells enter the recipient thymus, where donor-reactive T cell clones are 

deleted via apoptosis (9). Deletion of alloreactive T cells can also be achieved 

directly by depleting antibodies, immunotoxins, and /or lymphoid irradiation. 

The emigration of new alloreactive T cells following this non-selective depletion 

seems to favour, but does not insure tolerance induction (10). Therefore, the 

newly generated alloreactive T cells have to be deleted through ongoing therapy. 
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Clonal exhaustion (or activation-induced cell death (AICD) is a 

method of T cell apoptosis triggered by repetitive stimulation of the activated T 

cells with high concentrations of antigen, or exposure to alloantigen in a 

suboptimal condition (11, 12). A classis example is tolerance following MHC-

mismatch liver transplantation, due to the presence of a large number of donor 

antigen presenting cells (13). 
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Figure 1.1 Mechanisms of Tolerance induction. Central tolerance refers to 

intra-thymic deletion of high-avidity lymphocytes, while the peripheral tolerance 

can be induced by several mechanisms, including T regulatory cells.  
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 Ignorance is a state of unresponsiveness to alloantigen, developing as a 

result of interplay between new, alloreactive T cells and immuno-regulatory 

mechanisms (14). This state of unresponsiveness to alloantigen is not a 

permanent tolerance, as is can be broken by further triggering with alloantigen 

or exposure to interleukin 2 (IL-2) (15).  

Peripheral suppression of self- or alloreactive T cells can also be 

achieved by induction of anergy. It is established that T cell activation requires 

CD28 co-stimulation when the T cell receptor (TCR) binds to peptide: MHC 

molecule. The expression of co-stimulatory molecules on the antigen presenting 

cells (APC) is tightly regulated. Therefore, when engagement of TCR (signal 1) 

occurs without co-stimulation (signal 2) T cell clones cannot proliferate or 

produce interleukin 2 (IL2), which is a necessary cytokine for T cell 

proliferation (16). Further observations suggest that this anergic state can 

develop as a result of either intrinsic signalling defects (such as a lack of 

mitogen-activated protein kinase (MAPK) signalling) or up-regulation of 

dominant anergic factors (17). Various models have been suggested to lead to 

anergic state, including oral administration of antigens, cross linking of CD3 

complexes in vitro, and use of potent calcium ionophore, ionomycin (18). 

Further work provides evidence of reduced activation of LAT (linker of 

activation of T cells), a transmembrane protein that facilitates various other 

signalling molecule, as a critical step in the induction of anergy (19). 
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1.3  Tolerance by regulatory cells 

The evidence for a peripheral T-cell mediated active immunosuppression 

was first reported by Gershon et al in 1970 (20). In 1985, Hall et al reported 

specific suppression of alloreactive cells by CD4+ T helper/inducer cells in a rat 

model of heart transplantation (21). Later, Sakaguchi et al showed it for the first 

time that CD4+ T cells co-expressing CD25 were able to prevent organ specific 

autoimmune disease (22). These “regulatory T cells” (Tregs) were mentioned 

as thymically-derived, as neo-natal thymectomy at day 3 of age led to various 

organ-specific autoimmune diseases. In turn, adoptive transfer of CD4+CD25+ T 

cells from normal mice into thymectomized animals completely prevented 

manifestations of autoimmune diseases in those animals (22, 23). In vitro studies 

suggest that these CD4+ CD25+ cells are anergic i.e. do not proliferate on 

stimulation with  exogenous IL-2 or TCR stimulation alone (24) and inhibit the 

proliferation of other CD4+ and CD8+ effector cells through a cell-cell contact 

dependent and antigen non-specific mechanism which required T cell receptor 

signaling (25, 26) and is reversible by IL-2 (27). They have also been shown to 

maintain allograft tolerance in vivo via interleukin (IL)-10 (28), and cytotoxic T-

lymphocyte associated antigen 4 (CTLA-4) dependent mechanisms (29). 

Since then it has been extensively documented that Tregs have a major role in 

maintaining tolerance in both experimental and clinical transplantation models 

(30-34).  

Tregs can be broadly classified into natural and adaptive subsets. 

Naturally occurring CD25+ T cells comprise 5-10 % of the peripheral blood 

CD4+ T cells in adult humans and mice (35-37). Originally thought to develop 

only in the thymus by positive selection of naïve T cells (38), CD4+CD25+ Tregs 
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can also be generated in the periphery from either CD25- T cells through 

costimulation with T cell receptor and transforming growth factor beta (39, 40), 

or from highly differentiated memory CD4+ T cells (41).  

The molecular properties that characterize Tregs remain a matter of 

debate. Several cell-surface molecules have been identified for this 

subpopulation of CD4+ T cells (table 1.1).  
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Table 1.1 Cell markers for Tregs. The markers are listed with their 

abbreviated and full names, while the third column shows the location of the 

marker within the cell. The last column shows that some of the cell markers are 

not specific for Tregs. CD = Cluster of Designation, IL = Interleukin.  
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Marker  Full / other 

name 

Location Comments 

CD25 IL-2 receptor α 

chain 

Cell 

membrane 

Expressed on activated T cells, high  

expression on Tregs (36, 42) 

CTLA4  cytotoxic T-

lymphocyte 

antigen 4 

(CD152) 

Intracellular 

Cell 

membrane 

Mainly intracellular, induced after  

TCR activation (43, 44), also 

expressed on activated CD25- T cells 

(45) and B cells (46). 

CD103 αEβ7 integrin Cell 

membrane 

Receptor for E-cadherin (47),  

responsible for mucosal lymphocyte  

homing (48), expressed in naïve  

(49) or effector/memory-like  

Tregs (50), also expressed on CD25-

/low cells (36). 

GITR Glucocorticoid 

induced tumour 

necrosis factor 

receptor family-

related gene, 

TNFRSF18 

Cell 

membrane 

Expressed on both naïve and  

activated Tregs and activated CD25- T 

cells (49, 51) ,  

expression level in humans  

were found uniformly  

distributed on all CD3+ and  

CD4+ T cells (36). 

CD122 

 

Β chain of IL2 

receptor 

Cell 

membrane 

Expressed by naïve CD4+CD25+Tregs 

(52) as well as CD8+ Treg (53), 

essential for in vivo development and 

maintenance of Tregs (54). 
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Continued table 1.1 

Marker Full / other 

names 

Location Comments 

CD28  Cell 

membrane 

Naïve and activated Tregs (55), co-

stimulation via B7 (56). Important for 

anergic state (57), expression also 

seen on CD3+ and CD4+ T cells (36).  

CD45RB Protein tyrosine 

phosphatase 

(PTP) 

Cell 

membrane 

Involved in T cell activation,  

low on primed effector cells (58) and 

Tregs (59). Anti-CD45RB antibody 

prolongs allograft survival (60).  

CD62L  Cell 

membrane 

Expressed on 50-60% of naïve  

Tregs in mouse, not a marker of 

suppression activity (61), also 

expressed on CD25- T cell (24, 36). 

CD127 IL7Rα Cell 

membrane 

Low on Tregs, higher expression on 

most other CD4+ T cells (62), 

inversely correlates with FOXP3 

expression (63) 

FOXP3 Forkhead box 

P3 

 

 

 

Intranuclear Encodes for forkhead/winged helix  

transcription factor, important for 

Treg development and function (62, 

64), difficult for functional analysis 

due to intracellular location (65) 
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Recent evidence suggests that an adoptive transfer of in-vitro expanded 

Tregs can be used for therapeutic purposes in certain autoimmune disorders and 

to induce transplant tolerance (33, 66). In a murine model, the in-vitro expanded  

and adoptively transferred Tregs migrated preferentially to allograft and 

significantly delayed allograft rejection in the absence of immunosuppression 

(67). Another study on non-human primates documented potent suppressive 

activity of in-vitro expanded Tregs against allospecific xenogeneic stimulation 

(68). Somewhat similar observations have also been made during in-vitro 

experiments on peripherally expanded human Tregs (69, 70).   

In order to exert optimum homeostatic and inflammatory regulation, 

Tregs migrate to lymphoid or peripheral tissues including tumours, transplanted 

organs or other areas of inflammation (32, 71-73). A sound knowledge of the 

mechanisms controlling Treg migration in vivo is therefore crucial for their 

proper utilization in future cell based therapies. Tissue-specific Treg trafficking 

is dependent on a complex network of chemotactic signalling from cytokines, 

chemokines and adhesion molecules.  

1.4 Chemokines 

Chemokines are a superfamily of 8 to 11 kDa (67-127 amino acids) 

proteins with discreet roles in leucocyte activation, migration, haematopoiesis 

and angiogenesis (74-78). Because of their specificity, the chemokines direct 

selective leucocyte recruitment in response to inflammation, thus orchestrating 

the secretion of inflammatory mediators and tissue damage (79, 80). 

Chemokines are subdivided into four groups (C, CC, CXC, and CX3C) based on 

the position and separation of the first two amino-terminal cysteine residues of a 

four-cysteine motif in their primary amino acid sequence (81). There are two 
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nomenclature systems for chemokines, the traditional abbreviations, such as 

interleukin (IL)-8 and monocyte chemoattractant protein (MCP)-1, and a 

systematic nomenclature that combines structural motifs (CXC, CC, XC, CX3C) 

with L for ligand and the number of the respective gene.  

Chemokines can also be divided into categories reflecting their temporal 

and spatial expression: the inducible (or inflammatory) and the constitutive (or 

homeostatic) chemokines (81-83). The inducible chemokines are promoted by 

pro-inflammatory stimuli such as tumour necrosis factor alpha (TNFα), 

interleukin-1 (IL-1), lipopolysaccharide (LPS) to control the recruitment of 

effector leukocytes in infection, inflammation, tissue injury, and tumours. Most 

inducible chemokines demonstrate broad target cell selectivity and act on cells 

of the innate as well as the adaptive immune system (84). The constitutive (or 

homeostatic) chemokines are produced at non-inflamed sites. They are important 

for immune surveillance, maintaining homeostatic leukocyte traffic and cell 

compartmentalization within lymphoid tissues, as well as homing of leukocyte 

precursors during haematopoiesis (81).  

1.5 Chemokine receptors 

All known chemokines bind to seven-pass, trans-membrane-spanning 

serpentine, Gi/Go protein-coupled, Bordetella pertussis toxin-sensitive receptors 

(75, 85). Chemokine receptors are designated according to the type of 

chemokine(s) they bind (CXC, CC, XC, and CX3C), followed by “R” (for 

receptor) and a number indicating the order of discovery. Binding of 

chemokines to the specific receptors triggers complex intracellular signalling 

cascades that rapidly promote the activation of leukocyte integrins and their 

adhesion to endothelial cells. This process leads to trafficking of immune cells in 
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response to adequate chemokine signals (86). Each chemokine family recruits 

only specific cell types, while the expression of receptors is further regulated 

according to the cell subsets, and/or the state of cell activation (87, 88). 

However, there is substantial redundancy in this system, with overlap in the 

ligand specificities, and some chemokines binding to multiple receptors (75).  

Approximately 50 chemokines and 20 chemokine receptors have been identified 

in humans (82). Some chemokine receptors form homodimers or heterodimers. 

This post-translational modification is suggested to add flexibility to the overall 

system, with formation of cell type- or activation-specific receptors (75, 80).  

1.6 Evidence for role of chemokines in acute rejection following cardiac 

transplantation 

Acute cellular rejection includes an infiltration of mononuclear cells into 

the allograft. Several studies in animal models have demonstrated an increased 

expression of CXC-chemokines (CXCL9, CXCL10 and CXCL11), associated 

with an infiltration of the corresponding receptor (CXCR3) expressing Th1 cells 

during rejection (89-91). Another study showed increased expression of 

CX3CL1 on rejecting allografts (92). Human studies showed variable patterns of 

the expression of CC and CXC-chemokines and chemokine receptors during 

acute allograft rejection (93-96). The expression levels increase in the later 

versus earlier rejections, despite no change in the grade of mononuclear infiltrate 

(97). The analysis of sequential human endomyocardial biopsies showed an 

association of CD3+ T-cell infiltration with the expression of CCR1, CCR3 and 

CXCR3. However, only CXCR3 and its ligand CXCL10 were up-regulated 

during acute rejection, suggesting a critical role for this chemokine pathway 

(93). (Table 1.2) 



 31 

Table 1.2 Evidence for the involvement of chemokines in acute cardiac 

allograft rejection. All chemokines are mentioned according to the systematic 

nomenclature. The first column refers to the author and the year of publication. 

The table also shows whether the study was conducted in humans or other 

species. The final column shows the relevant conclusions from these studies. 

 

Study 

(ref) 

Chemokine Receptors Species Correlations 

Fairchild 

1997 

(91) 

 

 

 

CCL2 

CCL3, 

CCL4, 

CCL5,  

CXCL10, 

KC  

Not 

checked 

Mouse Increased gene expression of all 

chemokines in rejecting allografts; 

CXCL10 expression increased 

throughout rejection, while CCL3, 

CCL4 and CCL5 expression were 

high during late phase of rejection 

Hancock 

2000 

(89) 

CXCL9, 

CXCL10, 

CXCL11 

CXCR3 Mouse Intragraft mRNA expression of 

CXC chemokines correlate with 

rejection and infiltration of 

CXCR3+ mononuclear cells 

Robinson 

2000 (92) 

CX3CL CX3CR1 Mouse Increased CX3CL is associated 

with cellular infiltration and acute 

rejection 

Melter 

2001 (93) 

 

 

CCL2, 

CCL5, 

CCL11 

CXCL9, 

CCR1, 

CCR3, 

CCR5, 

CXCR3 

Human CCR1 strongly associated with T 

cell infiltration (p<0.001) but not 

with rejection 

CXCR3 strongly associated with 
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CXCL10, 

XCL1, 

CXCL12 

both T cell infiltration and 

rejection (p<0.001) 

Intragraft CXL10 and CCL5 

strongly correlated with acute 

rejection (p<0.05) 

 

Zhao 

2002 

(96) 

CXCL9, 

CXCL10, 

CXCL11 

CXCR3 Human Intragraft mRNA expression of 

CXCL9, CXCL10, and CXCR3 

correlated with acute rejection 

(p<0.05) 

Fahmy 

2003 

(94) 

 

 

CXCL8, 

CXCL9, 

CXCL10, 

CXCL11, 

CCL5, 

CCL2 

CXCR3, 

CCR5 

Human Intragraft mRNA expression of 

CXCL10, CXCL9, CXCL11, 

CCL5, CXCR3, and CCR5 

correlated with acute rejection 

(p<=0.009) 

Karason 

2006 (98) 

CXCL9 

CXCL10 

Not 

assessed 

Human 

 

Intragraft mRNA expression of 

CXCL9 correlated with acute 

rejection (p<0.05) 

Serum levels of chemokines 

showed no association with 

rejection 
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Further studies defined the cellular sources of chemokines during 

rejection. It is seen that the early expression (within 8 days following 

transplantation) of CXCL9 and CXCL10 in murine allograft are mediated by 

host CD8+ T cell, but not by CD4+ T cells or NK cells (99). Using human 

cardiac allograft biopsies, Zhao et al showed that CXCL10 and CXCL11 were 

expressed in vascular smooth muscle cells and CXCL11 in the endothelial cells, 

while infiltrating macrophages expressed CXCL9 as well as CXCL10 and 

CXCL11 (96). Another study showed that CXCL9 is produced by allograft 

endothelium, infiltrating macrophages and neutrophils (100). The precise 

pathways regulating differential secretion of these chemokines still remain 

elusive.  

A study using DNA microarray analysis showed that IFN-γ knockout 

mice rejected the cardiac allografts at the same pace as wild-type mice, with 

expression of a completely different set of chemokines and receptors genes 

(101). There was an up-regulation of CCL2, CCL3, CXCL12 and CXCR4 

despite the absence of IFNγ signalling. The sources of these chemokines were, 

however, not described. 

Morita et al investigated the role of sequential chemokine expression on 

trafficking of T cells into allografts during the progression of acute rejection in 

an animal model. They showed that the early chemokine cascade, including 

CCL2, CCL3, CCL4, CXCL1, CXCL10 and CX3CL1 are directed at the 

recruitment of the cellular component of the inflammatory system (i.e. 

neutrophils, macrophages, NK cells), which leads to a later upsurge of CCL5, 

CXCL9, CXCL10, CXCL11 causing recruitment of alloantigen primed T cells 

into the grafts (102).  
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Based on the observations that chemokines are involved in acute 

allograft rejection, investigations were carried out to determine if peripheral 

blood chemokine levels can be used as a marker of rejection. Karason et al 

compared the intra-graft gene expression of CXCL9 and CXCL10 with serum 

levels at the time of acute rejection in human heart transplant recipients. They 

concluded that acute rejection leads to a significant up-regulation of CXCL9 

mRNA in the graft, while the serum levels of both CXCL9 and CXCL10 remain 

unaltered (98).  

1.7. Evidence for role of chemokines in Cardiac allograft vasculopathy: 

Cardiac allograft vasculopathy (CAV), a hallmark of chronic rejection, is 

the leading cause of late death in heart transplant recipients (103). CAV results 

from a combination of complex pathological processes, including insults to the 

vascular integrity, immune response against the allograft, ischemia-reperfusion 

injury, viral infections, hypertension, hyperlipidemia, and diabetes mellitus 

(103). Acute rejection episodes are a critical risk factor for the subsequent 

development of chronic rejection (104, 105). There is evidence that allograft 

infiltration with activated T lymphocytes and macrophages precedes the 

development of intimal proliferation, the hallmark of CAV (106). In vivo data 

suggests that allogeneic T cells mediate graft endothelial cell dysfunction, 

followed by vascular smooth muscle cell dysfunction (107). Another interesting 

study suggested that the smooth muscle-like cells forming vascular neointima in 

the CAV are derived from circulating bone marrow-derived precursors (108).  

Similar to their well documented role in atherosclerosis (109), chemokines play 

a significant part in the development of CAV (table 1.3). Several animal studies 

have demonstrated that increased intra-graft expression of chemokines like 
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CCL2, CCL3, CCL4, CCL5, CXCL9 and CXCL10, along with corresponding 

receptors (CCR5, CCR2 and CXCR3), is associated with CAV (110-113). These 

results were complemented by chemokine-blocking studies; anti-CCL2 gene 

therapy in mice attenuated the development of CAV (114): blocking 

CCL5/CCR1 & CCR5 pathway with Met-RANTES reduced infiltration of 

CD4+, CD8+, and monocytes/macrophages into the allograft, and a subsequent 

attenuation of intimal thickening (115), and use of anti-CXCL9 antibody 

reduced T cell infiltration and intimal proliferation (112). Recent work on 

human cardiac allograft biopsies showed persistent elevation of CXCL10 and 

CXCL11 expression (but not CXCL9) in patients who developed significant 

CAV (96). Another study looking at peripheral blood levels of the CCR5 and 

CXCR3 ligands demonstrated that only CXCL11 levels were elevated in 

patients with CAV, while levels of CCL3, CCL4, CCL5, CXCL9 and CXCL10 

failed to show any correlation (116).  
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Table 1.3 Evidence for a role of chemokines in chronic cardiac allograft 

vasculopathy. All the chemokines are mentioned in the systematic 

nomenclature. The first column refers to the author and the year of publication, 

while the table also shows if the study was conducted in humans or any other 

species. The final column shows the relevant conclusions. 

 
Study 

(ref) 

Chemokines Receptors Species Correlations 

Pattison, JM 

1996 

(111) 

CCL5 Not 

checked 

Human Expression in mononuclear 

cells, myofibroblasts, and 

endothelial cells associated 

with CAV but not in normal 

coronary arteries 

Yun JJ 

2000 

CCL2, CCL5, 

CXCL1, 

CXCL10, 

XCL1 

Not 

checked 

Mice Late (day 4 onwards) and 

persistent intra-graft XCL1, 

CCL2 and CCL5 expressions 

were associated with 

macrophage and T cell 

infiltration and intimal 

proliferation 

Kao J 

2003 

(116) 

CCL3, CCL4, 

CCL5, 

CXCL9, 

CXCL10, 

CXCL11 

CCR5, 

CXCR3 

Human Elevated plasma levels of 

CXCL11 was associated with 

CAV (p<0.05); CXCL11 

localized to the endothelial 

surface of CAV lesions, 

associated with CXCR3+ 
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mononuclear cells infiltration 

Yun JJ 

2002 

(112) 

CXCL9 Not 

checked 

Mice Increased intragraft CXCL9 

levels increased significantly 

(p<0.001) by day 7 and 

remained elevated, preceding 

mononuclear cell infiltration 

and development of CAV. 

CXCL9 neutralization delays 

CAV 

Horiguchi 

2002 

(113) 

Multiple 

chemokines 

 

Multiple 

chemokin

e 

receptors 

Rats Enhanced intragraft 

expression of CCR2, CCR5, 

and CXCR3 genes with 

corresponding ligands in rats 

developing CAV (p<0.167)  

Van 

Loosdregt J 

2006 

(117) 

CXCL9, 

CXCL10, 

CXCL11, 

CCL5, 

CX3CL1 

CXCR3, 

CCR5, 

CX3CR1 

Human Intra-coronary expression of 

CXCL11, CCL5, CX3CL1, 

CCR5 and CX3CR1 were 

significantly elevated 

(p<0.05) in allograft with 

CAV as compared to those 

without 
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The inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase 

(commonly known as Statins) are the most common agents to treat 

hyperlipidemia frequently seen in transplant recipients. It has been well 

documented that statins can attenuate CAV (118). However, separate from a 

lipid altering mechanism of action, evidence also exists to suggest that statins 

have important immune-modulating properties. Pravastatin has been shown to 

inhibit monocytes CCL2 expression (119), while Yin et al demonstrated that 

simvastatin administration reduces the intra-graft levels of CCL2, CCL5 and 

CXCL10 with decreased expression  CCR2 and CCR5, and thus inhibited T cell 

and macrophage infiltration, with attenuation of CAV (120). Further evidence 

suggests that the anti-atherosclerotic potential of statins is independent of the 

type of statins or cholesterol-lowering properties. A study using pig-model of 

induced atherosclerosis compared the effects of Atorvastatin and Pravastatin 

versus placebo. The vascular expression of CCL2 was down regulated by 37% 

by both statins (p<0.05) compared to the placebo. This finding opens new 

insight into the pleiotropic effects of cholesterol lowering agents in heart 

transplant recipients. However currently, our knowledge remains limited about 

the mechanism of any potential immunoregulatory effects of statins within the 

atherosclerotic lesion.   

1.8 Chemokine pathways involved in Treg migration 

Several mechanistic studies have attempted to define pathways utilised 

for T cell trafficking during immune responses. Despite the apparent redundancy 

in the chemokine system, it appears that discreet chemokine pathways are 

responsible for migration of specific lymphocyte subsets (84). It is generally 

perceived that Tregs share the same chemokine receptor profiles as effector T 
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cells (73). However, evidence suggests that specific migration of Tregs in vivo is 

a result of differential expression of chemokine receptors, which might be 

different from the effector T cells. For example, effector T cells express CXC 

chemokine receptor, while its expression in Tregs is documented to be very low 

(37). Also, various organs can achieve different levels of Treg enrichment, 

which points to preferential expression of certain receptors in Treg population 

(121, 122). The following discussion emphasizes the importance of various 

chemokine pathways involved in Treg trafficking following transplantation. 

1.9 Lymphoid tissue homing chemokine pathway in transplantation 

1.9.1 CCR7 / CCL19, CCL21 pathway 

CCL19 (also known as macrophage inflammatory protein-3-beta) and 

CCL21 (also known as 6Ckine or the chemokine with 6 cysteines), the 

homeostatic chemokines constitutively expressed in the secondary lymphoid 

organs, are the only ligands for CCR7 (the CC-chemokine receptor 7) (123). The 

post capillary or high endothelial venules (HEV) of lymph nodes and Peyers 

patches constitutively express CCL21, while fibroblastic reticular cells within T 

cell zones of the lymph nodes express CCL21 as well as CCL19 (124). This 

pathway primarily controls movements of CCR7 expressing naïve and central-

memory T cells and Tregs through the secondary lymphoid tissue (SLT) in 

search of specific antigen, as well as trafficking of antigen-presenting dendritic 

cells from allograft to the SLT to initiate allospecific immune responses (125). 

Following organ transplantation, blood-borne circulation of dendritic cells to the 

draining lymph nodes is essential for tolerance induction (126). Subsequent 

signalling with CCL19 and CCL21 leads to T cell and DC co-localization in T 

cell areas, thereby facilitating antigen recognition and proliferation of T cells, 
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including Tregs that control the effector T cell response (127). CCR7 and its 

ligands are also essential for thymic development and central tolerance (128). 

Mice deficient in CCR7 or its ligands show disturbed lymphoid structure, 

impairment of central and peripheral tolerance, impaired Treg function, and 

develop autoimmune disorders (129). Menning et al demonstrated that more 

than 80% of murine naïve-like Tregs exhibit high CCR7 expression, while 

effector-memory like Tregs, albeit positive, show more heterogeneous 

expression. The also showed that CCR7 deficiency abolishes the lymph-node 

homing capacity of naïve-like Tregs; however, it favours accumulation of 

effector/memory-like Tregs  in the inflammatory areas, with enhanced 

suppression of inflammation (50). In humans, memory Tregs can be 

differentiated on the basis of differential expression of CCR7 into central 

memory (CCR7+) and effector memory (CCR7-) subsets (130). 
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Figure 1.2 T cell and antigen presenting cell (APC) trafficking in the 

secondary lymphoid tissue. The chemokines CCL19 and CCL21 cause T cell 

and APC migration from the high endothelial venules towards the T cell zone 

via the CCR7 receptor. Subsequent activation of the T cells via TCR (T cell 

receptor) stimulation leads to T cell proliferation and an up-regulation of various 

CC and CXC chemokine receptors, while causing a down-regulation of the 

CCR7 receptor. Tregs hence exert an inhibitory effect on the Teffector cells and 

the B cells (shown as red arrows). (Tcm = Central memory T cell, Tnaive = 

Naïve T cell, Treg = Regulatory T cell, Teffector = Effector cell) 
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Further evidence suggests that CCR7-related pathways may represent 

target of immunotherapy following transplantation. In a study using murine 

MHC mismatch kidney and cardiac transplantation, CCR7 pathways were 

blocked using recombinant CCL19-IgG1 (an agonistic chemokine fusion 

protein, produced to prolong the half life of CCL19 up to 24 hours). Prolonged, 

high dose stimulation by CCL19-IgG1 resulted in CCR7 downregulation, 

markedly reduced T cell and DC trafficking to the SLT, reduced allospecific 

effector T cell proliferation and prolonged allograft survival (from 9 days to 20 

weeks). However, this method failed to induce tolerance, since adoptive transfer 

of splenocytes from long term survivors (after 9 weeks) following CCL19-IgG 

treatment did not prevent rejection in untreated syngeneic mice (131). Another 

study using NOD.SCID mice showed via transfer that CD4+CD25+CD62L+ 

Tregs, high in CCR7 expression, were able to significantly delay the onset of 

diabetes when compared to CD4+CD25+CD62L- Treg, which were CCR7 

deficient, despite similar in vitro regulatory function (132). CCR7 expression 

has been implicated in tumour survival and progression for various cancers (133, 

134), and blocking CCR7 via monoclonal antibodies and chemotherapy has 

shown promising results in experimental cancer therapies (135).   

1.9.2  CXCR5/CXCL13 pathway and Tregs 

CXCL13, also known as BCA-1 (B-cell attracting chemokine 1), is a 

primary B cell chemoattractant (136), secreted by germinal centre T helper cells 

(GC-Th) and follicular dendritic cells (137). It plays a major role in the humoral 

arm of alloresponse or autoimmunity (138). 

While only a small subset of CD4+CD25+Tregs naturally express 

CXCR5 (approximately 10-30%), the expression appears significantly enhanced 
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following TCR stimulation. Hence, after activation in the T cell zone, Tregs 

acquire the ability to migrate to the B cell area, where they suppress B cell 

survival, immunoglobulin synthesis, and activation-induced cytidine deaminase 

(AID) expression (139). Hence, this chemokine pathway is critical in the 

regulation of adaptive humoral immune response. In a study using an MHC-I 

mismatched rat transplant model, Tregs activated by the indirect pathway 

prevented alloantibody mediated rejection (140). Further studies are warranted 

in this area to explore the possibilities of using the CXCR5/CXCL13 pathway 

for inducing transplant tolerance. 

1.10 Peripheral tissue homing chemokine pathways in transplantation 

1.10.1 CCR4 / CCL17, CCL22 and CCR8 / CCL1 pathways 

Antigen priming in SLT causes an overhaul of chemokine receptors on 

Tregs, from CCR7 and CXCR5 to effector-memory-like chemokine receptors 

including CCR2, CCR4, CCR6, CCR8 and CCR9 (141). This heterogeneous 

expression of homing receptors enables Tregs to migrate to different non-

lymphoid organs (142).   

In a study comparing chemotactic profile of human peripheral blood 

Tregs against their CD25- counterparts, Tregs showed greater selective 

expression of CCR8 (p=0.0001) and CCR4 (p=0.03) than CD4+CD25- cells. In-

vitro chemotaxis assays also demonstrated a significantly greater (p <0.01) 

migration of Tregs compared to CD25- T cells in response to the CCR4 ligands, 

CCL17, CCL22, and CCR8 ligand, CCL1, plus a synergistic effect of the 

suboptimal doses of CCL1 and CCL22 (37).  

In a murine model of induced allo-tolerance via CD154mAb and donor 

specific transfusion (DST), tolerance was associated with up-regulation of 
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CCL22 and CCR4 and infiltration of Tregs in the allograft. CCR4-/- mice 

rejected the allograft associated with reduced infiltration of Tregs, however, the 

number and function of peripheral Tregs were normal. The study demonstrated 

that CCL22/CCR4 axis does not impact on Tregs development, but plays a key 

role in Tregs migration to the allograft. The authors failed to find any 

association with CCL17 expression and Tregs allograft infiltration (143). 

However, another study using fully mismatch murine cardiac transplant model 

with induced tolerance showed that alloantigen-bearing plasmacytoid DC 

migrated to lymph nodes and affected allospecific Treg development via the 

CCR4/CCL17 pathway. The same protocol in CCR4-/- mice prevented failure of 

Treg development, leading to rejection (144).  

CCR4 and CCR8 are also expressed and used by effector T cells (145, 

146) and skin homing (but not gut homing) memory T cells, therefore fine 

spatial and temporal balancing operates in vivo for self tolerance and during an 

alloresponse (147). In the study by Lee et al (143), CCR8 expression was higher 

in rejecting allografts, which could be due to infiltration of either the effector T 

cells or Tregs in response to inflammation. They showed that the CCR8 / CCL1 

pathway is not critical for immune tolerance, at least in their model, since CCL1 

blockade did not affect tolerance induction. Much still needs to be learnt about 

the precise in vivo role of these pathways for Tregs trafficking.  

1.10.2 CXCR3 / CXCL9, CXCL10, CXCL11 pathways 

Th1-associated CXC chemokines, CXCL9 (monokine induced by 

gamma-Interferon) CXCL10 (Interferon-inducible protein-10) and CXCL11 

(Interferon-inducible T-cell alpha chemoattractant) have often been associated 

with acute allograft rejection (89, 90), but it is uncertain if they play a role in 
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Tregs trafficking. Under homeostatic conditions Tregs express low levels of 

CXCR3, and show minimal chemotactic response to the three inflammatory 

CXC chemokines (37). The expression probably increases during the stress 

response of inflammation or rejection following transplantation. Eksteen et al 

demonstrated the presence of CXCR3high Tregs around inflamed bile ducts in 

chronically inflamed human liver (72). A study on kidney allografts in primates 

demonstrated a significant correlation between rejection and infiltration of the 

grafts with Tregs (148). In a murine model of experimental autoimmune 

encephalomyelitis, CXCR3 expression was associated with infiltration of Tregs 

and containment of the tissue damage (149).  

Hence, it is likely that the CXCR3 axis is involved in Treg homing to the 

allograft at the time of acute rejection. Hasegawa and colleagues utilized this 

pathway by developing an in vitro expanded, transfected Treg variant expressing 

high levels of CXCR3. Following adoptive transfer in a GVHD-model of 

B6D2F1 mice, these Tregs localized to the target organs and suppressed the 

GVHD in a dose-dependent manner (150). 

1.10.3 Bone marrow homing chemokine pathway 

Bone marrow is a part of the lymphocyte recirculation network and 

particularly enriched in functional CD4+CD25+FOXP3+ Tregs (141, 151). Zhou 

et al demonstrated that human Tregs preferentially migrate to bone marrow 

using CXCR4 / CXCL12 axis, express more FOXP3 and were more suppressive 

than blood-borne Tregs (121). It is likely that Treg mobilization explains the 

amelioration of acute GVHD (graft-versus-host disease) by GCSF (granulocyte 

colony stimulation factor) treated blood mononuclear cell transplantation, since 

GCSF mobilizes bone Tregs by decreasing marrow CXCL12 levels (121, 152). 
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A similar mechanism of action may account for another study that showed 

reduction in the severity of murine experimental allergic encephalomyelitis by 

GCSF (153).  

In a fully mismatched rat cardiac allograft model, GSCF injections 

following transplantation led to enhanced Treg population in the peripheral 

blood and prolonged allograft survival. By determining ratios of Tregs to the 

CD4 cell population in bone marrow and spleen, the authors established that 

Tregs were mobilized from the bone marrow (154). However, the prophylactic 

use of GCSF to prevent rejection in the early postoperative period in a 

randomized, placebo-controlled, double-blind, multicenter trial following human 

liver transplantation failed to show any benefits (155). This could probably be 

due to a difference in species, or the simultaneous mobilization of effector T cell 

populations from the bone marrow.  

Hence in order to utilize bone marrow Tregs for the induction of 

tolerance, there is a need for such agents that can preferentially target CXCR4 

on Tregs, without affecting the effector T cells. Recently, some CXCR4 

antagonists have been used in non-transplant experimental studies with 

promising results; TN14003 has shown to block CXCL12-induced migration 

and invasion of pancreatic tumour cells (156), AMD3100 reduced airway 

inflammation and hyper-reactivity in a mouse model of asthma (157), the same 

compound also suppressed the severity of murine collagen induced arthritis 

(158), CTCE-9908 inhibited migration and division of osteosarcoma cells in 

vitro and decreased pulmonary metastases in a murine model (159). These 

developments suggest other possible means for mobilizing Tregs from bone 

marrow for therapeutic applications. 
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Figure 1.3 Diagram showing chemokine pathways involved in the Treg 

migration between various organs. Naïve Treg (before activation by antigen 

stimulation), are CCR7+CCR9low and migrate to the Secondary Lymphoid tissue 

in response to CCL19 and CCL21. Here, stimulation by an antigen presenting 

cell leads to an up-regulation of various CC and CXC receptors, and a down-

regulation of CCR7. This change of receptor profile enables the Treg to migrate 

towards other organs, such as the allograft, the skin, mucosal epithelium, and the 

bone. The various chemokines affecting this migration are shown with arrows.  
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1.10.4 CCR10 / CCL28 pathway 

CCR10 is expressed on T and B cell subsets that constitutively migrate 

to gastrointestinal and non-intestinal mucosal epithelial sites (such as liver) via 

CCL28 (also known as MEC or mammary enriched chemokine) (160). Liver is 

considered a tolerogenic organ, where Tregs mediate allograft acceptance across 

MHC-barriers (161). It is likely that Tregs also use the CCL28 / CCR10 

pathway for migrating to liver allografts during tolerance induction; however, 

there is a paucity of supporting data. A study of chemotactic signals for Tregs 

during chronic hepatic inflammation in humans reported a 25-fold up-regulation 

of CCL28 in biliary and portal epithelium, associated with the infiltration of 

functional CCR10+ CXCR3+ Treg (72). Using a rat model of liver transplant 

rejection (DA-LEW), Pu et al showed that adoptive transfer of alloantigen 

stimulated Tregs prolonged allograft survival (30 vs. 12 days in control group). 

Surprisingly, a short course of tacrolimus gave an even better outcome (more 

than 60 days) (162). The authors failed to explain the unexpected synergistic 

effect between tacrolimus and Tregs, since tacrolimus has been reported to 

impair Treg expansion (163). Also, they did not mention migratory pathways 

responsible for Treg trafficking to the liver allografts.  

1.10.5 CCR5 / CCL5, CCL4 pathways: 

Expression of the chemokine receptor CCR5 has been associated with 

pro-inflammatory cellular infiltration in acute and chronic allograft rejection 

(102, 164, 165), tumours (166), and inflammatory conditions (167). Its ligands 

include CCL5 (RANTES or regulated upon activation, normal T-cell expressed, 

and presumably secreted), CCL3 (MIP-1-α or macrophage inflammatory 

protein-1-alpha) and CCL4 (MIP-1-β or macrophage inflammatory protein-1-
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beta). The role of CCR5-related pathways in Treg migration following organ 

transplantation remains elusive. A study on mice showed that approximately 

20% of Tregs in murine SLT constitutively express CCR5 and immune 

activation leads to enhanced expression of both CCR5 and Foxp3. The same 

study revealed that CCR5/CCL4 pathway caused preferential accumulation of 

Tregs in the gravid uterus for tolerance induction (168). Further evidence 

suggests that Tregs up regulate CCR5 expression in certain pathological states 

for peripheral migration. In chronic inflamed intestine of SAMP/Yit mice, the 

CCR5 / CCL5 pathway was preferentially used by Foxp3+ Tregs for homing to 

the inflamed tissues. Interestingly, activated CD8+ T cells were the major source 

of the secreted CCL5, suggesting a possible role of CCL5 in balancing the 

effector and regulatory response. It was demonstrated that in vitro activation 

caused significantly more Foxp3+ cells than Foxp3- cells to express CCR5, and 

their migration was blocked by TAK-779, a CCR5 antagonist (169). In murine 

pulmonary mycosis, Tregs showed enhanced expression of CCR5 compared to 

effector T cells and migrated to the fungal lesions, with subsequent dampening 

of the immune response against the disease (170). Another study in murine 

model of acute GVHD reported that Tregs used CCR5-related pathways for 

homing to the target organs, and this migration was essential for suppression of 

the effector response. The investigators did not mention the chemokines 

involved in this migration (171). Taken together, these observations suggest that 

CCR5-related pathways play a significant role in tolerance induction following 

organ transplantation. 
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1.11 Do immunosuppressants modulate chemokine receptors on Tregs? 

The effects of various immunosuppressant agents on the proliferation 

and suppressive capability of Tregs has been well documented (163). However, 

little is known about the effects of these interventions on chemokine receptor 

profile of Tregs. It is well known that immunosuppressive agents such as 

cyclosporine alter the chemokine receptor expression and migratory capacity of 

dendritic cells (172). It is likely that Tregs also switch chemokine receptors and 

homing potentials in response to therapeutic interventions. Knowledge of such 

effect can provide an opportunity to alter therapy for tolerance induction 

following transplantation.  

Summary: 

Treg cells are a heterogeneous group of lymphocytes with potent 

immunosuppressive capacity. These cells use different chemokine pathways for 

tissue selective migration, depending on the pathophysiological mechanism. The 

relevance of various chemokine networks in Tregs migration in the transplant 

scenario is still elusive. Further knowledge in this area is required to help in 

designing cell-based immunotherapy, particularly to induce transplant tolerance.  
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Chapter 2 Materials and methods 

2.1 Study Subjects 

This part prospective, part retrospective observational, non-randomized, 

cross-sectional study included adult heart transplant recipients under routine 

follow up at the University Hospital of South Manchester NHS Foundation Trust 

(UHSM). The study was approved by the local research ethics committee and 

group informed consent was obtained from all the participants. All the biological 

samples were collected and stored in accordance with the Human Tissue Act 

2004. The study was carried out in conformation with the spirit and the letter of 

the declaration of Helsinki, and in accord with the ICH Good Clinical Practice 

Guidelines. 

2.2 Blood samples 

A 5 ml peripheral blood sample was collected from research participants 

in an EDTA (ethylenediamine-tetra-acetic acid) vacutainer, using standard 

venepuncture technique. The samples were then either used to separate plasma 

via centrifuge, or used for isolation of peripheral blood mononuclear cells, 

depending on the experiments. 

2.3 Luminex immunoassay 

Plasma concentrations of chemokines were measured using multiplex 

bead-based Luminex® technology (Invitrogen, UK). The Multiplex technology 

incorporates solid phase immunoassays using spectrally encoded antibody-

conjugated beads as the solid support. The assay is performed in a 96-well plate 

and analyzed with a Luminex® 100™ instrument, capable of simultaneous, 

precise in-vitro quantitative analysis of up to 100 different proteins in a single 
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well (also called xMAP technology). The use of xMAP technology for bioassays 

is now well described (fig 4). 

In short, the technology used 5.6µm polystyrene beads, called 

microspheres, internally dyed with red and infrared fluorophores of different 

intensities and given unique numbers, allowing differentiation of one bead from 

another (fig 4a). Each bead set is conjugated with capture antibody for a specific 

bioassay, and added along with samples (including standards, control and test 

sample) into the wells of the filter bottom microplate. The plate is then 

incubated for 2 hours, when capture antibodies bind to the specific proteins 

(analyte) (fig 4b). After washing the beads, protein-specific biotinylated detector 

antibodies are added and incubated for another hour, when biotinylated 

antibodies bind to the specific immobilized proteins (fig 4c). After washing 

excess biotinylated antibodies, streptavidin conjugated to fluorescent protein, R-

Phycoerythrin (Streptavidin-RPE) is added and the plate incubated for another 

30 minutes. The Streptavidin-RPE binds to the detector antibodies, thus forming 

a four-member solid phase sandwich, to be analyzed by the Luminex system (fig 

4d). By detecting the spectral properties of capture beads and measuring the 

amount of associated RPE fluorescence, the concentration of one or more 

proteins is determined. 

I used Human Thirty-Plex Antibody bead kit (Invitrogen®, CA) for 

measuring the peripheral blood chemokine levels. This bead kit comprises 

analyte specific components for the measurement of several human cytokines 

and chemokines. For the purpose of this specific experiment, I measured 

chemokines only. I am aware that the antibody bead kit is mostly used with the 

serum or the tissue culture medium samples; however, it can be used with 
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plasma, with satisfactory sensitivity and minimum interassay variation. For the 

selected chemokines, the assay sensitivity is between 5-15 pg/ml, with an 

interassay variation between 2.9 to 6.9%.  
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Figure 2.1 Diagrammatic representation of the Multiplex bead-based 

Luminex® Assay. Fig 2.1(a) shows the first step when the antibody-conjugated 

beads are added to the well. Fig 2.1(b) shows the analyte capture by the specific 

antibody when added to the wells with the specific antibody-conjugated beads. 

Fig 2.1(c) represents the third step when the biotinylated detector antibody binds 

to the analyte-antibody complex, creating a sandwich. Fig 2.1(d) shows the 

analyte detection by the fluorescence of the Streptavidine-RPE bound to the 

detector antibody. (RPE = R Phycoerythrin)   

 

   

 
 
 

   
 

Fig 2.1(a)  Fig 2.1(b) 

Fig 2.1(c) Fig 2.1(d) 
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2.4 Isolation of Peripheral Blood Mononuclear Cells (PBMC) for flow 

cytometry 

A peripheral blood sample collected in an EDTA vacutainer was used to 

isolate PBMC by density gradient centrifugation method using Ficoll-Paque as 

previously described (173). The blood is processed within 1-3 hours of 

collection under aseptic conditions. The blood is diluted 1:1 with room 

temperature standard RPMI-1640 (Sigma-Aldrich®, MO) in a polypropylene 

universal container and gently mixed. Eight ml of blood and RPMI mixture is 

then carefully layered over seven ml of Ficoll-Paque cushion in a polypropylene 

centrifuge tube, followed by centrifuge at 3000 rpm for 30 min. The PBMC 

layer is then carefully withdrawn with a pipette, and transferred to another 15 ml 

centrifuge tube. The cells are then washed in room-temperature phosphate 

buffered solution (PBS) and centrifuged at 1500 rpm for 15 minutes. The 

supernatant is aspirated, and the cells resuspended in room-temperature RPMI-

1640, to achieve a viable cell density of 1-1.25 x 106 cells/ml. The cells are 

counted using Neuber cell counter.  

2.5 Chemokines for Chemotaxis assays 

The following recombinant human chemokines were used for in-vitro 

chemotaxis assays; CCL1 (T lymphocyte-secreted protein I-309), CCL2 

(Monocyte Chemotactic Protein-1 or MCP-1), CCL5 (Regulated upon 

Activation, Normal T-cell Expressed, and Secreted or RANTES), CCL17 

(Thymus and Activation Regulated Chemokine or TARC), CCL19 (Macrophage 

Inflammatory protein-3 beta or MIP-3β), CCL21 (6Ckine, Secondary 

Lymphoid-Tissue Chemokine, or SCL), CXCL9 (Monokine induced by gamma-

interferon or MIG), and CXCL10 (Interferon-gamma-induced protein or IP-10) 
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(purchased from ProSpec-Tany TechnoGene Ltd, Israel). A stock solution of 

each chemokine is made according to manufacturers’ guidelines. It is further 

diluted according to the required strength for chemotaxis, and aliquots were 

stored to avoid repeat freeze-thaw cycles. A carrier protein (0.1% bovine serum 

albumin) was added for long term storage.  

2.6 Chemotaxis assay 

The use of in-vitro cell migration assays across a barrier membrane with 

pores of a known size and density has been well documented (89, 174, 175). I 

utilized 24 well insert system purchased from BD Falcon™. It is a cell culture 

insert assays platform composed of a multiwall insert plate with a microporous 

PET (Polyethylene Terephthalate) membrane, a 24-well assay plate, or feeder 

tray and lid. The 24 wells are integrated into a one-piece plate, making it easy to 

move the insert if necessary. All the inserts are handled under aseptic conditions. 

250µl of the cell suspension is added to the insert, while 750µl of chemokine 

solution in RPMI-1640 is added to the lower well in order to neutralize the 

effects of hydrodstatic pressure across the membrane according to the 

manufacturer’s guidelines. A negative control is used for each patient, using 

750µl of RPMI without chemokine in the lower well. The system is left 

incubated for 4 hours in 37oC, 5% CO2 and normal humidity. Following 

incubation, transfer of Treg to the lower chamber was assessed using flow 

cytometry.  

2.7 Flow Cytometry 

I used BD™ LSR II flow cytometer for Treg-immunophenotyping. BD 

LSR II is an air-cooled, multi-laser, bench top flow cytometer with the ability to 

acquire parameters for a large number of colours. It uses fixed-alignment lasers 
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that transmit light reflected by mirrors through a flow cell to user-configurable 

octagon and trigon detector arrays. The octagon is an array of photomultiplier 

tubes (PMTs) and filters that can detect up to eight signals, while trigon can 

detect up to three signals. These detectors collect and translate fluorescence 

signals into electronic signals. Instrument electronics convert these signals into 

digital data. 

The BD LSR II has a fixed-alignment 488-nm blue laser (Coherent 

Sapphire) with the option of additional fixed-alignment lasers to analyze a 

stream of fluid containing individual cells. The primary blue laser generates 

forward scatter (FSC) and side scatter (SSC) signals and four fluorescence 

signals. The optional red (633-nm laser), violet (405-nm) and UV (355-nm) 

lasers generate two fluorescence signals each. There are dichroic optical filters, 

which transmit light of a specific wavelength, while reflecting other 

wavelengths. Light signals are generated as particles pass through the laser beam 

in a fluid stream. When these optical signals reach a detector, electrical pulses 

are created that are then processed by the electronics system. 

The flow cytometry requires optimum alignment of the optical and 

fluidics system to maximize the detection of fluorescence and ensure optimal 

sensitivity and resolution for forward scatter (FSc) and side scatter (SSc) signals. 

Hence frequent checks were made to ensure optical alignment was optimised 

and compensation was corrected for spectral overlap. The use of uniform 

fluorospheres for optical alignment verification has been well established (176). 

We used BD™ Cytometer Setup and Tracking beads, which consists of equal 

concentrations of 3-µm bright, 3-µm mid, and 2-µm dim polystyrene beads in 

PBS with bovine serum albumin (BSA), and sodium azide in a stream-tip 
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dropper vial. The beads are dyed with a mixture of fluorochromes that are 

excited by the lasers used in BD digital flow cytometer. Median fluorescence 

intensity (MFI) and percent robust CV (% rCV) are measure for each bead 

intensity in all fluorescence detectors. Software algorithms differentiate the 

fluorescence signals from each bead type based on size and fluorescence 

intensity in each detector, Linearity, detector efficiency (Qr), optical background 

(Br), electronic noise and laser delays are all evaluated, PMT voltages are then 

adjusted to maximize population resolution in each detector, hence providing 

better resolution of dim populations, fewer compensations artefacts, and 

reproducible data.  

2.8 Treg immunophenotyping 

A 100µl of the specimen from a suspension of PBMC or cell suspension 

from the lower well in the HTS multiwall system was extracted into each 

analysis tube (5ml polypropylene FACS tube). Treg cells were labelled with the 

following directly conjugated antibodies: 1. Phycoerythrin-Cy5 (PE-Cy5) 

conjugated anti-CD4, 2. Phycoerythrin-Cy7 (PE-Cy7) conjugated anti-CD25 

(BD Biosciences, UK), for 30 minutes in the dark at 4oC (to avoid denaturing by 

UV light). Staining with fluorescein isothiocyanate (FITC)-conjugated anti-

human FOXP3 (e-Bioscience, UK) was performed with 

fixation/permeabilization solutions according to the manufacturer’s guidelines. 

In short, following incubation with anti-CD4 and anti-CD25 antibodies, the 

sample was washed once with 1 ml of PBS and centrifuged at 1500 RPM for 10 

min. The cell pellet was resuspended with pulse vortex and 1 ml of freshly 

prepared Fixation/Permeabilization buffer solution was added to each sample 

and incubated at 4oC for 45 min in the dark. The  sample was then washed once 
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with 2 ml of 1x permeabilization wash buffer (freshly made from 10x 

permeabilization buffer) followed by centrifugation at 1500 RPM for 10 min and 

gentle decanting of the  supernatant. The cell pellet was once again suspended 

with pulse vortex, and stained with FoxP3 FITC antibody at 4oC for 45 min in 

the dark. The sample was then washed twice with 2 ml of 1x permeabilization 

buffer, centrifuged at 1500 RPM for 10 min and resuspend in 100µl of PBS 

before analyzing in the flow cytometer.  

2.9 Isotype Controls 

A further 100µl of PBMC were stained with combinations of mouse 

IGg1-PCy5, PCy7, and FITC as isotype control, Isotype controls were included 

in all experiments, to provide a negative cell reference and also to set up 

regional quadrants on scatter plot graphs for assessing cell populations (Figure 

2.2 – 2.4). 
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Figure 2.2 Dual scatter histogram from an isotype control 

This demonstrates an absence of positive fluorescence staining within the gated 

area (shown by an assigned green colour). 
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Figure 2.3 Scatter plot from isotype control 
 
This represents a scatter plot constructed from the gated area in figure 2.1. 

Quadrants have been assigned to determine the ‘positively’ controlled areas 

from the isotype control (seen in quadrant F3). 
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Figure 2.4 Histogram from isotype control. This is a histogram which 

confirms a control staining area and the absence of positive staining (no activity 

within area B) 
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2.10 Gating Strategy 

BD FACSDiva™ software was used to create gating strategy protocols. The 

following protocol was established for analysis of a given sample: 

• A forward scatter - side scatter (FSc:SSc) plot was first produced (Figure 

2.5). This enabled simple visualisation and differentiation of lymphocytes 

according to cell size and granularity. A manual gate (labelled Gate P1, red) 

was then created around the lymphocyte region on the FSc:SSc histogram 

(Figure 2.5). Further data analysis and collection was then only performed 

on cells in this region.  
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Figure 2.5 Scatter plot showing lymphocyte gating strategy. A 

representative scatter plot showing a manual gate (P1) created around the 

lymphocyte region. Further analysis was performed on the cells within the 

lymphocyte gate only.   
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• In the next step, a forward scatter - side scatter (FSc:SSc) were produced for 

each colour / antibody, using the cells from the previously gated 

lymphocytes. Fluorescence outside of the gating regions is considered non-

specific (isotype control). To enhance visualisation of cell populations in the 

FSc:SSc plot or a histogram, each positive antibody gate was assigned a 

colour (Fig 2.6-2.8).  
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Figure 2.6 Gating strategies for CD4 (green) on a scatter plot. A 

representative scatter plot showing the gating strategy for visualizing CD4+ cells 

(green). The cells outside the gate are the lymphocytes that are CD4- (red).  
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Figure 2.7 Histogram showing CD25 staining. A representative histogram 

with staining area (P1) in CD25 zone, and an absence of staining outside P1 

(control).  
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Figure 2.8 Histogram for FOXP3 staining. A representative histogram 

showing positive staining for FOXP3 within the blue zone, and an absence of 

staining in the adjacent area (FOXP3-).  
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• In the third step, a further gating strategy was defined to identify those 

cells which are positive for both CD4 and CD25 staining. Hence, another 

FS:SS plot was created for CD4 and CD25, using cells from the CD4 

positive cells only. Another gate was placed to identify CD4+CD25bright 

cells (shaded green in Fig 2.9) 
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Figure 2.9 Gating strategies for CD4+CD25bright  cells. A representative 

scatter plot showing dual staining for CD4 and CD25. A further gate was created 

on the cells staining most brightly for the CD25 (CD4+25bright, green cells within 

the quadrant Q2-1).  
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• Finally, further scatter plot was created to identify CD4+CD25bright cells 

staining positive for FOXP3, as shown in figure 2.10. 
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Figure 2.10 Scatter plot with gating strategy for Treg. A representative  

scatter plot showing CD4+CD25brightFOXP3+ (Tregs), within the quadrant Q2-3. 

Quadrant Q1-3 shows CD4+CD25- cells which are also FOXP3-.   
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2.11 Immunofluorescence staining 

I used immunofluorescent detection technique to co-localize Treg 

markers with the chemokine in formalin-fixed, paraffin-embedded (FFPE) 

endomyocardial biopsy tissue from stable and rejecting adult heart transplant 

recipients. In this method various target antigens are first labelled with primary 

antibodies, which are then detected by fluorochrome-conjugated secondary 

antibodies using immunofluorescence scanning microscopy (177, 178).  The 

primary antibodies and the secondary, fluorochrome-conjugated secondary 

antibodies are listed in tables 2.1 and 2.2. 
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Table 2.1 Primary antibodies used for Immunofluorescence staining in 

the formalin-fixed, paraffin-embedded endomyocardial biopsy tissue.  

 

 
Antigen Isotype / clone, catalogue number Supplier 

CD4 Mouse IgG1 

clone BC/1F6, # ab846  

Abcam®, Cambridge, UK 

FOXP3 Rat IgG2a, κ,  

clone PCH101, #  14-4776 

ebioscience®, CA 

CCL17 Goat polyclonal, # AF364 R&D systems, 

Minneapolis, MN 
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Table 2.2 Secondary antibodies used for Immunofluorescence staining 

in the formalin-fixed, paraffin-embedded endomyocardial biopsy tissue.  

 
 
 
Antigen Isotype / clone, 

catalogue number 

Supplier 

Alexa Fluor® 488 donkey 

anti-rat IgG (H+L) 

Cat no A-21208 Invitrogen®, UK 

Alexa Fluor® 555 donkey 

anti-mouse IgG (H+L) 

Cat no A-31570 Invitrogen®, UK 

Alexa Fluor® 647 donkey 

anti-goat IgG (H+L) 

Cat no A-21447 Invitrogen®, UK 

 

DAPI (4',6-diamidino-2-phenylindole dilactate) was used to counter stain nuclei. 
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The FFPE samples of the endomyocardial biopsies were collected from 

the archives of the UHSM Pathology department following informed consent. 

The endomyocardial biopsies are routinely used to diagnose rejection following 

hear transplantation (179). The procedure is usually performed via the right 

internal jugular vein route or the right common femoral vein route. All tissue 

samples are routinely fixed in 4% buffered formalin and subsequently embedded 

in paraffin blocks by conventional techniques. For the diagnosis of rejection, the 

biopsy samples are stained with haematoxylin and eosin, and then analyzed by 

experienced histopathologists at the Department of Pathology at UHSM. The 

biopsies are graded between 0-3R according to the recent International Society 

of Heart and Lung Transplantation (ISHLT) grading system (180). 

2.11.1 Tissue slide preparation 

From the FFPE tissue blocks, 3-4 µm thick tissue slices were cut using 

standard microtome. The tissue sections were then floated onto a warm (42°C) 

water bath from where they are picked up onto X-Tra® adhesive slides 

(Surgipath®, UK). These slides are made using a special process to produce a 

permanent positive (+) charged surface which helps to bond tissue sections and 

cytology preparations without the use of additional adhesives. Once mounted, 

the slides were left to dry overnight at room temperature, followed by incubation 

at 60ºC for 30 minutes to help the section adhere to the slide. 

2.11.2 Dewaxing and Antigen retrieval 

Formalin or other aldehyde fixation forms protein cross-links that mask 

the antigenic sites in tissue specimens, thereby giving weak or false negative 
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staining for immunohistochemical detection of certain proteins. Hence, antigen 

retrieval is performed in order to facilitate epitope unmasking. Antigen retrieval 

can be performed by heat-induced (also known as heat-induced epitope retrieval 

or HIER) or enzymatic methods. HIER can be performed using Citrate buffer 

(pH 6.0) or Tris/EDTA buffer (pH 9.0), in a pressure cooker, microwave oven, 

or a water bath. The buffer solution is designed to break the protein cross-links, 

therefore unmasking the epitopes in FFPE tissue sections. During optimization 

experiments for individual antibodies, I tested HIER with both buffers in 

different heating condition, as well as enzymatic retrieval with pepsin.   

Prior to antigen retrieval, the tissues were deparaffinised using four 10 minute 

washes in 100% xylene, agitating for 10 sec every 30 sec. This was followed by 

rehydration in graded ethanol solutions (100%, 90%, 75%, and 50%) for 3 

minutes each, agitating every 20 sec, before rinsing in water.  

In the first step, antigen retrieval was performed using pre-warmed 

buffer in a water bath (warmed to 90ºC). The slides were left in the water bath 

for 30 minutes, followed by 20 minutes on the bench at room temperature for 

cooling, and then 10 minutes under running water. However, I found inadequate 

staining of the various antibodies using this technique. 

Subsequently, I used pressure cooker with Citrate buffer or Tris/EDTA buffer 

for HIER with optimum results for CD4 and FOXP3 antibodies.  

In order to make sure that the sections are never dry, all staining 

procedures were carried out in a humidified chamber. I used a shallow plastic 

box with a sealed lid and wet tissue paper in the bottom as our incubation 

chamber. The plastic serological pipettes were cut into lengths and glued at the 

bottom of the chamber, with the 2 individual pipette tubes of each pair being 
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placed about 4.0 cm apart. It helped to keep slides off the paper and be laid flat 

so that the reagents don’t drain off. 

2.11.3 Blocking Step 

In order to minimise background or un-specific staining, I used 5-10% 

normal horse serum (serum from the host of the secondary antibodies), prepared 

by diluting normal horse serum in PBS. The slides were removed from water, 

gently wiped around the section and then 200µl PBS was carefully added to 

prevent the section from drying out. Dako pen (Dako®, DK) was used to ring the 

island, in order to provide a barrier to liquids applied to the sections. This was 

followed by gently pipetting 200µl of 10% blocking serum on to the section 

before placing the slide in a moist chamber at room chamber for 30 minutes. The 

slides were then rinsed again in PBS before staining with the primary antibodies. 

2.11.4 Immunofluorescence staining for CD4 and FOXP3 

To determine optimum staining concentrations for each antibody, 

different antigen retrieval techniques and dilutions were tested according to the 

manufacturers’ recommendations and published guidelines, along with positive 

and negative controls. For positive controls, anonymous archival tonsil tissues 

were obtained from the department of Pathology at UHSM, while the primary 

antibodies were omitted to create negative controls. 

Table 2.3 summarizes the best antigen retrieval method and dilutions for 

CD4 and FOXP3 antibodies, and their corresponding secondary antibodies. 
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Table 2.3 Antigen retrieval and staining protocol for CD4 and FOXP3 

in the formalin-fixed, paraffin-embedded human endomyocardial biopsy 

tissue. The method was optimized for mouse antihuman CD4 (clone BC/1F6) 

and rat anti-human FOXP3 (clone PCh-101). (HIER = Heat Induced Antigen 

Retrieval, PBS = Phosphate Buffered Saline).  

 
 Mouse anti-human 

CD4 (BC/1F6) 

Rat anti-human 

FOXP3 (PCH-101) 

Antigen retrieval HIER HIER 

Buffer Citrate buffer (pH 6.0) Citrate buffer (pH 6.0) 

Heating method Pressure cooker, 4 

minutes on full pressure 

Pressure cooker, 4 

minutes on full pressure 

Dilution of the primary 

antibody 

1:50 (2% blocking serum 

in PBS) 

1:50 (2% blocking serum 

in PBS) 

Staining time and 

temperature 

Overnight 4ºC Overnight 4ºC 

Secondary antibody Alexa Fluor® 555 

donkey anti-mouse IgG 

(H+L) 

Alexa Fluor® 488 

donkey anti-rat IgG 

(H+L) 

Dilution of the 

secondary antibody 

1:500 (2% blocking 

serum in PBS) 

1:500 (2% blocking 

serum in PBS) 

Staining time and 

temperature for 

secondary antibody 

1 hr room temperature 1 hr room temperature 
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During the optimization experiments, I tested simultaneous and sequential 

methods for staining CD4 and FOXP3, and found significantly better results 

when using sequential method as follows: 

• First blocking step: incubation with 10% normal donkey serum for 1 

hour at room temperature 

• Incubation with the CD4 antibody diluted in 2% blocking serum in PBS 

(Phosphate buffered saline) in a humidified chamber for overnight at 4ºC  

• Wash in PBS with Tween (0.05%) four times for 5 minutes each 

• Incubation with the AF555 antibody for 1 hour at room temperature in 

moist chamber in dark 

• Subsequently all staining steps were carried out in the dark. 

• Wash in PBS with Tween (0.05%) four times for 5 minutes each 

• Second blocking step: incubation with 10% normal donkey serum for 1 

hour at room temperature 

• Decant the blocking serum and incubation with the FOXP3 antibody 

diluted in 2% blocking serum in PBS for overnight at 4ºC 

• Wash in PBS with Tween (0.05%) four times for 5 minutes each 

• Incubation with the AF488 antibody for 1 hour at room temperature in 

moist chamber in dark 

• Wash in PBS with Tween (0.05%) four times for 5 minutes each 

2.11.5 Autofluorescence 

During optimization experiments, I encountered significant 

autofluorescence in the endomyocardial biopsy samples. This natural 

fluorescence is due to substances like lipofuscin that persists in paraffin sections. 
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Lipofuscin is composed of cytoplasmic yellow brown pigment granules, the 

breakdown products of unsaturated fatty acids. Apart from lipids, they also 

contain various metals including iron, copper and zinc (181). Because of their 

broad excitation and emission spectra, lipofuscin-like autofluorescence causes 

significant problems during immunofluorescence methods (182).  Hence I tried 

different quenching methods, including UV light and Sudan black at various 

concentrations as previously described (183). I found that 10 minutes incubation 

in 0.5% Sudan black in 70% alcohol reduced the autofluorescence significantly 

while slightly dampening the intensity of the immunostaining.  

Following incubation with 0.5% Sudan Black, the slides were thoroughly 

washed with PBS before nuclear counterstaining with DAPI (4', 6-diamidino-2-

phenylindole, dilactate; 1:10,000 for 2 minutes, Biotium, CA).  

The sections were again washed four times in PBS for 5 minutes each, before 

drying at room temperature. The sections were then mounted with Prolong 

Gold® anti-fade reagent (Molecular Probes®, OR). 

The entire sections were evaluated using epifluorescent microscope 

(Olympus® BX51, Japan) and images acquired using CoolSNAPHQ 

Monochrome camera (Roper Scientific®, AZ) with MetaVue™ Imaging System 

(Molecular Devices®, PA). CD4+FOXP3- and CD4+FOXP3+ cells (Tregs) were 

counted in 5-10 non-overlapping high power fields (x60). 

2.12 Immunofluorescence staining for CCL17, CCR4 and CCR8 

I attempted to co-localize Tregs with CCL17, CCR4, and CCR8 using 

immunofluorescence methods. Despite trying various methods for antigen 

retrieval and staining protocols as highlighted earlier, I could not obtain 

optimum staining for either antibody. Hence, I opted to use 
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immunohistochemistry to stain sequential cuts of the endomyocardial biopsies 

for CCL17 only. 

2.13. Immunohistochemistry 

Rabbit Polyclonal anti-human CCL17 antibody was purchased from 

AbD Serotec® (Oxford, UK). I used ImmPRESS™ peroxidase detection system 

(Vector® labs, CA) to detect CCL17 staining according to the manufacturer’s 

guidelines. The ImPRESS system is based on attaching polymerized enzymes to 

the antibodies and provides a high sensitivity with low background staining.  

The following protocol was used: 

• Dewax in xylene three times for 10 minutes each 

• Graded alcohol rehydration with 100% alcohol (twice, three minutes 

each), followed by 3 minutes each in 95% and 75% alcohol 

• Endogenous peroxidase activity was blocked by placing slides in 3% 

solution of freshly made hydrogen peroxide in 70% alcohol for 10 

minutes 

• Wash in water for 5 minutes 

• Antigen retrieval was performed using Citrate Buffer (pH 6.0) in 

microwave (high power) for 30 minutes. 

• Wash in running water for 5 minutes 

• The slides were removed from water, gently wiped around the section 

and then 200µl TBST (Tris Buffered Saline with Tween) was carefully 

added to prevent the section from drying out. Dako pen (Dako®, DK) 

was used to ring the island 

• Incubation with 2.5% normal horse serum for 30 minutes in a moist 

chamber at room temperature (blocking step) 
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• Incubation with the primary antibody (anti-CCL17 antibody) for 30 

minutes in a moist chamber at room temperature 

• Wash with TBST 

• Incubation with ImmPRESS™ peroxidase detection system (Vector® 

labs, CA) 

• Wash twice with TBST 

• ImmPACT™ Dab (diaminobenzidine) chromogen (Vector® labs, CA) 

was freshly prepared by adding 1 drop of the chromogen to 1 ml of the 

diluent.  

• Incubation with ImmPACT™ Dab for 5 minutes at room temperature 

• Wash with water for 5 minutes 

• Nuclear counter stain with Haematoxylin 

• Dehydration by placing the slides in 95% and then 100% alcohol for 2 

minutes each 

• Placing slides in Xylene for 2 minutes  

• mount using DPX resin 

• Once again, tonsil tissue was used as the positive control. The primary 

antibody was excluded for the negative control. 

With this method I obtained satisfactory staining for CCL17. The degree of 

staining was assessed and quantified on a scale of 0-3 by an expert 

histopathologist at our Pathology department. 

2.14 Statistical analysis 

All the data was analyzed using SPSS v 15. Quantitative data with 

normal distribution was described in mean and standard deviation, while non-

normal data was described with median and inter-quartile range. Similarly, 
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continuous variables from two unpaired groups with normal distribution were 

compared using T-test, otherwise Mann-Whitney U test was used. In paired 

groups, paired t-test or Wilcoxon test was utilized depending on the distribution 

of the data. One-way ANOVA was used to compare 3 or more unmatched 

groups with normal distribution, while Kruksal-Wallis test was used if the data 

from these groups was non-parametric. Chi-square test was used to compare 

categorical data.  
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Chapter 3 Th1 Chemokines are up-regulated in acute rejection 

following heart transplantation  

Abstract 

Background 

Chemokines are the mediators of immune cell trafficking, and play an 

important role in defining the alloresponse following solid organ transplantation. 

Evidence suggests that acute rejection leads to enhanced expression of certain 

chemokines in the allograft. However, there is paucity of data to show the 

effects of acute rejection on the peripheral blood chemokine levels.  

Methods 

This study analyzed the peripheral blood concentration of Th1 and Th2 

chemokines including CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10, and 

CCL11 in 50 adult heart transplant recipients at the time of routine surveillance 

endomyocardial biopsies. The peripheral blood samples were taken during the 

biopsy procedure and plasma was stored before batch analysis using bead-based 

Luminex® technology (Invitrogen®, MA). The biopsy samples were analyzed by 

experienced histopathologists at UHSM and graded between 0-4 according to 

the International Society of Heart and Lung Transplantation (ISHLT) grading 

system (180). The chemokine levels were correlated with acute rejection 

episodes using SPSS v15.  

Results 

Out of a total of 50 patients, 18 had histological evidence of acute 

cellular rejection, while the rest showed no rejection. There was no difference 

between the two groups in terms of demographics, immunosuppression and 

CMV serostatus. I found significantly higher levels of CCL2 and CCL5 (Th1 
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chemokines) in the blood samples from patients with acute cellular rejection 

compared to those with no rejection. There was no difference between the two 

groups in the levels of CXCL10, CXCL9, CCL3, CCL4 and CCL11. 

Conclusion 

In this study, I demonstrate for the first time a significant rise in the 

peripheral blood levels of specific Th1 chemokines during acute rejection in 

human heart transplant recipients. These findings further highlight the 

importance of Th1 chemokines in the alloresponse in humans and may lead to 

novel pathways for prevention and treatment of acute rejection. 
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Background 

Despite recent advances in immunosuppressive strategies and 

improvement in survival, acute rejection remains a significant cause of 

morbidity and mortality following heart transplantation (184). In addition, acute 

rejection imposes a direct and cumulative effect on the development of chronic 

rejection, also known as cardiac allograft vasculopathy, hence affecting the long 

term survival (185). Acute cellular rejection involves infiltration of mononuclear 

cells into the interstitium including T lymphocytes, monocytes and macrophages 

(186). Recent advances in the understanding of the molecular mechanisms 

governing this cellular infiltration suggest an involvement of both Th1 or Th2 

cytokines, including Interferon-gamma (IFN γ), Tumour necrosis factor-alpha 

(TNF α), or Interleukin 4 (IL4) (187-189).    

Chemokines are small chemotactic proteins responsible for directing 

various immune cells to the target environment. With over 50 chemokines and 

more than 20 corresponding receptors, the system is immensely complex yet 

highly organized. Some of the chemokines are particularly inclined to recruit 

Th1 effector cells, while others mediate Th2 inflammatory responses (190). An 

association between intragraft chemokine proteins or gene expression and acute 

allograft rejection has been documented in several models of renal, skin and 

other solid organ transplants, including the heart (186, 191-193). Further studies 

have dissected out associations between expression of Th1 chemokines such as 

CCL2, CCL3, CCL4, CCL5, CXCL9, and CXCL10, with the cellular infiltrate 

during acute rejection episodes following heart transplantation (91, 93, 94). On 

the other hand, links between Th2 chemokines and acute rejection have been 

less well defined. One study mentioned that peripheral blood levels of a Th2 
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chemokine CCL11 is associated with eosinophilia prior to acute rejection in 

human heart transplant recipients (194). Another recent study using rat model of 

acute cardiac allograft rejection showed significant increase in the intragraft 

CCL11 expression during rejection (195). 

Most of the aforementioned studies have looked at the chemokine 

proteins or gene expression within the allograft; however, there is very little 

information on the relevance of peripheral blood levels of such chemokines 

during acute rejection. Hence I prospectively investigated an association 

between the peripheral blood levels of Th1 and Th2 chemokines and moderate 

to severe acute cellular rejection in adult heart transplant recipients. 

Methods 

Patient demographics and sample collection 

50 adult heart transplant recipients undergoing routine surveillance 

endomyocardial biopsies were recruited. The exclusion criteria included patients 

with acute infections, severe hepatic dysfunction, and failure to obtain an 

informed consent. The timing of the biopsy was determined according to the 

clinical need, and it was performed via right internal jugular route under 

fluoroscopy guidance. Just prior to the biopsy a sample of the peripheral blood 

was obtained in an EDTA (ethylene diamine tetra-acetic acid) vacutainer. 

Plasma was separated from the blood by centrifuge at 1500 RPM (rev per 

minute) for 10 minutes. Approximately 500 microliters aliquot of the separated 

plasma was immediately stored in polypropylene tube at -80º Celsius for batch 

analysis. The biopsy samples were fixed in 4% formalin and transferred to the 

pathology department for routine histological grading according to the ISHLT 

grading system (180). The patients were thus divided into two groups: Group 1 
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(with acute rejection) and Group 2 (showing no rejection). Clinical data was 

collected from patient notes for risk stratification. The use of 

immunosuppressive agents (Prednisolone, Cyclosporine, Tacrolimus, 

Mycophenolate Mofetil and Azathioprine), and haematological white blood cell 

counts (neutrophils, lymphocytes, monocytes, eosinophils, basophils and 

platelets) were also collected. 

The study was designed to investigate the differences in the peripheral 

blood chemokine levels between stable, non-rejecting patients and those with at 

least grade 2R (moderate rejection). Due to the very limited number of patients 

with this degree of rejection, it was not possible to obtain sufficient number of 

consecutive samples during the limited time of the study. Hence, patient’s 

consent was obtained for using some plasma aliquots stored over a period of 

nearly 3 years (between 2005 and 2007) for the purpose of the immunological 

marker study in the Transplant department at my hospital. With this method, I 

could obtain a group of 18 heart transplant recipients with grade 2R rejection, to 

compare against a randomly selected group of 32 heart transplant recipients with 

no rejection. Hence, the study was part prospective, part retrospective, 

observational study. Due to the same reason of limited number of samples with 

grade 2R rejection, it was not possible to sufficiently power the study for 

observing minor effect size for the individual chemokines. The study was 

approved by the local regional ethics committee and performed according to the 

declaration of Helsinki. All participants provided written informed consent. All 

tissue samples were stored according to the Human Tissue act.  
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Luminex Immunoassay 

I used Luminex® (Invitrogen®, MA) to measure the levels of Th1 and 

Th2 chemokines including CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10, and 

CCL11 in the plasma separated form the peripheral blood samples. The 

Luminex® implies multiplex solid phase immunoassays using spectrally 

encoded, antibody conjugated beads (figure 2.1, chapter 2). This technology is 

capable of simultaneous measurement of several proteins in a single well and is 

now well described (196, 197). The method is capable of measuring the 

chemokine levels with a high sensitivity and low interassay variability, as 

mentioned in chapter 2.   

Statistical analysis 

All the data was analyzed using SPSS. The two groups were compared in 

terms of demographics, clinical data and serum chemokine levels. Students t test 

or Mann-Whitney U test were used for comparing the continuous data 

depending on the normality of distribution of the variables, while Chi-square test 

was used for comparing the categorical variables. A p-value of less than 0.05 

was considered statistically significant.  

Results 

Group 1 (with evidence of grade 2R rejection on the endomyocardial 

biopsy) comprised of 18 patients, while Group 2 included 32 patients with no 

evidence of rejection on the endomyocardial biopsy. Clinical and laboratory data 

was available for all the patients. I found no difference between the two groups 

in terms of the demographic data. The two groups were similar in terms of 

immunosuppression and CMV serostatus as well. Table 3.1 summarizes some of 
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the demographic variables while table 3.2 shows the peripheral blood counts for 

the two groups. 
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Table 3.1 Demographic data for rejecting versus non-rejecting patients. 

Age is described in mean (standard deviation), while the duration since 

transplant is shown in median (25th, 75th percentiles) due to non-parametric 

distribution. (CNI, Calcineurin inhibitors) 

 Group 1 (n=18) Group 2 (n=32) P value 

Age (years) 49.83 (13.35)*  50.63(13.01)* 0.55 

Duration since 

transplant (days) 

126.0 (27.5, 185.25) 174.5 (59.0, 558.0) 0.08 

Male 77.8% 75.0% Sex:  

Female 22.2% 25.0% 

0.82 

ICM 50% 53.12% 

DCM 44.4% 37.5% 

Pre-

transplant 

diagnosis Others 5.6 9.37% 

0.83 

Positive 5.5% 21.8% CMV 

serostatus Negative 94.5% 78.2% 

0.13 

Cyclo 88.8% 87.5% CNI 

FK 11.1% 12.5% 

0.87 
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Table 3.2 Comparison of the peripheral blood counts between the two 

study groups.  

* denotes data in mean (±standard deviation), § data in median (25th, 75th 

percentiles) 

 

 Group 1 (n=18) Group 2 (n=32) P value 

WBC (x109/l) 6.36 (1.84)* 7.14 (3.2)* 0.38 

Neutrophils (x109/l) 4.64 (1.59)* 5.64 (2.92)* 0.39 

Lymphocytes (x109/l) 0.74 (0.5, 0.9) § 0.62 (0.5, 0.91) 0.69§ 

Monocytes (x109/l) 0.37 (0.09)* 0.6 (0.38)* 0.14 

Eosinophils (x109/l) 0.1 (0.07, 0.1)§ 0.05 (0.02, 0.1) § 0.19 

Basophils (x109/l) 0.04 (0.03)* 0.02 (0.02)* 0.14 

Platelets (x109/l) 251.53 (94.93) 230.85 (92.62) 0.51 
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When comparing the chemokine levels between the two groups, I found that 

patients with acute rejection had significantly higher peripheral blood levels of 

CCL2 and CCL5 (Fig 3.1, 3.2). However, there was no significant difference in 

the levels of CCL3, CCL4, CXCL9, CXCL10 and CCL11 between the two 

groups.  
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Fig 3.1  Box plot showing mean concentration of CCL2 in the 

peripheral blood samples in acute (n=18) versus non-rejecting (n=32) heart 

transplant patients.  
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Fig 3.2  Box plots showing mean peripheral blood concentration of 

CCL5 in acute (n=18) versus non-rejecting (n=32) heart transplant patients. 
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Discussion 

Chemokines are important mediators of leucocyte trafficking, and 

undoubtedly play a key role in acute rejection following solid organ 

transplantation. Despite the up-regulation of various chemokines and their 

receptors in the allograft during rejection, there had yet been no evidence to 

suggest any associations with allograft rejection and the peripheral blood 

concentrations of chemokines. Herein I demonstrate for the first time an 

association between peripheral blood chemokine levels and acute cellular 

rejection following heart transplantation.  

As previous evidence suggests that acute rejection following solid organ 

transplantation may involve Th1 or Th2 response (198), I evaluated a range of 

Th1 and Th2 chemokines in the peripheral blood of rejecting and non-rejecting 

patients. Interestingly, only CCL2 and CCL5 concentrations were significantly 

elevated during the acute rejection episode, while I found no associations with 

the levels of CXCL9, CXCL10, CCL3, CCL4 and CCL11. This finding is 

interesting because previous authors have reported that intragraft expressions of 

CCL2 (a ligand for CCR2), and CCL5 (ligands for CCR1 and CCR5) have been 

associated with cellular infiltration that lead to acute rejection following heart 

transplantation (91).  

The findings of my study further complement a previous study by 

Karason et al, who found that the peripheral blood levels of CXCL9 and 

CXCL10 did not correlate with acute rejection, despite a significant up-

regulation of corresponding genes in the rejecting myocardium (98). Similar to 

Karason et al, my study did not demonstrate an association between peripheral 

blood CXCL9 and CXCL10 levels and acute rejection. The purpose of Karason 
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study was to define non-invasive biomarkers of rejection in heart transplant 

recipients, hence they selected CXC chemokines that are well described to up-

regulate during acute rejection (93, 97). However, they did not evaluate 

relationship between CCL2 and CCL5 and acute rejection. Hence, my novel 

findings may help in determining valuable non-invasive adjuncts for the 

detection of acute rejection in solid organ transplantation. 

Apart from transplantation, various studies have documented serum 

chemokine levels as indicative of a systemic response to the pathological state, 

including amyotrophic lateral sclerosis (199) rheumatoid arthritis (200) hepatic 

inflammation (201) and psoriasis (202). While none of the included patients in 

my study had significant systemic inflammation as shown by the normal 

peripheral blood white cells and neutrophil counts, one can argue that more 

stringent inclusion criteria and measuring high-sensitivity C-reactive protein 

(CRP) might have helped in excluding any confounding factors. I acknowledge 

that this remains one of the limitations of this study. 

The findings of this study may still have implications towards prevention 

of acute rejection or induction of allograft tolerance. Experimental models have 

suggested that allograft survival can be prolonged by blocking specific 

chemokine pathways. For example, Horuk et al demonstrated that treating a rat 

model of heart transplant rejection with BX471 (an orally active CCR1 

antagonist) resulted in significant prolongation of allograft survival (p=0.004), 

with further synergistic effects when used with a sub-therapeutic dose of 

cyclosporin (p=0.0009) (203). The study suggested that BX471 inhibits the 

adhesion of activated mononuclear cells to inflamed epithelium. Another study 

used TAK779 (a CCR5 and CXCR3 antagonist) on murine model of cardiac and 
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islet allograft rejection. They also found a significant dampening of the local 

immune response, reduced infiltration of CD4, CD8 and CD11c cells into the 

allograft, and significant prolongation of the allograft survival (204). Hence, 

cellular infiltration of the allograft can be altered by interfering with the 

systemic effects of CCL2 and CCL5, thus helping to prevent allograft rejection. 

One limitation of my study was the small underpowered sample size due 

the reasons explained above. In addition, I also acknowledge the fact that this 

study was conducted on plasma instead of serum samples. However, I believe 

that this small observational study still provides an important finding relevant to 

the heart transplant population.  

To conclude, I herein demonstrate that acute rejection in human heart 

transplant recipients lead to a significant rise in the peripheral blood levels of 

Th1 chemokines CCL2 and CCL5, without any significant change in the levels 

of CCL3, CCL4, CXCL9, CXCL10 and CCL11. Further studies may 

demonstrate if these findings can be used for non-invasive determination of 

acute rejection, or to prolong allograft survival via blocking specific chemokine 

pathways.  
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Chapter 4 The effects of immunomodulatory drugs on peripheral blood 

Treg levels in adult heart transplant recipients 

Abstract 

Background 

Establishing an immunologic tolerance is the holy grail of 

transplantation. The CD4+CD25brightFOXP3+ T cells (Tregs) are documented to 

play a pivotal role in the allograft tolerance. At present various 

immunosuppressive medications in different combinations are used to prevent 

rejection. These are, however, associated with debilitating side effects, including 

hypercholesterolemia. As a result, statins are frequently used following heart 

transplantation. Previous studies have shown conflicting evidences regarding the 

effects of these medications on the peripheral blood levels of Tregs. 

Methods 

90 stable adult heart transplant recipients were prospectively recruited 

for this observational study. All patients received standard immunosuppression 

according to the unit protocol, including cyclosporin or tacrolimus (CNI), 

Mycophenolic acid (MPA) or azathioprine (Aza), and Prednisolone (Pred). 

Statin use was determined according to clinical necessity and tolerability. The 

peripheral blood samples were collected in EDTA vacutainer during routine 

follow up and Tregs were phenotyped by cell surface expression of CD4 and 

CD25, and intracellular FOXP3 expression.  

Results 

Following risk stratification, I found no difference in the levels of Tregs 

between patients taking cyclosporin (n=78) or tacrolimus (n=12). Patients were 

then divided into three groups according to the use of CNI+MPA±Prednisolone 
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(Group1), CNI+Azathioprine±Prednisolone (Group 2), or CNI+Prednisolone 

(Group 3). Once again I found no difference in Treg levels or FOXP3 expression 

between the three groups. However, patients who were treated with a statin 

(n=75) had significantly reduced numbers of circulating CD4+CD25brightFOXP3+ 

Tregs compared to patients not treated with a statin (n=15, p=0.01). The 

percentage of Tregs in the T cell compartment was also significantly lower 

compared to the non statin group (p=0.02). 

Conclusion 

In this observational study, I found no effects of immunosuppressive 

medications on the numbers of circulating Tregs in patients following heart 

transplantation. However, statin use was associated with significantly reduced 

peripheral blood Treg counts. This may significantly affect recipient immune 

responses to graft tissue, as Tregs promote specific T cell unresponsiveness to 

alloantigen, via modulation of allospecific CD4 T cell responses. 
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Background 

The alloresponse following transplantation comprises an effector arm to 

reject the transplanted organ, and a regulatory arm that checks the effector 

response and induces and maintains homeostasis. The CD4+CD25brightFOXP3+ T 

cells (Tregs) are widely recognized as the most important part of the regulatory 

armamentarium, maintaining specific unresponsiveness and operational 

tolerance to donor antigen (30, 33). These cells comprise 5-10% of the 

peripheral blood CD4+ compartment in humans (35). Studies have demonstrated 

that the peripheral blood counts of Tregs increase following solid organ 

transplantation, and that these levels vary according to the state of 

immunological stability (205).  

Another factor that may have an effect on Tregs is the use of various 

non-specific immunosuppressive agents such as Cyclosporin, Tacrolimus, 

Mycophenolic acid derivatives, Azathioprine and Prednisolone, which are still 

widely used to prevent or treat rejection (206). Cyclosporin and Tacrolimus 

(together labelled as Calcineurin inhibitors or CNI) bind to the intracellular 

immunophilins (calcineurin), blocking the T cell receptor (TCR)-dependent 

activation of the calcineurin, thus inhibiting nuclear translocation of the Nuclear 

factor of activated T cells (NF-AT) and suppressing T cell activation and 

cytokine gene transcription, including Interleukin 2 (IL2) (207).  Mycophenolic 

acid (MPA) pro-drugs include Mycophenolate mofetil (MMF or CellCept®) and 

Myfortic®, the slow release preparation. MPA are powerful inhibitors of Inosine 

Monophosphate Dehydrogenase (IMDH), a rate-limiting enzyme in de-novo 

synthesis of guanosine nucleotides, particularly in the activated T and B cells 

(208, 209). Azathioprine acts as a non-specific anti-proliferative drug by the 
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formation of intracellular thiopurine ribonucleotides (210). There is conflicting 

evidence in the literature regarding the effects of immunosuppression on Tregs.  

Some studies suggest a negative effect of these immunosuppressive agents, 

particularly the CNI on the Treg population (211). However, in-homogeneity to 

define Tregs phenotype leads to considerable confusion and further studies are 

required.  

Hyperlipidaemia is another significant problem in the post heart 

transplant population and occurs for several reasons which include inappropriate 

diet, reduced physical activity and adverse effects of immunosuppressive 

therapy, especially from Cyclosporine and steroids (212). Hyperlipidaemia has 

also been associated with early onset vasculopathy and rejection (213).   

As a result, between 60 to 80 percent of cardiac transplant recipients 

receive cholesterol lowering agents (214). The most frequently used agents are 

inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, 

commonly referred to as statins. In addition to lipid lowering effects, statins 

have been reported to modulate immune cells which are directly involved in 

graft rejection, such as macrophages, T cells, and natural killer (NK) cells (215). 

However, the effects of statins on Tregs are yet to be determined.  

On these grounds I prospectively explored the effects of routine 

immunosuppression and statin administration on the numbers of peripheral 

blood Tregs following heart transplantation.  

Methods 

90 stable adult heart transplant recipients were prospectively recruited 

into this observational, non-randomized study. The exclusion criteria included 

acute rejection, acute infections, severe hepatic dysfunction, and failure to give 
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informed consent. All patients received standard immunosuppression according 

to our unit protocol comprising cyclsopsorin or tacrolimus, MPA or Aza, and 

Prednisolone. Treatment and the doses of statins were determined by clinical 

necessity as governed by the medical team. Clinical data was collected from the 

patient notes. Demographic data (age, gender, time post transplantation, pre 

transplant diagnosis) were collected for risk stratification. The use of 

immunosuppressive agents and haematological white blood cell counts 

(neutrophils, lymphocytes, monocytes, eosinophils, basophils and platelets) were 

collected.  

Flow Cytometry 

Sample Collection: Whole blood was collected into EDTA vacutainers (BD) via 

venepuncture from patients attending for the routine follow up. 

Sample Preparation: Peripheral blood mononuclear cells (PBMC) were isolated 

from whole blood sample by density gradient centrifugation method using 

Ficoll-Paque as previously described (173). 100µl of PBMC were stained with 

anti-human CD4 phycoerythrin-Cy5 (PE-Cy5) and anti CD25 phycoerythrin-

Cy7 (PE-Cy7) for 30 minutes in the dark (to avoid denaturing by ultra violet 

light). Staining with fluorescein isothiocyanate (FITC)-conjugated anti-human 

FOXP3 (e-Bioscience, UK) was performed with the fixation and 

permeabilization solutions according to the manufacturer’s guidelines. The 

combinations of mouse IgG1 PE-Cy5, PE-Cy7, and FITC were used as isotype 

controls. Flow cytometric analysis was performed using a BD™ LSR II flow 

cytometer with linear forward scatter (FSc), linear side scatter (SSc), and log 

fluorescence 1 (FL1), 2 (FL2) and 3 (FL3) detection. A standard FS/SS 

lymphocyte gating strategy was used (fig 2.5), along with software generated 
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bright and dim gating strategy. Data was collected for either a maximum of 300 

seconds or ten thousand events for all antibody combinations.  

Laboratory Data Analysis: Additional gating strategies (including CD25 bright 

subsets (fig 2.6-2.10) and data analysis were performed using BD FACSDiva™ 

software EXPO32 ADC Analysis software (Beckman Coulter). Tregs were 

grouped as CD4+CD25brightFOXP3+. Fluorescence values from total number of 

cells were calculated into Microsoft Excel. Treg counts and FOXP3 mean 

expression levels were compared to the various demographic data and 

immunosuppressive data at the time of sampling. 

Results 

The cohort included 73 males (81.1%) and 17 females (18.9%), at a mean age of 

52.8 (± 13.7) years, and mean duration 8.7 (± 6.0) years following 

transplantation. There were no correlations of age and duration since transplant 

with the counts of CD4+ cells, Tregs, or CD4+CD25- effector cells, or the Treg 

FOXp3 expression. The cell counts or the FOXP3 expression were also not 

correlated with any of the demographic variables or the immunosuppressive 

medications (tables 4.1-4.6) 
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Table 4.1 The peripheral blood CD4+, CD4+CD25-, Treg, and FOXP3 

expression according to the sex (n=90) (* denotes data in mean ± standard 

deviation, rest of the data is expressed in median (25th, 75th percentile) due to 

non-parametric distribution). 

 

 

Cell types Male 

(81.1%) 

Female 

(18.9%) 

P value 

CD4+ 1128.49 (809.69)* 1549.35 

(1223.31)* 

0.24 

Tregs 3.0 (1.0, 14.0) 7.0 (2.5, 23.0) 0.15 

Tregs %  

of CD4+CD25bright 

17.61 (15.55)* 18.39 (13.69)* 0.85 

Tregs % of CD4 0.6 (0.1, 1.35) 0.6 (0.35, 1.6) 0.45 

Treg FOXp3 

expression 

1494.0 (1252.5, 

1919.5) 

1326 (1081.0, 

1757.0) 

0.15 

CD4+CD25- 661 (315.5, 980.0) 960 (293.5, 

1503.0) 

0.28 

CD4+CD25- % of 

CD4 

61.44 (18.8)* 60.53 (15.53)* 0.85 
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Table 4.2 The peripheral blood CD4+, CD4+CD25-, Treg, and FOXP3 

expression according to the presence or absence of Diabetes (n=90) (* 

denotes data in mean ± standard deviation, rest of the data is expressed in 

median (25th, 75th percentile). 

 

Cell types Diabetes (15.6 %) No diabetes (84.4%) P value 

CD4+ 1468.35 (1169.9)* 1160.02 (853.8)* 0.24 

Tregs 5.5 (2.0, 15.75) 3 (1.0, 16.5) 0.27 

Tregs %  

of CD4+CD25bright 

17.62 (13.3)* 17.79 (15.55)* 0.96 

Tregs % of CD4 0.6 (0.35, 1.85) 0.5 (0.1, 1.37) 0.38 

Treg FOXp3 

expression 

1423.5 (1194.0, 

1672.7) 

1487.5 (1214.0, 

1923.0) 

0.35 

CD4+CD25- 818.5 (302.25, 

1018.25) 

678 (317.0, 1122.0) 0.81 

CD4+CD25- % of 

CD4 

57.65 (16.66)* 61.93 (18.44)* 0.42 
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Table 4.3 The peripheral blood CD4+, CD4+CD25-, Treg, and FOXP3 

expression according to the presence or absence of hypertension (n=90) (* 

denotes data expressed in mean ± standard deviation, rest of the data is 

expressed in median (25th, 75th percentile). 

 

Cell types Hypertension 

(87.8%) 

No hypertension 

(12.2%) 

P value 

CD4+ 1092 (483.0, 

1641.0) 

1297 (644, 2188) 0.33 

Tregs 3.0 (1.0, 12.0) 18.0 (5.0, 22.0 ) 0.054 

Tregs %  

of CD4+CD25bright 

17.68 (15.34)* 18.32 (14.37)* 0.89 

Tregs % of CD4 0.5 (0.1, 1.3) 0.8 (0.6, 2.1) 0.15 

Treg FOXp3 

expression 

1479.0 (1212.0, 

1923.0) 

1448.0 (1109.5, 

1672.5) 

0.35 

CD4+CD25- 686.0 (311.0, 

1022.0) 

680.0 (320.0, 

1475.0) 

0.64 

CD4+CD25- % of CD4 62.08 (18.49)* 55.4 (14.94)* 0.25 
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Table 4.4 The peripheral blood CD4+, CD4+CD25-, Treg, and FOXP3 

expression according to renal impairment (estimated GFR greater or less than 

60) (n=90) (* denotes data expressed in mean ± standard deviation, rest of the 

data is expressed in median (25th, 75th percentile). 

 

Cell types eGFR <60 

(83.3%) 

eGFR>60 

(16.7%) 

P value 

CD4+ 1248.78 (924.86)* 1004.0 (825.63)* 0.34 

Tregs 3.0 (1.0, 17.0) 4.0 (2.0, 12.0) 0.97 

Tregs %  

of CD4+CD25bright 

16.99 (14.66)* 21.51 (17.36)* 0.29 

Tregs % of CD4 0.89 (1.07)* 0.96 (0.80)* 0.81 

Treg FOXp3 

expression 

1460.0 (1189.7, 

1762.7) 

1811.5 (1379.5, 

2120.0) 

0.06 

CD4+CD25- 680.0 (320.0, 1050.0) 861.0 (56.0, 

1212.0) 

0.74 

CD4+CD25- % of 

CD4 

60.69 (18.22)* 64.16 (18.15)* 0.50 
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Table 4.5 The peripheral blood CD4+, CD4+CD25-, Treg, and FOXP3 

expression according to the Pre-transplant diagnosis (n=90) (* denotes data 

expressed in mean ± standard deviation, rest of the data is expressed in median 

(25th, 75th percentile). 

 

Cell type DCM 

(n=49) 

ICM 

(n=33) 

VHD 

(n=3) 

Others 

(n=5) 

p 

value 

CD4+ 1018 (497, 

1662) 

1148 (559, 

1680) 

1109 (23, 

1567) 

1627 (494, 

2534) 

0.83 

Tregs 4 (1, 21) 3 (1, 8.5) 2 (0, 24) 20 (3, 26) 0.26 

Tregs %  

of 

CD4+CD25bright 

16.7 (5.9, 

30.5) 

12.5 (2.5, 

27.3) 

7.1 (0, 

7.4) 

20 (2.7, 

28.8) 

0.27 

Tregs % of CD4 0.6 (0.1, 

1.7) 

0.4 (0.1, 

1.1) 

0.2 (0, 

1.5) 

1.4 (0.4, 

1.8) 

0.16 

Treg FOXp3  

expression 

1475 

(1263.5, 

1773) 

1464 (118, 

2063) 

3157 

(1801, 

4514) 

1448 

(1119, 

3188) 

0.38 

CD4+CD25- 661 (298, 

1033.5) 

771 (311, 

1132) 

519 (1, 

780) 

676 (260, 

1371.5) 

0.75 

CD4+CD25- %  

of CD4 

62.1 (50.3, 

74.6) 

69.5 (56.5, 

73.8) 

33.1 (4.3, 

70.3) 

45.1 (33.7, 

64.1) 

0.08 
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Table 4.6 The peripheral blood CD4+, CD4+CD25-, Treg, and FOXP3 

expression according to the type of CNI (n=90) (* denotes data expressed in 

mean ± standard deviation, rest of the data is expressed in median (25th, 75th 

percentile) due to non-parametric distribution). 

 

Cell type Cyclosporin 

(n=78) 

Tacrolimus 

(n=12) 

p 

value 

CD4+ 1127 (528, 1676) 959.5 (629.7, 1651.7) 0.84 

Tregs 4 (1, 15) 3 (1, 22) 0.84 

Tregs %  

of CD4+CD25bright 

17.5 (15.4)* 19 (13.6)* 0.76 

Tregs % of CD4 0.5 (0.1, 1.3) 0.9 (0.2, 1.7) 0.37 

Treg FOXp3  

expression 

1464 (1216, 1886.5) 1632 (106, 1923) 0.93 

CD4+CD25- 683 (302, 1062) 636 (364, 1149) 0.96 

CD4+CD25- %  

of CD4 

60.7 (19.0)* 64.9 (10.7)* 0.45 
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Patients were further divided into three groups according to the 

immunosuppressive regimen: CNI+MPA±Prednisolone (Group1, n=55), 

CNI+Azathioprine±Prednisolone (Group 2, n=15), or CNI+Prednisolone (Group 

3, n=20). Following risk stratification, the three groups showed no difference in 

terms of CD4, Treg or CD4+CD25- effector cell counts, or Treg FOXP3 

expression (table 4.7).  
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Table 4.7 Distribution of the peripheral blood CD4+, CD4+CD25-, Treg, 

and FOXP3 expression according to the immunosuppression protocol: 

Group 1= CNI+MPA±Pred, Group 2 = CNI+Aza±Pred, Group 3 = 

CNI+Pred. (* denotes data in mean ± standard deviation, rest of the data is 

expressed in median (25th, 75th percentile).  

 

Cell type Group 1 

(n=55) 

Group 2 

(n=15) 

Group 3 

(n=20) 

p value 

CD4+ 971 (555, 

1609) 

1297 (1018, 

1849) 

954 (271, 

1706)) 

0.27 

Tregs 4 (2, 15) 6 (2, 24) 3 (0.2, 16) 0.70 

Tregs %  

of 

CD4+CD25bright 

16.6 (15.1)* 19.3 (14.3)* 19.8 (16.3)* 0.66 

Tregs % of CD4 0.9 (1.1)* 0.9 (0.8)* 0.8 (0.8)* 0.91 

Treg FOXp3  

expression 

1510 (1195.2, 

1838.7) 

1414 (1205, 

1989.5) 

1464 (1287, 

1923) 

0.96 

CD4+CD25- 655 (311, 

943) 

906 (549, 

1323) 

1650 (148.5, 

1213.5) 

0.20 

CD4+CD25- %  

of CD4 

60.5 (15.9)* 66.6 (18.1)* 59.1 (23.5)* 0.43 
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The effects of statins on Tregs 

As a sub-group analysis, I compared the patients taking statins (ST, n=75) 

versus patients not on statins (NOST, n=15). The patients in ST group had been 

on statins for more than 6 weeks prior to inclusion in the study. NOST patients 

had never been treated with any cholesterol lowering agents. Clinical and 

laboratory data was available for all study participants. There were no 

differences in clinical or demographic characteristics between the two treatment 

groups as shown in table 4.8. Both groups were at a similar time post 

transplantation (ST group were a mean of 3049 ± 2139 days since 

transplantation and NOST patients were a mean of 3994.3 ± 2490.4 days since 

transplantation (p=0.1). In terms of the types of statins, 57.3% of ST patients 

were taking Pravastatin, 26.7% were taking Atorvastatin, 10.7% were on 

Simvastatin, and the rest on Fluvastatin or Rosuvastatin. All patients received 

prednisolone (pred), ranging from 5 to 15 mg per day, with no difference in pred 

dose between the 2 study groups (6.5 mg/ day vs. 6.0 mg/day for ST and NOST 

respectively p=0.6). When comparing treatment with routine 

immunosuppressive agents, 85.3% (ST) vs. 93.3% (NOST) patients received 

Cyclosporine (CsA), and 14.7% (ST) vs. 6.7% (NOST) received Tacrolimus 

(Tac). When comparing secondary immunosuppressive agents, I found that 16% 

(ST) vs. 20% (NOST) patients received Azathioprine (Aza), and 62.7% (ST) vs. 

53.3% (NOST) received Mycophenolate Mofetil (MMF). However, there were 

no differences between CsA/Tac administration and numbers of CD4+ 

(p=0.845), CD4+25bright (p=0.840), Treg (p=0.844), Treg mean FOXP3 

expression (0.935), Treg percentage of CD4 (p=0.378) or CD4+CD25- (p=0.96) 

lymphocytes, or MMF/Aza administration and numbers of CD4+ (p=0.124), 
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CD4+25bright (p=0.875), Treg (p=0.499), Treg mean FOXP3 expression (0.833), 

Treg percentage of CD4 (p=0.954) or CD4+CD25- (p=0.068) lymphocytes.  

When comparing T cell phenotypes between ST and NOST, I found that the 

patients in NOST group had significantly higher numbers of circulating Tregs 

compared to ST patients (Fig 4.1). Interestingly, the number of circulating CD4+ 

cells (even CD4+CD25bright) without FOXP3 did not differ between the two 

groups. I also looked at the relative proportion of Tregs (Tregs as the percentage 

of CD4+CD25bright cells) between ST and NOST, and again found a significantly 

lower proportion of Tregs in the ST group (p=0.047) (Fig 4.2) 
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Table 4.8 Demographics according to the use of Statins 

(* denotes data in mean (standard deviation), eGFR = estimated glomerular 

filtration rate)  

 

  Statin group (n=75) No statin group 

(n=15) 

P 

value 

Age (years) 53.2 (13.8)* 51.1 (13.6)* 0.58 

Male 81.3% 80.0% 0.68 

Pre-Transplant 

diagnosis 

DCM (52.0%) ICM 

(38.7%), Others 

(9.3%) 

DCM (66.7%) ICM 

(26.7%), Others 

(6.7%) 

0.46 

Duration since 

Transplant (days) 

3049 (2139.7)* 3994.3 (2490.4)* 0.14 

Hypertension 86.7% 93.3% 0.68 

Diabetes Mellitus 17.3% 6.7% 0.45 

eGFR 45.3 (17.7)* 43.4 (19.2)* 0.71 

Serum 

Cholesterol 

5.0 (0.9) * 5.2 (1.3) * 0.70 
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Table 4.9 Immunosuppressive medications in patients with and without 

statins. (* denotes data in mean ± standard deviation, § shows data in median 

(25th, 75th percentile) due to non-parametric distribution).   

 

  Statin group 

(n=75) 

No statin group 

(n=15) 

P value 

Cyclosporin (as % of 

CNI) 

85.3% 93.3% 0.68 

Mycophenolic acid 62.7% 53.3% 0.79 

Azathioprine 16% 20% 0.7 

Cyclosporin level 81 (53, 114)§ 101 (60, 149) § 0.28 

Prednisolone dose 

(mg) 

6.5 (4.4)* 5.9 (5.2) * 0.68 
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Table 4.10 Peripheral blood counts in patients with and without statins. 

All data is expressed in mean (standard deviation).  

 

  Statin group 

(n=75) 

No statin group 

(n=15) 

P 

value 

WBC (x109/l) 7.19 (2.05) 6.62 (2.78) 0.37 

Neutrophil (x109/l) 5.15 (2.02) 4.43 (2.68) 0.28 

Lymphocytes (x109/l) 1.26 (0.67) 1.33 (0.52) 0.74 

Monocytes (x109/l) 0.65 (0.19) 0.69 (0.25) 0.80 

Eosinophils (x109/l) 0.1 (0.09) 0.13 (0.08) 0.54 

Basophils (x109/l) 0.02 (0.01) 0.02 (0.01) 0.92 

Platelets (x109/l) 242.96 (57.8) 238.29 (102.9) 0.48 
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Fig 4.1  Box plot comparing peripheral blood Treg counts in patients 

with or without statins.  

Group 0 denotes patients not on statins (n=15), while the group 1 denotes 

patients on statins (n=75).    
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Fig 4.2  Box plot showing peripheral blood Tregs as percentage of the 

CD4+CD25bright lymphocytes in patients with or without statins.  

Group 0 denotes patients not on statins (n=15), while the group 1 denotes 

patients on statins (n=75).    
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Discussion 

This is the first study in the literature describing an immunomodulatory 

effect of statins on Tregs following heart transplantation. In terms of 

immunosuppressive strategies, my results are consistent with the previously 

published work in lung transplant cohort, showing no association between the 

individual or combinations of immunosuppressive medications with the 

peripheral blood Tregs (205). I also demonstrate a lack of association between 

immunosuppression and FOXP3 expression in Tregs, which is considered as the 

marker of immunoregulatory potential.  

The implications of my results to the solid organ transplant recipient are 

widespread. Tregs have been reported to induce and maintain immunologic 

tolerance to alloantigen. (6). Tregs also disrupt the allospecific T cells that play a 

pivotal role in the cellular responses leading to graft rejection. This occurs via 

the deletion of clonally expanded allospecific T cells, or the induction of 

ignorance and/or anergy (7). The removal of Tregs in murine models results in 

the activation of self reactive T cells causing autoimmune diseases such as 

gastritis with pernicious anaemia, Hashimotos thyroiditis, insulin dependent 

diabetes mellitus, systemic lupus erythematosis and rheumatoid arthritis (22). 

It has been extensively documented that IL2 confers optimal suppressive 

function to the Tregs, partly via intracellular kinase dependent pathways (216). 

Hence non-specific suppression of IL2 through CNI is expected to render 

diminished induction and function of Tregs, alongside inhibition of the effector 

T cell population. Indeed, Baan et al showed that CNI inhibit in-vitro induction 

of FOXP3 in a mixed lymphocyte reaction (211). Subsequent in-vivo studies 

showed the inhibitory effects of cyclosporin administration on peripheral blood 
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Treg population in a transplant cohort (217, 218). However, the effects of 

tacrolimus on Tregs are still controversial. One study looking at 

ischemia/reperfusion (I/R) model showed that the treatment with tacrolimus 

prevented I/R injury along with an augmentation of the Treg population (219).  

A somewhat similar observation was made by another study where in-vitro 

proliferation of CD4+ cells was observed. Tacrolimus inhibited TCR-stimulated 

cell division in the conventional CD4+ cells, but Tregs showed enhanced cell 

division in the presence of Tacrolimus (220). Since all the patients in my study 

were taking CNI as primary immunosuppression, I could not elicit a difference 

with non-CNI group. However, I found no difference in Treg counts or FOXP3 

expression in patients taking CsA or Tacrolimus.  

Corticosteroids (CS) (such as Prednisolone, methyl Prednisolone) have 

long been used in transplant patients due to potent immunosuppressive and anti-

inflammatory properties. CS exert their immunosuppressive effects via several 

direct and indirect pathways, leading to the modulation of adhesion molecules, 

suppression of cytokine synthesis, and T cell activation (221). There is evidence 

to suggest that part of the CS mechanism of action may involve an augmentation 

of the Treg population. This was shown in a study where administration of CS to 

asthmatic patients resulted in a significant increase in the expression of FOXP3 

mRNA (222). In another study using  murine model of autoimmune 

encephalomyelitis, short term treatment with Dexamethasone and IL2 

significantly enhanced the proportion of Tregs in peripheral lymphoid tissue and 

prevented the disease (223). However, there is a paucity of data to suggest CS 

effects on Treg in human transplant patients. In the present study, I did not find 

any correlations of Tregs with the Prednisolone dose. However, the study was 
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not sufficiently powered to measure the effect, and further studies with larger 

population are required.  

In order to optimise immunosuppression and reduce the side effects, use 

of multi-drug immunosuppressive regimen targeting different pathways is a 

common strategy following clinical transplantation. The MPA compounds 

(MMF® or Myfortic®) target de novo synthesis of guanosine nucleotides by 

inhibiting IMDH (209). Since the lymphocytes are more dependent on this 

pathway than other cells such as neutrophils, the cytostatic effects are more 

specifically pronounced in lymphocytes, particularly the activated lymphocytes. 

In addition, MPA drugs induce apoptosis of activated lymphocytes, suppress the 

expression of certain adhesion molecules and prevent tissue damage by 

production of NO (208).  Hence, MPA drugs have largely replaced Azathioprine 

that induces non-specific DNA and nucleotide synthesis resulting in significant 

side effects (224). In addition, the use of MPA has now been acknowledged as a 

CNI-sparing strategy with potentially less side effects, as shown in a recent large 

randomized control trial (225). Taking it further, there is evidence to suggest 

that MPA drugs may actually be helpful in promoting Treg population compared 

to CNI-based regimen. This was shown by Demirkiran et al in their study on 

liver transplant recipients, where conversion from CNI to MMF resulted in an 

enrichment of the peripheral blood Tregs (226). However, my present work did 

not show any correlations between either the use or the dose of MPA and the 

peripheral blood counts of Tregs. One possible reason may be the effect of the 

concomitant CNI drugs. Also, the Demirkiran study was conducted in liver 

transplant patients with possible cohort differences compared to my study. In 

this context, I want to emphasize that small sample size was one of the main 
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limitations of my study. Hence it could not be statistically powered to detect an 

absolute difference between the Treg counts for each combination of 

immunosuppressive medications. 

An interesting finding in my study was the effect of statins on Treg 

population. In a non-transplant setting, statins have largely been used as the 

cholesterol lowering agents with an ability to halt the progression or even induce 

regression of atherosclerotic plaques (227-229). The mechanism of 

atherosclerotic regression is considered to occur via the reduction of low density 

lipoprotein levels (LDL-C) and the increase of high density lipoproteins (HDL-

C) (230). However, separate from a lipid altering mechanism of action, evidence 

suggests that statins have other important anti-inflammatory properties. The so 

called ‘pleiotropic’ effects of statins were highlighted in the conclusion of two 

large international trials (231, 232). These trials demonstrated beneficial effects 

of statin use after an acute coronary syndrome, which included a significant 

reduction of further plaque rupture events. One of the hypothesized explanations 

for this was an anti-inflammatory effect on the vulnerable plaque, supported by a 

decline in the inflammatory markers such as the C-reactive protein (CRP) in the 

statin treated group (233). My study did not include a measurement of the CRP 

and was underpowered to check the effects of statins on anti-inflammatory 

markers.  

It should be appreciated that there are subtle differences between the 

atherosclerotic processes in a transplant setting, compared to native coronary 

disease. This is evidenced by concentric rather than eccentric lesions, reduced 

lipid content and higher numbers of inflammatory cells in the transplant 

atherosclerotic lesion (234, 235). Whether or not statins have a different 
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magnitude of effect within each setting remains to be answered. My study would 

argue against any beneficial effect of statins on Tregs action in transplant 

atherosclerosis. Indeed, the results actually demonstrate a potentially detrimental 

effect on plaque burden, when the conclusions of a recent study by Warnecke 

and colleagues are taken into account (236). They demonstrated that Tregs were 

capable of reducing intimal occlusion in transplant atherosclerosis. They 

proposed this route of regression occurred via the regulation of effector CD4+ 

CD25- T cells by CD4+CD25+ T cells. Taking together, we can say that currently 

our knowledge remains limited about the mechanism of any potential 

immunoregulatory effects of statins within the atherosclerotic lesion.  

Although some of the patients in the Statin group were also taking 

Ezetimibe (a cholesterol lowering agent that acts by reducing cholesterol 

absorption in the intestine), this data was not included as part of the study. 

Hence, I was unable to detect any changes in Tregs due to Ezetimibe. None of 

the NOST group patient was taking Ezetimibe.  

Despite my findings however, statins remain beneficial to transplant 

patients and are proven to both prolong survival and reduce the development of 

coronary graft vasculopathy (237). This would suggest therefore that despite a 

negative effect on Tregs, there are other compensatory properties of statins 

existing that outweigh my findings, resulting in a net benefit to the patient. 

Further investigation into the immunomodulatory effects of statins would be 

beneficial to enhance our knowledge in this area and potential ability to treat 

vasculopathy more effectively. 
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Chapter 5 Chemotactic profile of T regulatory cells in a heart transplant 

cohort 

Abstract 

Background 

Tregs (CD4+CD25brightFOXP3+ T cells) are widely recognized as key 

elements in the transplant related tolerance. Following antigen stimulation, naïve 

Tregs change their phenotype, including a switch of their chemokine receptors. 

This critical step leads to the Treg migration to specific peripheral organs 

including secondary lymphoid tissue (SLT) or the allograft, etc. Various studies 

suggest specific chemotactic pathways guiding Tregs to inflammatory sites (71). 

However, there is lack of such data in humans following heart transplantation. 

Methods 

After thorough literature search, following chemokines were selected to 

detect chemotactic properties of peripheral blood Tregs in stable adult heart 

transplant recipients: CCL1, CCL2, CCL5, CCL17, CCL19, CCL21, CXCL9, 

and CXCL10. In-vitro chemotactic assays were performed for Tregs in 24 well 

insert systems (BD Falcon™) using 10 and 100 ng/ml solutions for each 

chemokine and compared against a negative control. Following the incubation, 

transfer of Treg to the lower chamber was assessed using flow cytometry. Direct 

comparison of migrated cell numbers and the “chemotactic index” (defined as 

the cells migrated in response to chemokine solution divided by the migrated 

cell count in negative control) was carried out. Demographic data and data on 

immunosuppressive medications were collected from the patient notes for risk 

stratification. All data was analyzed using SPSS v 15.  

Results 
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A total of 128 patient samples were used to carry out chemotactic assays using 

chemokines CCL5, CCL17, CCL19, CCL21, CXCL9, CXCL10 (n=18 each), 

and CCL1, CCL2 (n=10 each). I found that CCL17 and CCL5 caused dose-

dependent Treg specific migration (p<0.05). None of the other chemokines 

showed any specific Treg migration, while CD4+ lymphocytes without 

regulatory phenotype i.e. CD4+CD25- effector cells showed significant specific 

migration in response to CCL19 (p=0.04). 

Conclusion 

This study demonstrates for the first time a specific pattern of chemotaxis for 

Tregs in heart transplant patients. These results provide another avenue of 

research to determine therapeutic manipulations to guide circulating Tregs into 

the allograft. 
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Background 

Despite an improved overall survival, most of the heart transplant 

patients are administered a combination of two-three immunosuppressive 

medications to prevent acute and chronic rejection (184). These drugs have 

several undesirable side effects, including hypertension, renal failure, metabolic 

diseases, and tumours, which result in significant morbidity and mortality (238). 

Hence, induction of immunologic tolerance is highly desirable following 

transplantation. Tolerance denotes an ideal state of antigen-specific 

immunological unresponsiveness towards the allograft, thereby avoiding 

rejection and allowing sustained graft function without the need of 

immunosuppressive medications. A significant body of evidence suggests that 

immune regulation governed by T regulatory cells (Tregs) plays a key role for 

peripheral tolerance in both experimental and clinical transplantation models 

(30, 33, 34). The naturally occurring Tregs, first described by Sakaguchi et al 

(22) as CD4+CD25+ T cells, comprise 5-10 % of the peripheral blood CD4+ T 

cells in healthy adult humans and mice (35, 36). These cells have been reported 

to inhibit the proliferation of other CD4+ and CD8+ effector cells.  Due to 

similarities with effector T cells, functional characterization of Tregs has 

remained a challenge. However, it is now largely accepted that CD4+CD25bright 

cells expressing FOXP3 (a transcription factor) represent the Tregs (65). 

Immune regulation by Tregs is complex, involving non-specific cell-cell 

contact mechanisms as well as secretion of IL-10 and TGF-β (25, 29).  Hence, 

appropriate co-localization of Tregs with the effector cells is essential for Tregs 

to exert their regulatory function and control allo-reactivity (239). Indeed, like 

the effector T cells, Tregs require complex intra- and inter-compartmental 
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migration, from thymus to secondary lymphoid organs, and then to the 

peripheral tissues before recirculation (73, 240). This system is intricately 

controlled by a cohort of different chemokines and adhesion molecules. We 

postulated that transplantation may incur a difference in the dynamics of 

chemotaxis between CD4+CD25brightFOXP3+ Tregs and CD4+CD25-effector 

cells.  

With this background, I prospectively investigated the chemotactic 

properties of peripheral blood Tregs and the effector T cells in human heart 

transplant recipients. 

Methods 

Subjects and sample collection 

This was a prospective, observational, non-randomized study, conducted 

on stable (non-rejecting) adult heart transplant recipients attending the transplant 

outpatients department at the University Hospital of South Manchester. The 

exclusion criteria included evidence of acute rejection, acute infections, severe 

hepatic dysfunction, and inability to get an informed consent. Following 

informed consent, peripheral blood samples were collected from 71 participants. 

All the samples were collected in 5 ml EDTA (ethylenediamine-tetra-acetic 

acid) vacutainers, using standard venepuncture technique. According to our unit 

protocol, all patients were receiving combination of immunosuppression 

comprising cyclsopsorin or tacrolimus,  mycophenolic acid derivatives (MPA) 

or Azathioprine (Aza), and Prednisolone (Pred). Clinical and demographic data 

were collected from patient notes for risk stratification. 
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Isolation of peripheral blood mononuclear cells 

The blood samples were processed within 1-3 hours of collection and used to 

isolate peripheral blood mononuclear cells (PBMC) by density gradient 

centrifugation method using Ficoll-Paque as previously described (173). The 

cells were then suspended in RPMI-1640 medium (Sigma-Aldrich®), achieving 

up to 1-1.25 x 106 cells/ml. 

Chemokines and antibodies  

CCL1, CCL2, CCL5, CCL17, CCL19, CCL21, CXCL9, and CXCL10 

were purchased from ProSpec-Tany TechnoGene Ltd, Israel. Antibodies for 

surface molecules including anti-CD4 Phycoerythrin-Cy5 (PE-Cy5) and anti-

CD25 Phycoerythrin-Cy7 (PE-Cy7) were purchased from BD Biosciences, UK. 

Fluorescein isothiocyanate (FITC) conjugated anti-FOXP3 antibody was 

purchased from e-Bioscience, UK.  

Chemotaxis assays 

All the chemokines were diluted according to the required strength for 

chemotaxis, and aliquots were stored at -20ºC to avoid repeat freeze-thaw 

cycles. A carrier protein (0.1% bovine serum albumin) was added for long term 

storage. In-vitro cell migration assays were performed on PBMC using 8µm 

pore, 24 well insert system purchased from BD Falcon™. A 250µl of the cell 

suspension was added to the insert, while 750µl of chemokine solution in RPMI-

1640 was added to the lower well. A negative control was used for each patient, 

using 750µl of RPMI-1640 without chemokine in the lower well. The system 

was incubated for 4 hours at 37oC, 5% CO2 and normal humidity. Following 

incubation, transfer of Treg to the lower chamber was assessed using flow 

cytometry. Specific migration was calculated by direct measurement of Treg 
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numbers in the chemokine versus control solution. Chemotactic index for each 

chemokine was calculated as a ratio of the Treg counts migrated in response to 

the chemokine solution and those in the control medium. Similar calculations 

were carried out for CD4+CD25- effector cells. 

Treg immunophenotyping 

The cell suspension from the lower well of the HTS multi-well system 

was extracted into a 5 ml polypropylene tube, washed with PBS (phosphate 

buffered saline) at room temperature, and then centrifuged at 1500 rpm for 10 

minutes. The cell pellet thus created was stained with anti-CD4 PE-Cy5 and 

anti-CD25 PE-Cy7 for 30 minutes in the dark at 4oC (to avoid denaturing by UV 

light), followed by intracellular staining with FITC conjugated anti-human 

FOXP3 using fixation/ permeabilization solutions according to the 

manufacturers guidelines. Isotype controls using mouse antibodies were 

included to provide a negative cell reference.  

Flow cytometry 

I used BD™ LSR II flow cytometer with linear forward scatter (FSc), 

linear side scatter (SSc), and log fluorescence 1 (FL1), 2 (FL2) and 3 (FL3) 

detection. A standard FS/SS lymphocyte gating strategy was used along with 

bright and dim gating strategy using FACSDiva™ software. Data was collected 

for either a maximum of 300 seconds or ten thousand events for all antibody 

combinations and was analyzed using EXPO32 ADC Analysis software 

(Beckman Coulter). 

Statistical analysis 

For statistical comparisons and clinical correlations, data analysis was 

performed using SPSS v15. Intergroup comparisons were made using t-test or 
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Mann Whitney U test, depending on the normality of distribution. Comparisons 

between multiple chemokine groups were made using one-way ANOVA. Dose 

response was evaluated using generalized linear model. A p value of < 0.05 was 

considered statistically significant.  

Results 

A total of 128 chemotaxis assays were carried out with PBMC from 71 

adult heart transplant patients. Tregs (CD4+CD25brightFOXP3+) comprised a 

small fraction of the CD4+ population (median 0.5, range 0-6.7), while the 

CD4+CD25- effector cells comprised 66.4 % (±19.2) of the CD4 cells. Rest of 

the CD4+ cells belonged to the CD4+25dim group which were not assessed. Due 

to the small numbers of peripheral Tregs it was not possible to perform 

simultaneous chemotaxis for all the selected chemokines on each patient. 

However, inter-group comparisons of the clinical and demographic data were 

performed for risk stratification. There was a significant difference between the 

groups in terms of age (p=0.029), with CCL2 group being the youngest at a 

mean age of 47.5 (±15.4). However, I found no other differences between the 

groups in terms of demographics or immunosuppression (table 5.1-5.3).  
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Table 5.1 Demographics for the various groups of chemokines as shown 

in the first column. Age and duration since transplant are expressed in mean 

(standard deviation). eGFR = estimated glomerular filtration rate, vMDRD (4 

variable Modification of Diet in Renal Disease formula).   

Group Age Sex 

(% 

male) 

Duration 

since Tx 

(days) 

Diabetes 

(%) 

Hypertens

ion (%) 

eGFR 

(vMDRD, 

ml/min) 

CCL1 

(n=10) 

60.1 

(8.25) 

100 2372.1 

(1951.05) 

30.0 100 49.7 (16.41) 

CCL2 

(n=10) 

47.5 

(15.47) 

70 3270.2 

(2636.18) 

30.0 80.0 41.6 (22.87) 

CCL5 

(n=18) 

60.44 

(7.22) 

94.4 3222.06 

(2102.35) 

50.0 94.4 38.06 (12.63) 

CCL17 

(n=18) 

50.94 

(15.79) 

83.3 3709.94 

(2228.83) 

22.2 88.9 45.06 (18.15) 

CCL19 

(n=18) 

51.61 

(12.47) 

72.2 2732.5 

(2220.04) 

22.2 94.4 44.11 (17.38) 

CCL21 

(n=18) 

57.44 

(9.25) 

94.4 2763.94 

(1724.06) 

22.2 100 45.61 (13.8) 

CXCL19 

(n=18) 

56.5 

(8.54) 

83.3 3933.56 

(2472.57) 

33.3 83.3 35.83 (16.61) 

CXCL10 

(n=18) 

55.0 

(9.43) 

83.3 3994.78 

(2523.81) 

33.3 83.3 35.83 (18.04) 

P value 0.029 0.28 0.36 0.64 0.41 0.23 
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Table 5.2 Immunosuppressive and immunomodulatory drugs used for 

the various chemokine groups. (Pred dose in mean (standard deviation) 

(Cyclo=cyclosporin, FK=tacrolimus, Aza=azathioprine, MMF=mycophenolate 

mofetil, Pred= prednisolone, ACEi = Angiotensin converting enzyme inhibitors) 

 

Chemokine 

Group 

Cyclo/FK 

(% on 

Cyclo) 

Aza/MMF  

(% on 

MMF) 

Pred 

dose 

(mg/day) 

Beta 

blockers 

(%) 

ACEi 

(%) 

Statin 

(%) 

CCL1 100 70.0 7.75 

(2.18) 

10 80 100 

CCL2 70.0 50.0 5.50 

(4.83) 

0 60 70 

CCL5 94.1 72.2 7.20 

(2.77) 

23.5 64.7 88.2 

CCL17 94.4 50.0 5.97 

(4.21) 

27.8 61.1 83.3 

CCL19 83.3 66.7 5.55 

(4.33) 

11.1 61.1 83.3 

CCL21 83.3 72.2 7.63 

(3.87) 

33.3 72.2 88.9 

CXCL19 94.4 61.1 5.69 

(4.68) 

33.3 72.2 77.8 

CXCL10 94.4 61.1 4.72 

(4.84) 

44.4 72.2 77.8 

P value 0.279 0.94 0.34 0.12 0.94 0.68 
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Table 5.3 Peripheral blood cell counts for the different groups of 

chemokines measured at the time of sampling for the chemotaxis assays.  

All cell counts in x109/L.  *mean ± standard deviation, rest of the data is 

expressed in median (25th, 75th percentile) (WBC: white blood cells, Neutro: 

neutrophils, Lympho: lymphocytes, Mono: monocyte, Eosino: eosinophils.) 

 

Group WBC Neutro Lymp

ho 

Mono Eosino Basop

hil 

Platelet 

CCL1 *7.72 

(2.50) 

*5.91 

(2.32) 

0.9 

(0.29, 

3.32) 

0.64 

(0.34, 

0.89) 

0.05 

(0.01, 

0.3) 

0.05 

(0.01, 

0.3) 

232.17 

(27.23) 

CCL2 *6.81 

(3.23) 

*4.91 

(2.65) 

1.11 

(0.2, 

2.04) 

0.66 

(0.09, 

1.06) 

0.1 

(0.01, 

0.21) 

0.02 

(0.01, 

0.03) 

302.7 

(86.68) 

CCL5 *7.6 

(1.92) 

*5.63 

(1.83) 

0.94 

(0.34, 

3.0) 

0.64 

(0.3, 

1.08)  

0.08 

(0.0, 

0.33) 

0.01 

(0.0, 

0.08) 

247.99 

(59.81) 

CCL17 *7.43 

(1.73) 

*5.14 

(1.51) 

1.43 

(0.57, 

3.32)  

0.6 

(0.45, 

1.26) 

0.08 

(0.03, 

0.27) 

0.02 

(0.01, 

0.05) 

253.16 

(70.54) 

CCL19 *6.45 

(1.57) 

*4.37 

(1.51) 

1.1 

(0.75, 

3.34) 

0.64 

(0.28, 

1.0) 

0.06 (0, 

0.17) 

0.01 

(0.0, 

0.04) 

265.66 

(54.50) 

CCL21 *7.91 

(2.12) 

*5.74 

(1.79) 

1.1 

(0.71, 

3.32) 

0.66 

(0.37, 

1.27) 

0.08 

(0.02, 

0.3) 

0.02 

(0.01, 

0.05) 

253.50 

(75.91) 
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Continued Table 5.3 

Group WBC Neutro Lympho Mono Eosino Basophil Platelet 

CXCL19 6.81 

(1.56) 

4.72 

(1.40) 

1.13 

(0.57, 

3.0) 

0.61 

(0.28, 

1.08) 

0.09 

(0.0, 

0.33) 

0.02 

(0.0, 

0.08) 

244.61 

(45.46) 

CXCL10 6.36 

(1.58) 

4.46 

(1.54) 

1.09 

(0.55, 

1.90) 

0.58 

(0.28, 

1.0) 

0.11 

(0.0, 

0.27) 

0.02 

(0.0, 

0.06) 

240.50 

(49.05) 

P value 0.16 0.10 0.24 0.86 0.70 0.56 0.24 
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Tregs show specific migration in response to CCL17 and CCL5 

Amongst the homeostatic chemokines, peripheral blood Tregs showed 

specific migration to CCL17, with a significant dose-response curve (p=0.03) 

(Fig 5.1 and 5.2). In terms of the inflammatory chemokines, only CCL5 caused 

specific Treg chemotaxis (p=0.04), as shown in Fig 5.3 and 5.4. I did not find 

any statistically significant chemotaxis of Tregs in response to CCL1, CCL2, 

CCL19, CCL21, CXCL9, or CXCL10 (Fig 5.5 and 5.6) 
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Fig 5.1  Box plot showing in-vitro Treg migration in response to the 

two different strengths of CCL17 (10 and 100 ng/ml) compared to a 

negative control (no chemokine) (on the x-axis). The results represent a mean 

of 18 assays for each of the chemokine solutions. The y-axis represents the Treg 

counts.  
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Fig 5.2  Graph showing dose-dependent in-vitro migration of Tregs in 

response to CCL17. The x-axis shows the two different concentrations of 

CCL17 (10 ng/ml and 100 ng/ml), and the control (no chemokine). The y-axis 

shows the logarithmic means of Tregs for each set of chemokine strength (mean 

of 18 assays for each group).  
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Fig 5.3  Box plot showing in-vitro Treg migration in response to the 

two different strengths of CCL5 (10 and 100 ng/ml) compared to a negative 

control (no chemokine) (on the x-axis). The results represent a mean of 18 

assays for each of the chemokine solutions. The y-axis represents the Treg 

counts.  
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Fig 5.4  Graph for the result of in-vitro chemotaxis assay showing 

dose-dependent migration of Tregs in response to CCL5. The x-axis 

represents the two different concentrations of CCL5 (10 ng/ml and 100 ng/ml) 

compared against the control (no chemokine), while the y-axis shows the 

logarithmic means of Treg counts (mean of 18 assays for each group).  
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Fig 5.5  Box plots showing in-vitro Treg migration in response to 

CCL1 (5.5a), CCL2 (5.5b), CCL19 (5.5c) and CCL21 (5.5d). The x-axis 

shows the two different concentrations of the chemokines (10 ng/ml and 100 

ng/ml), and the control (no chemokine). The y-axis represents the Treg counts. 

The results represent a mean of 10 assays for CCL1 and CCL2, and mean of 18 

assays for CCL19 and CCL21 solutions. 
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Fig 5.6  Box plots showing in-vitro Treg migration in response to 

CXCL9 (5.6a) and CXCL10 (5.6 b). The x-axis shows the two different 

concentrations of the chemokines (10 ng/ml and 100 ng/ml), and the control (no 

chemokine). The y-axis represents the Treg counts. The results represent a mean 

of 18 assays for each chemokine solutions. 
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Tregs possess different chemotaxis properties compared to effector cells 

I then looked at the chemotactic profile of CD4+CD25- effector cells. 

These cells did not show the same pattern of chemotaxis as Tregs; instead the 

effector cells were found to be migrating more specifically in response to 

CCL19. There was no significant chemotaxis of these cells with any of the other 

chemokines. (Fig 5.7-5.9) 
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Fig 5.7  Graph showing dose-dependent in-vitro chemotaxis of 

CD4+CD25- lymphocytes in response to CCL19. The x-axis represents the two 

different concentrations of CCL19 (10 ng/ml and 100 ng/ml) compared against 

the control (no chemokine), while the y-axis shows the CD4+CD25- counts 

(mean of 18 assays for each group). 
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Fig 5.8: Box plots showing in-vitro chemotaxis of CD4+CD25- lymphocytes in 

response to CCL1 (5.8a), CCL2 (5.8b), CCL5 (5.8c) and CCL17 (5.8d). The x-

axis shows the two different concentrations of the chemokines (10 ng/ml and 100 

ng/ml), and the control (no chemokine). The y-axis represents the CD4+CD25- 

counts. The results represent a mean of 10 assays for CCL1 and CCL2, and mean 

of 18 assays for CCL19 and CCL21 solutions. 

contro l CCL1 10 CCL1 100

Chemotaxis with CCL1

50.00

100.00

150.00

200.00

C
D

4+
C

D
2

5-
 c

o
u

nt

contro l CCL2 10 CCL2 100

Chemotaxis with CCL2

100.00

200.00

300.00

400.00

C
D

4+
C

D
2

5-
 c

ou
n

t

A

 

 

 

contro l CCL5 10 CCL5 100

Chemotaxis with CCL5

0.00

100.00

200.00

300.00

400.00

C
D

4+
C

D
2

5-
 c

o
un

t

A

A

A

S

 

contro l CCL17 10 CCL17 100

Chemotaxis with CCL17

0.00

100.00

200.00

300.00

400.00

C
D

4+
C

D
2

5-
 c

ou
nt

 

Fig 5.8a Fig 5.8b 

Fig 5.8c Fig 5.8d 



 147 

  

Fig 5.9: Box plots showing in-vitro chemotaxis of CD4+CD25- lymphocytes in 

response to CCL19 (5.9a), CCL21 (5.9b), CXCL9 (5.9c) and CXCL10 (5.9d). 

The x-axis shows the two different concentrations of the chemokines (10 ng/ml 

and 100 ng/ml), and the control (no chemokine). The y-axis represents the 

CD4+CD25- counts. The results represent a mean of 18 assays for each solution.  
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Chemotactic index of Treg versus effector cells 

Having seen a difference in the overall cell migration in response to 

different chemokines, I compared the difference in chemotactic response of 

Tregs versus the effector cells under same dose of chemokines. CCL19 showed 

significant specificity for CD4+CD25- effector cells, while there was no 

statistically significant difference in the chemotactic indices for Tregs or the 

effector cells for other chemokines (Fig 5.10, 5.11) 
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Fig 5.10 Chemotactic indices for Tregs and CD4+CD25- lymphocytes 

in response to CCL1 (5.10a), CCL2 (5.10b), CCL5 (5.10c) and CCL17 

(5.10d). The blue lines represent the Tregs, while the green lines represent the 

CD4+CD25- lymphocytes. The results represent mean of 10 experiments for 

CCL1 and CCL2, and mean of 18 experiments for CCL5 and CCL17. 
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Fig 5.11 Chemotactic indices for Tregs and CD4+CD25- lymphocytes 

in response to CCL19 (5.11a), CCL21 (5.11b), CXCL9 (5.11c) and CXCL10 

(5.11d). The blue lines represent the Tregs, while the green lines represent the 

CD4+CD25- lymphocytes. The results represent mean of 18 experiments for each 

assay. 
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Discussion 

This study demonstrates for the first time that the peripheral blood 

FOXP3+ Tregs in heart transplant recipients possesses specific chemotactic 

response profile different from the conventional effector lymphocytes. It 

provides an important insight of the potential differences in Tregs and effector 

cell mobilization within the body, with consequences for allogeneic immune 

response.  

Like the effector T cells, Tregs require effective in-vivo mobilization 

between thymus, lymphoid tissue and the allograft in order to execute optimum 

regulatory function. However, Tregs possess slightly different chemokine 

receptor profile even at the precursor stage in thymus; CXCR4 is expressed by 

more FoxP3+ cells than FoxP3- cell, while the reverse is true for CCR9 

expression (141). Following transplantation, Tregs are stimulated via TCR 

activation, through either direct or indirect allo-recognition pathways. This 

antigen priming happens in the SLT and leads to an overhaul of chemokine 

receptors on Tregs; from CCR7 to effector-memory-like chemokine receptors 

including CCR2, CCR4, CCR6, CCR8 and CCR9 (141). Iellem et al showed 

that peripheral blood Tregs in healthy individuals exhibit greater selective 

expression of CCR8 (p=0.0001) and CCR4 (p=0.03) than CD4+CD25- cells. 

Their in-vitro chemotaxis assays demonstrated a significantly greater (p <0.01) 

migration of Tregs compared to CD25- T cells in response to CCL17 and CCL22 

(CCR4 ligands) and, CCL1 (CCR8 ligand), plus a synergistic effect of the 

suboptimal doses of CCL1 and CCL22 (37). My findings were different from 

this study, since I found significant in-vitro chemotaxis in response to CCL17 

(CCR4 ligand), but not to CCL1.  
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CCL17 is secreted by several inflammatory cells, including antigen 

presenting dendritic cells, and monocytes (241). This chemokine probably plays 

an important role in recruiting Tregs to antigen presenting cells and the area of 

inflammation. The importance of CCL17 / CCR4 axis is particularly highlighted 

in several studies on cancer patients. Ishida et al showed that Hodgkin’s 

Lymphoma cells produce CCL17 to attract Tregs via CCR4, so as to evade host 

immune defence by suppressing anti-tumour reactive lymphocytes (242). The 

clinical relevance was provided in the study by Curiel et al, who showed that 

specific migration of CCR4+ Tregs to the tumour tissue provides immune 

privilege and is associated with poor survival (71). Another study on patients 

with neoplastic meningitis demonstrates similar “tumour-protective” specific 

recruitment of Tregs (243).  

In transplant setting, there is evidence to suggest that the specific Treg 

recruitment via CCR4 and its ligands is essential for tolerance. In a murine 

model of induced allo-tolerance via CD154mAb and donor specific transfusion 

(DST), tolerance was associated with an infiltration of Tregs in the allograft. 

The same study also showed that CCR4-/- mice rejected the allograft associated 

with reduced infiltration of Tregs, however, the number and function of 

peripheral Tregs were normal. Hence, this study suggested that CCR4 ligands do 

not impact on Tregs development, but play a key role in Tregs migration to the 

allograft (143). In another fully mismatch murine cardiac transplant model with 

induced tolerance, Ochando et al showed that alloantigen-bearing plasmacytoid 

DC migrate to lymph nodes and affected allospecific Treg development via the 

CCR4 / CCL17 pathway. The same protocol in CCR4-/- mice prevented failure 

of Tregs development, leading to rejection (144). 
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CCL5 is the ligand for the chemokine receptor CCR5 that has been 

associated with pro-inflammatory cellular infiltration in acute and chronic 

allograft rejection (102, 164). A study on mice showed that approximately 20% 

of Tregs in murine SLT constitutively express CCR5 and immune activation 

leads to enhanced expression of both CCR5 and Foxp3. The same study revealed 

that CCR5 related pathway caused preferential accumulation of Tregs in the 

gravid uterus for tolerance induction (168). Kang et al demonstrated in a murine 

model of chronic inflamed intestine that CCR5 / CCL5 pathway was 

preferentially used by Foxp3+ Tregs for homing to the inflamed tissues. 

Interestingly, activated CD8+ T cells were the major source of the secreted 

CCL5, suggesting a possible role of CCL5 in balancing the effector and 

regulatory response. It was demonstrated that in vitro activation caused 

significantly more Foxp3+ cells than Foxp3- cells to express CCR5, and their 

migration was blocked by TAK-779, a CCR5 antagonist (169). Another study in 

murine model of acute graft-versus-host disease reported that Tregs used CCR5-

related pathways for homing to the target organs, and this migration was 

essential for suppression of the effector response. The investigators did not 

mention the chemokines involved in this migration (171). My results show that 

in clinically stable heart transplant recipients, CCL5 can cause significant in-

vitro migration of FOP3+ Tregs. This suggests that CCL5 / CCR5 axis may play 

an important role in allograft immune homeostasis.  

CXCR3 ligands CXCL9 and CXCL10 are often associated with acute 

allograft rejection, but it is uncertain if they play a role in Treg trafficking (89, 

90). Under homeostatic conditions Tregs express low levels of CXCR3, and 

show minimal chemotactic response to the three inflammatory CXC chemokines 
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(37). My study demonstrates a similar pattern, with a non-significant migration 

of Tregs in response to CXCL9 and CXCL10 under stable conditions. The 

expression of CXCR3 probably increases during the stress response of 

inflammation or rejection following transplantation. An evidence was provided 

by Eksteen et al demonstrated the presence of CXCR3high Tregs around inflamed 

bile ducts in chronically inflamed human liver (72). In another study involving 

murine model of experimental autoimmune encephalomyelitis, CXCR3 

expression was associated with infiltration of Tregs and containment of the 

tissue damage (149).  

Recognition of the specific chemotactic profile of effector cells and 

Tregs may help in developing novel strategies for tolerance induction. For 

example, I found that in contrast to Tregs, the effector T cells showed specific 

migration in response to CCL19. This is a homeostatic chemokine, secreted at 

the high endothelial venules and fibroblastic reticular cells within T cell zones of 

the SLT and is responsible for T cell homing to the SLT (124). It is therefore 

important for the induction of alloresponse, and one can speculate that blocking 

this chemokine may have a role in preventing rejection without affecting Tregs. 

In fact, a study using the experimental models of kidney and heart 

transplantation showed by blocking CCR7 (CCL19 ligand) that allospecific 

effector T cell proliferation was reduced and the allograft survival was 

significantly prolonged from 9 days to 20 weeks (131). Such work paves way 

for exciting new avenues for future studies, which may involve either blocking 

or alteration of chemokine expression via immunomodulatory drugs and genetic 

modifications. 
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In conclusion, my limited observational study shows a difference in the 

dynamics of chemotaxis between the Tregs and effector cells in stable heart 

transplant recipients. Further work may demonstrate relevance during states of 

acute and chronic rejection. 
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Chapter 6        Role of CCL17 in Treg migration following heart 

transplantation 

Abstract 

Background 

FOXP3+ T regulatory cells (Tregs) possess suppressive properties against 

alloreactive effector cells and are considered pivotal in tolerance induction 

following transplantation. Tregs migrate to the allograft under influence of 

certain chemotactic cytokines. My previous data on in-vitro chemotaxis suggests 

that peripheral blood Tregs specifically migrate in response to the chemokine 

CCL17. However, it is uncertain if CCL17 has a role for in-vivo migration of 

Tregs to the allograft.  

Methods 

In this observational study, double immunofluorescence labelling was 

performed to identify CD4+FOXP3+ Tregs in 12 endomyocardial biopsies from 

4 adult heart transplant recipients. The rejection grade was identified by expert 

histopathologists according to the International Society of Heart and Lung 

Transplantation (ISHLT) criteria. Further immunostaining was performed on 

sequential cuts from the same samples to detect CCL17 expression that was 

correlated with the Treg and effector cell infiltration. Demographic and 

immunosuppression data was collected from patient records. Data was analyzed 

using SPSS v15. 

Results 

Acute rejection was present in 4 out of 12 biopsies (33.3%). CD4+ 

FOXP3- effector cells were present in both rejecting and non-rejecting samples; 

however, CD4+FOXP3+Tregs were identified in the rejecting samples only. 
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Although there was no statistically significant rise in CCL17 expression during 

the rejecting state, the CCL17 expression pattern was significantly correlated 

with both CD4+ FOXP3- effector (p=0.02) and CD4+FOXP3+ Treg counts 

(p<0.01) in the rejecting samples.  

Conclusion 

This study demonstrated that CCL17 is associated with CD4+FOXP3- 

cells and Treg infiltration during acute rejection following heart transplantation. 

Tregs increase in number in the allograft during acute rejection, and that CCL17 

secretion may be responsible for Treg migration to the allograft. This finding 

may have important implications, since Tregs play pivotal roles in the 

alloresponse and their selective migration can be utilized as a tool for tolerance 

induction following transplantation. 
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Background 

Transplantation leads to an activation of the allospecific immune 

response causing infiltration of mononuclear cells into the allograft, which is the 

hallmark of acute rejection (186). At the same time, however, there occurs an 

activation of a special subset of T cells, called T regulatory cells (Tregs) that are 

capable of suppressing the allo-specific immune response leading to a state of 

immune privilege known as peripheral tolerance (30, 34). Initially described as 

important for maintaining tolerance against self antigens (22), the role of Tregs 

in transplant-related tolerance is now widely acknowledged (33, 244, 245).  

Tregs have been identified as a small subset (approximately 5-10%) of the 

peripheral blood CD4+ T cells, expressing high levels of cell surface CD25 and 

the transcription factor FOXP3 (35, 65, 246). It appears that the level of FOXP3 

expression is directly related to the regulatory potential of Tregs (247). Its 

deletion or mutations lead to a variety of autoimmune diseases in both animals 

and humans (248), while retroviral transfer to naïve T cells renders them the 

regulatory profile (249).   

Naturally occurring Tregs are generated in thymus. Subsequently they 

migrate to the secondary lymphoid tissue (SLT) where they get activated via 

TCR stimulation (250). Further migration of allo-specific Tregs to the site of 

antigenic challenge is the key step towards suppression of effector response 

(251). This is due to the fact that Tregs function via local secretion of cytokines 

or cell-cell contact dependent mechanism (25, 239). 

Chemokines are small chemotactic proteins secreted by various cells to 

facilitate leucocyte migration towards specific sites of interest (81). The 

chemokines bind to seven-pass, trans-membrane-spanning serpentine, Gi/Go protein-
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coupled, Bordetella pertussis toxin-sensitive receptors. Approximately 50 chemokines 

and 20 chemokine receptors have been identified in humans and mice (82). Evidence 

suggests that different subsets of lymphocytes including Tregs show unique 

chemotactic response profiles during homeostasis, inflammation and following 

transplantation (73, 252, 253). In this context, CCL17 (also known as Thymus 

and Activation Regulated Chemokine or TARC) appear to cause Treg specific 

migration in healthy individuals and certain cancers (37, 242, 254). There is 

evidence to suggest that Tregs specifically migrate to the allograft in human 

heart transplant recipients (255). However, the specific chemokine signal 

responsible for this Treg migration to the allograft is yet to be established.  

My previous experiment on in-vitro chemotaxis in stable heart transplant 

recipients shows that CCL17 causes specific migration of peripheral blood 

Tregs. Hence, I postulated that CCL17 may be responsible for in-vivo migration 

of Tregs following heart transplantation. 

Methods 

This was a retrospective, observational, non-randomized study conducted 

on the adult human heart transplant recipients. The study was designed to 

correlate the pattern of CCL17 expression with Treg infiltration in three serial 

endomyocardial biopsies from each patient, including a biopsy with no rejection 

(Biopsy 1), followed by a biopsy showing at least moderate rejection (Biopsy 2), 

followed by another biopsy with no rejection (Biopsy 3). To fulfil this criterion, 

I could only identify 4 heart transplant recipients who had biopsies from April 

2008 till March 2009, and showed at least moderate degree of rejection in one 

biopsy. Hence, the study could not be sufficiently powered to detect minor effect 

size. The 12 formalin-fixed, paraffin embedded endomyocardial biopsy 
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specimens were then obtained following informed consent. The biopsies were 

performed by the clinical team responsible for the patients according to the local 

guidelines and were graded for rejection according to the revised ISHLT criteria 

(180). As mentioned earlier, 4 samples had evidence of acute cellular rejection 

on routine H&E staining, while 8 samples had no rejection. Clinical and 

demographic data including the use of immunosuppressive agents (Prednisolone 

(Pred), Cyclosporine (Cyclo), Tacrolimus (FK), Mycophenolate Mofetil (MMF) 

and Azathioprine (Aza) administration) and haematological white blood cell 

counts (neutrophils, lymphocytes, monocytes, eosinophils, basophils and 

platelets) were collected from patient records. The study was approved by the 

local ethics committee.  

Immunofluorescence labelling for Tregs 

All the samples were serially sectioned to 4µm thickness using the 

standard microtome. The sections were deparaffinised and rehydrated in graded 

alcohol before heat-induced antigen retrieval in a pressure cooker using Citrate 

buffer (pH 6.0) as previously described. Following incubation with 10% normal 

donkey serum to block non-specific staining, the sections were labelled with 

monoclonal mouse anti-human CD4 (1:50 dilution, clone BC/1F6, Abcam®, 

UK) overnight at 4ºC followed by Alexa Fluor® 555 donkey anti-mouse IgG 

(H+L) (Invitrogen®, UK) for 1 hour. This was followed by second staining 

sequence, which again started with 10% donkey serum for 1 hour, then rat anti-

human FOXP3 (1:50 dilution, clone PCH101, eBioscience, UK) overnight at 

4ºC followed by Alexa Fluor® 488 donkey anti-rat IgG (H+L) (Invitrogen®, 

UK) for 1 hour. Due to high background auto fluorescence, sections were 

incubated with 0.5% Sudan black for 10 minutes before nuclear counterstaining 
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with DAPI (4', 6-diamidino-2-phenylindole dilactate; 1:10,000, Biotium, CA). 

The sections were then mounted with Prolong Gold® anti-fade reagent 

(Molecular Probes®, OR). The entire sections were evaluated using 

epifluorescent microscope (Olympus® BX51, Japan) and images acquired using 

CoolSNAPHQ Monochrome camera (Roper Scientific®, AZ) with MetaVue™ 

Imaging System (Molecular Devices®, PA) (Fig 6.1). CD4+FOXP3- and 

CD4+FOXP3+ cells (Tregs) were counted in at least 5 non-overlapping high 

power fields (x60). Tonsil tissue was used as the positive control, while primary 

antibodies were omitted for a negative control. 

Immunohistochemistry for CCL17  

Sequential 4µm cuts from the 12 FFPE endomyocardial samples selected 

earlier were stained with polyclonal rabbit anti-human CCL17 (1:800, 

AHP1919, AbD Serotec®, Oxford, UK). I used ImmPRESS™ peroxidase 

detection system (Vector® labs, CA) to detect CCL17 in the samples. In short, 

after deparaffinization in xylene and rehydration in graded alcohol, the sections 

were subjected to heat-induced antigen retrieval using citrate buffer (pH 6.0). 

The endogenous peroxidise activity was quenched by incubation in 0.3% 

hydrogen peroxide solution in alcohol. Following blockade with 2.5% normal 

horse serum the sections were stained with the anti-CCL17 antibody for 30 

minutes each. Further 30 minutes incubation was performed with ImPRESS™ 

reagent before application of ImmPACT™ DAB (diaminobenzidine) (Vector® 

labs, CA) for 5 minutes. Nuclear counter stain was performed with 

Haematoxylin and mounted using DPX resin (Fig 6.2). Once again, tonsil tissue 

was used as the positive control. The primary antibody was excluded for the 



 162 

negative control. The degree of staining was assessed and quantified on a scale 

of 0-3 by two expert histopathologists at our Pathology department.  

Statistical analysis 

The data was tabulated using excel and analyzed with SPSS v15. Paired 

analysis was performed to compare the demographic, clinical and staining data 

for the three biopsy time points. Data with normal distribution was assessed with 

paired sample t test or the one way ANOVA, while non-parametric data were 

assessed by Mann-Whitney U test or the Friedman one-way repeated measures 

analysis of variance by ranks. Analysis of correlations between CD4+FOXP3- 

cells, CD4+FOXP3+ cells, and CCL17 expression were performed by 

Spearman’s rank correlation test. A two-sided p value <0.05 conferred statistical 

significance.  

Results 

All patients were males, with a mean age of 40.4 (±14.4) years. The 

median duration of the three serial biopsies since transplant were 217.5 (68.2, 

633.0), 313.0 (118.5, 993.5), 349.5 (140.0, 1085.5) days respectively. There was 

no significant difference between rejecting versus non-rejecting states in terms 

of immunosuppression, immunomodulatory drugs (including statins), or renal 

dysfunction (table 6.1). At the time of the first and second biopsies, all patients 

were taking Cyclo only, however 2 patients were switched to FK by the time of 

their third biopsy. In terms of MMF and Aza, only one patient was on Aza when 

he had his first biopsy, while the others were taking MMF. Subsequently, all 

patients were receiving MMF. The median prednisolone doses were 10.0 mg 

(10.0, 21.25), 8.7 mg (7.5, 21.25), and 11.0 mg (8.12, 21.75) respectively at the 

time of the three serial biopsies (p=0.36). Table 6.1 summarizes the differences 
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in estimated glomerular filtration rate (eGFR) and peripheral blood counts at the 

times of serial biopsies. 
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Table 6.1 Renal function and peripheral blood cell counts at serial 

biopsy time points.  

All data in mean (SD). Biopsy1, 2 and 3 correspond to the three serial 

endomyocaridal biopsies performed in four subjects. (eGFR = estimated 

glomerular filtration rate, WBC = White blood cells) 

 Biopsy #1 Biopsy #2 Biopsy #3 P 
value 

eGFR 
(ml/min) 

67.0 (24.89) 52.0 (24.75) 47.25 (26.6) 0.21 

WBC (x109/l) 10.1 (2.39) 8.37 (1.93) 11.07 (4.18) 0.52 

Neutrophils 
(x109/l) 

8.18 (1.92) 7.28 (1.66) 8.34 (3.19) 0.26 

Lymphocytes 
(x109/l) 

1.14 (0.8) 1.05 (0.8) 1.79 (1.1) 0.18 

Monocytes 
(x109/l) 

0.67 (0.37) 0.5 (0.18) 0.8 (0.23) 0.54 

Eosinophils 
(x109/l) 

0.08 (0.1) 0.12 (0.1) 0.09 (0.3) 0.89 

Basophils 
(x109/l) 

0.015 (0.01) 0.03 (0.03) 0.025 (0.02) 0.51 

Platelets 
(x109/l) 

265.5 (79.38) 235.75 (71.92) 243.75 (108.11) 0.26 
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Fig 6.1  Double immunofluorescence labelling of Tregs with CD4 and 

FOXP3 antibodies in a representative endomyocardial biopsy.  

Blue staining denotes nuclear counter-stain with DAPI (4', 6-diamidino-2-

phenylindole, dilactate). CD4 stain was seen with red (Cy3) filter staining the 

membrane (red arrows), while the white arrow points to intranuclear FOXP3 

staining (green with FITC filter). 
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Fig 6.2  Immunoperoxidase staining of a representative section of the 

formalin-fixed, paraffin embedded endomyocaridal biopsy showing CCL17 

staining within the lymphocytic infiltrate.  

White arrow points to CCL17 staining, while black arrow points to a 

lymphocyte. Myocardial nuclei are stained blue with haematoxylin (x100 

magnification).   
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Tregs versus CD4+FOXP3- effector cells in the endomyocardial biopsy 

Out of a total of twelve biopsy samples, CD4+FOXP3- cell infiltration 

was identified in 2 rejecting (median count 6.0 (0, 27.75) and 2 non-rejecting 

(median count 2 (0, 24.25) samples. One patient had CD4+FOXP3- cell 

infiltration in both non-rejecting (Biopsy 1) and rejecting (Biopsy 2) samples. 

The other two samples belonged to one rejecting and one non-rejecting patient. 

Interestingly, no CD4+ cells were observed in the third series of biopsies (Biopsy 

3).  

Despite the presence of CD4+FOXP3- cells in the non-rejecting samples, 

FOXP3+ Tregs were identified in two rejecting samples only, comprising 6.45% 

(0, 21.97%) of the CD4+ cell counts. I found no significant association between 

CD4+FOXP3- counts or Tregs and the demographic data.  

Changes in CCL17 expression during acute rejection 

In the next step, the sequential staining pattern of CCL17 was compared 

during the acute rejection and non-rejecting states. While there was an enhanced 

staining of CCL17 in samples with acute rejection, I did not find a statistically 

significant difference compared to the non-rejecting samples (Fig 6.3). 

Association of CD4+ FOXP3- cells and Tregs with CCL17  

In the samples with acute rejection (Biopsy 2), both CD4+FOXP3- and 

Treg counts were significantly associated with the degree of CCL17 staining 

(p=0.02 for CD4+FOXP3- and p<0.01 for Tregs) (Fig 6.4, and 6.5).  

Due to the small numbers of Tregs, I wanted to check if Treg: CD4+ ratio 

was associated with CCL17 expression. However, I found no significant 

association between Treg: CD4+ ratio and CCL17 (p=0.22). There was also no 
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association between CD4+ counts and CCL17 expression in the non-rejecting 

samples. 
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Fig 6.3  Graph showing mean CCL17 expression in serial 

endomyocardial biopsies in non-rejecting, rejecting, and then non-rejecting 

states. Each point refers to a mean of 4 samples.  
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Fig 6.4  Graph showing CD4+FOXP3- lymphocyte counts (y axis) 

versus CCL17 expression (x axis) in the rejecting endomyocardial biopsy 

tissues (n=4). P value denotes the two-tailed significance value from 

Spearman’s correlation (r=Spearman’s correlation coefficient). 
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Fig 6.5  Graph showing Treg counts (y axis) versus CCL17 expression 

(x axis) in the rejecting endomyocardial biopsy tissues (n=4). P value denotes 

the two-tailed significance value from Spearman’s correlation (r= Spearman’s 

correlation coefficient). . 
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Discussion 

To my knowledge, this is the first study to assess the correlation of 

intragraft CCL17 with in-vivo allograft migration of FOXP3+ Tregs following 

clinical heart transplantation. Herein I demonstrated a significant association 

between CCL17 staining and infiltration of CD4+FOXP3- and Treg lymphocytes 

in the allograft during acute rejection.  

Within the past couple of decades Tregs have increasingly been realized 

to have an important role in peripheral tolerance against self and allo-antigen (6, 

22, 33). Consistent with these findings, experimental studies show that 

therapeutic use of ex-vivo expanded Tregs prevents allograft rejection and 

perhaps induces state of tolerance (66). In humans, heart transplantation has seen 

improved outcome in recent years owing to provision of better 

immunosuppression, which unfortunately leads to several other side effects 

(184). At the same time, the incidence of chronic rejection remains high (256). 

Hence, induction of peripheral tolerance is highly desirable, and Tregs can play 

a major role.  

It has been shown that Tregs migration from thymus to the SLT and then 

to the site of antigen challenge is vital to their function (73). This 

compartmentalization is largely governed by the chemokines, which are small 

secreted cytokines, acting via their specific transmembrane receptors. It has been 

shown that Tregs possess specific chemotactic potential that is different from the 

effector T cells. Iellem et al reported in healthy individuals that Tregs show 

specific expression of the chemokine receptors CCR4 and respond to its ligands 

CCL17 and CCL22 in the supernatant of maturing dendritic cell culture (37). 

However, antigen presentation and activation of TCR in all T cells leads to up-
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regulation of CCR4 and CCR8, with the ability to respond to corresponding 

chemokines CCL17 and CCL1 (145). Hence, secretion of these chemokines by 

various inflammatory cells such as activated dendritic cells within the allograft 

may lead to a competitive migration of both the effector cells and Tregs.  This 

may explain my results of a significant association between CCL17 and CD4+ 

lymphocytic infiltration in the rejecting allograft.  

My limited data shows the presence of Tregs in the rejecting 

endomyocardial biopsy tissue only, while CD4+ cells were present in non-

rejecting samples as well. Despite the small number of cases in my series, the 

finding is consistent with a previous study by Dijke et al showing an association 

between acute rejection and FOXP3 mRNA expression within the 

endomyocardial biopsies from heart transplant recipients (257). Similar work in 

renal (258) and liver  allograft recipients (259) also showed an increase in 

FOXP3+ Tregs in the allograft during acute cellular rejection. Taken together, 

these findings suggest that Tregs form part of the cellular infiltrate during acute 

rejection, probably in an attempt to suppress the effector response. However, the 

study by Veronese et al with a large cohort of 80 human renal transplant 

recipients demonstrated no beneficial effect in survival with Treg infiltrate 

during acute cellular rejection (258). Hence, the significance of Treg infiltration 

and its association with the outcome following acute rejection, chronic rejection 

or long term survival in transplant recipients is yet to be established. 

Despite this uncertainty, an understanding of and attempts to manipulate 

the physiological differences between effector and regulatory T cells present 

exciting new opportunities for tolerance induction following transplantation. In 

this regards, knowing exact chemokine pathways that lead to Treg migration to 
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the allograft bears significant importance. This is an established fact that Tregs 

sow specific migration towards the allograft. Schmidt-Lucke et al recently 

documented via trans-cardiac gradient specific uptake of Tregs in the cardiac 

allografts (255). They were the first to demonstrate the actual presence of 

FOXP3+ Tregs in the human cardiac allografts using double 

immunofluorescence labelling. However, they did not investigate the 

chemotactic pathway responsible for Treg migration, and also did not compare 

the results between rejecting versus non-rejecting biopsies. My data is unique in 

the sense that we have provided a serial, objective assessment of CD4+FOXP3- 

counts, Treg counts, and CCL17 expression in a cohort of heart transplant 

recipients in both rejecting and non-rejecting states.  

Studies on murine knock-out models has paved way to targeting specific 

cytokines and chemokines in various inflammatory, neoplastic and transplant 

condition (131, 260, 261). Most of the transplant experiments involved blocking 

one or two chemokine pathways, hence leading to reduced effector cell infiltrate 

and prolonging allograft survival. However, it has not yet been possible to 

augment a specific chemokine expression that could lead to isolated effects on 

desirable cell population within the body. This is due to the fact that chemokine 

system is quite redundant, with several overlapping pathways operating together. 

The aim of my study was to determine if CCL17 could provide unique 

chemotactic response to the Tregs in isolation. However, I found that CCL17 

expression is also correlated with the infiltration of CD4+FOXP3-cells. In 

addition, the ratio of Treg: CD4+FOXP3- cells did not show any correlations 

with CCL17. A corroborative example comes from the study on murine models 

of colonic carcinoma where intra-tumoral injections of mutant adenoviral 
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vectors encoding for CCL17 caused significant effector T cells and macrophage 

infiltration, leading to tumour regression (262). Hence, any immune therapy 

using CCL17 to guide Tregs into the allograft may invariably lead to effector 

cell infiltration, and provoke a worse outcome.  

One of the major limitations of my study was that it was hugely 

underpowered to detect substantial changes in chemokines or cellular 

infiltrations. The obvious reasons were ability to obtain the required serial 

samples to run the histological tests in this novel study. Another limiting factor 

was that some sections from the FFPE samples might have missed the level 

where lymphocytic infiltration was present. This might have had an effect on 

staining both the CD4+FOXP3- cells and the Tregs, and is the likely explanation 

of the inability to identify the cells in two rejecting samples. 

In conclusion, my limited observational study shows that FOXP3+ Tregs 

infiltrate the myocardium during acute rejection in human heart transplant 

recipients. Treg and CD4+FOP3- infiltration during acute rejection is 

significantly associated with CCL17 expression in the allograft. Further studies 

will determine long term effects of CCL17 expression on allograft vasculopathy 

and long term survival. 
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Chapter 7 Conclusion 

This is the first study to explore the chemotactic response of Tregs in 

human heart transplant recipients. The results of this study show that acute 

rejection following heart transplantation leads to an up-regulation of peripheral 

blood Th1 chemokine levels. I have further shown in stable heart transplant 

recipients that peripheral blood CD4+CD25brightFOXP3+ lymphocytes show 

specific and dose dependent migration in response to Th2 chemokine CCL17 

and Th1 chemokine CCL5, in contrast to the effector T cells which migrate in 

response to CCL19. Through double immunofluorescence labelling and 

immunohistochemistry I have also shown that in-vivo migration of Tregs to the 

allograft is associated with CCL17 secretion.  

Tregs, first described by Sakaguchi et al as naturally occurring 

CD4+CD25+ cells capable of maintaining self tolerance, are now widely 

recognized as the prime tolerance mediating cells following transplantation (33, 

34, 263, 264). In fact, experimental studies have documented a role for Treg 

immunotherapy in transplant models with some success (245, 265). Any such 

attempt in humans needs extra caution and thorough understanding of the 

physiological alterations in Tregs under varying conditions.  

Mindful of the fact that Tregs mechanism of action involves close cell-

cell contact, Treg migration in vivo has been scrutinized by several authors (73, 

240). Naïve like Tregs circulate to the antigen presenting sites under the 

influence of CCL19 and CCL21, where they co-localize with antigen presenting 

cells (APC) (50, 124). This interaction not only activates Tregs via t cell 

receptor (TCR) stimulation, but also leads to up-regulation of CCR4 and CCR8, 
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the receptors for CCL17 and CCL22 secreted by the APC (145). Also, the same 

chemokines are secreted by various inflammatory cells within the site of antigen 

challenge, leading to the peripheral migration of Tregs (266). My data shows 

CCL17 staining within the myocardium during both stable and rejecting states, 

with significant association between CCL17 and Treg infiltration during acute 

rejection. However, the chemotactic effect of CCL17 is not exclusive to Tregs, 

since CD4+FOXP3- cells also showed strong correlation with CCL17 expression 

during acute rejection. This suggests that CCL17 secretion forms part of the 

alloresponse during acute rejection, leading to migration of both the effector and 

regulatory cells within the allograft. 

I have further demonstrated that acute rejection in heart transplant 

recipients leads to a significant rise in the peripheral blood levels of specific Th1 

chemokines, including CCL2, and CCL5. Intragraft expressions of these 

chemokines have been associated with acute rejection; however, association 

with peripheral blood levels was never established before (91, 98). Using in-

vitro chemotaxis study we further demonstrated that CCL5 causes specific 

migration of Tregs but not of the CD4+CD25- effector cells. Taken together, it 

suggests that CCL5, which is an inflammatory Th1 chemokine secreted by 

various inflammatory cells including APC, may have an important role in Treg 

migration during acute rejection. Further studies may investigate the balance 

between CCL17 and CCL5 stimuli during stable and acute rejection following 

transplantation. 

Transplant poses a different environment not only due to the alloantigen 

presentation, but also from various immunosuppressive medications. My results 

demonstrate that Tregs in stable heart transplant recipients are unaffected by 
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various immunosuppressive drugs. However, a surprising result in my study was 

that the use of statins was associated with significantly reduced Treg counts. 

Statins are commonly used in transplant recipients to counter hyperlipidaemia in 

an effort to prevent allograft vasculopathy and prolong survival (214, 237). 

Statins are pleiotropic molecules, with the ability to affect, either directly or 

indirectly, several immune cells and cytokines (215). Since both statins and 

Tregs reduce the burden of atherosclerosis following heart transplantation (236), 

the findings of my study need further exploration. It is uncertain whether statins 

lead to a decreased population of Tregs associated with other compensatory 

mechanisms or they cause Treg migration to the allograft. 

This study further highlighted the problems of conducting such 

investigations in humans. In particular, co-localizing Treg cellular markers in 

the precious biopsy tissues posed a significant challenge due to various reasons, 

including high autofluorescence from FFPE samples and non-specific staining 

from experimental or polyclonal antibodies. Somewhat similar observations 

have been made by previous authors (255). Hence, further dissection of other 

chemokine pathways within the allograft was not possible, which formed a 

limitation of my study. 

In summary, I have demonstrated for the first time an association 

between the presence of Tregs within rejecting myocardium and the chemokine 

CCL17. The absence of Tregs from the non-rejecting hearts suggests Treg 

infiltration as part of the alloresponse. Prospective longitudinal studies will have 

to determine the fate and function of these cells in the development of CAV and 

long term survival. Therapeutic manipulations to augment selective Treg 
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migration may provide exciting opportunities to reduce the incidence of acute or 

chronic rejection and perhaps, induce tolerance.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 180 

References 

1. Barnard CN. The operation. A human cardiac transplant: an interim 
report of a successful operation performed at Groote Schuur Hospital, 
Cape Town. S Afr Med J 1967; 41 (48): 1271. 

2. Barnard CN. The present status of heart transplantation. S Afr Med J 
1975; 49 (7): 213. 

3. Hunt SA, Haddad F. The changing face of heart transplantation. J Am 
Coll Cardiol 2008; 52 (8): 587. 

4. Taylor DO, Edwards LB, Boucek MM, et al. Registry of the 
International Society for Heart and Lung Transplantation: twenty-fourth 
official adult heart transplant report--2007. J Heart Lung Transplant 
2007; 26 (8): 769. 

5. Medawar PB, Woodruff MF. The induction of tolerance by skin 
homografts on newborn rats. Immunology 1958; 1 (1): 27. 

6. Jiang S, Lechler RI. Regulatory T cells in the control of transplantation 
tolerance and autoimmunity. Am J Transplant 2003; 3 (5): 516. 

7. Fandrich F, Ruhnke M, Dresske B, Kremer B. Tolerance-inducing 
strategies in transplantation surgery-current status and perspectives. 
Langenbecks Arch Surg 2004; 389 (1): 60. 

8. Reisner Y, Martelli MF. Tolerance induction by 'megadose' transplants 
of CD34+ stem cells: a new option for leukemia patients without an 
HLA-matched donor. Curr Opin Immunol 2000; 12 (5): 536. 

9. Wekerle T, Sayegh MH, Hill J, et al. Extrathymic T cell deletion and 
allogeneic stem cell engraftment induced with costimulatory blockade is 
followed by central T cell tolerance. J Exp Med 1998; 187 (12): 2037. 

10. Anderson CC, Matzinger P. Immunity or tolerance: opposite outcomes of 
microchimerism from skin grafts. Nat Med 2001; 7 (1): 80. 

11. Moskophidis D, Lechner F, Pircher H, Zinkernagel RM. Virus 
persistence in acutely infected immunocompetent mice by exhaustion of 
antiviral cytotoxic effector T cells. Nature 1993; 362 (6422): 758. 

12. Russell JH. Activation-induced death of mature T cells in the regulation 
of immune responses. Curr Opin Immunol 1995; 7 (3): 382. 

13. Bishop GA, Sun J, Sheil AG, McCaughan GW. High-dose/activation-
associated tolerance: a mechanism for allograft tolerance. 
Transplantation 1997; 64 (10): 1377. 

14. Li XC, Strom TB, Turka LA, Wells AD. T cell death and transplantation 
tolerance. Immunity 2001; 14 (4): 407. 

15. Tran HM, Nickerson PW, Restifo AC, et al. Distinct mechanisms for the 
induction and maintenance of allograft tolerance with CTLA4-Fc 
treatment. J Immunol 1997; 159 (5): 2232. 

16. Lineberry N, Fathman CG. T cell anergy: where it's LAT. Immunity 
2006; 24 (5): 501. 

17. Schwartz RH. T cell anergy. Annu Rev Immunol 2003; 21: 305. 
18. Borde M, Barrington RA, Heissmeyer V, Carroll MC, Rao A. 

Transcriptional basis of lymphocyte tolerance. Immunol Rev 2006; 210: 
105. 



 181 

19. Houtman JC, Houghtling RA, Barda-Saad M, Toda Y, Samelson LE. 
Early phosphorylation kinetics of proteins involved in proximal TCR-
mediated signaling pathways. J Immunol 2005; 175 (4): 2449. 

20. Gershon RK, Kondo K. Cell interactions in the induction of tolerance: 
the role of thymic lymphocytes. Immunology 1970; 18 (5): 723. 

21. Hall BM. Mechanisms maintaining enhancement of allografts. I. 
Demonstration of a specific suppressor cell. J Exp Med 1985; 161 (1): 
123. 

22. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic 
self-tolerance maintained by activated T cells expressing IL-2 receptor 
alpha-chains (CD25). Breakdown of a single mechanism of self-
tolerance causes various autoimmune diseases. J Immunol 1995; 155 (3): 
1151. 

23. Asano M, Toda M, Sakaguchi N, Sakaguchi S. Autoimmune disease as a 
consequence of developmental abnormality of a T cell subpopulation. J 
Exp Med 1996; 184 (2): 387. 

24. Thornton AM, Shevach EM. CD4+CD25+ immunoregulatory T cells 
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2 
production. J Exp Med 1998; 188 (2): 287. 

25. Thornton AM, Shevach EM. Suppressor effector function of 
CD4+CD25+ immunoregulatory T cells is antigen nonspecific. J 
Immunol 2000; 164 (1): 183. 

26. Takahashi T, Kuniyasu Y, Toda M, et al. Immunologic self-tolerance 
maintained by CD25+CD4+ naturally anergic and suppressive T cells: 
induction of autoimmune disease by breaking their anergic/suppressive 
state. Int Immunol 1998; 10 (12): 1969. 

27. Tsaknaridis L, Spencer L, Culbertson N, et al. Functional assay for 
human CD4+CD25+ Treg cells reveals an age-dependent loss of 
suppressive activity. J Neurosci Res 2003; 74 (2): 296. 

28. Ring S, Schafer SC, Mahnke K, Lehr HA, Enk AH. CD4+ CD25+ 
regulatory T cells suppress contact hypersensitivity reactions by blocking 
influx of effector T cells into inflamed tissue. Eur J Immunol 2006; 36 
(11): 2981. 

29. Kingsley CI, Karim M, Bushell AR, Wood KJ. CD25+CD4+ regulatory 
T cells prevent graft rejection: CTLA-4- and IL-10-dependent 
immunoregulation of alloresponses. J Immunol 2002; 168 (3): 1080. 

30. Taylor PA, Noelle RJ, Blazar BR. CD4(+)CD25(+) immune regulatory 
cells are required for induction of tolerance to alloantigen via 
costimulatory blockade. J Exp Med 2001; 193 (11): 1311. 

31. Gregori S, Casorati M, Amuchastegui S, Smiroldo S, Davalli AM, 
Adorini L. Regulatory T cells induced by 1 alpha,25-dihydroxyvitamin 
D3 and mycophenolate mofetil treatment mediate transplantation 
tolerance. J Immunol 2001; 167 (4): 1945. 

32. Graca L, Cobbold SP, Waldmann H. Identification of regulatory T cells 
in tolerated allografts. J Exp Med 2002; 195 (12): 1641. 

33. Wood KJ, Sakaguchi S. Regulatory T cells in transplantation tolerance. 
Nat Rev Immunol 2003; 3 (3): 199. 

34. Yoshizawa A, Ito A, Li Y, et al. The roles of CD25+CD4+ regulatory T 
cells in operational tolerance after living donor liver transplantation. 
Transplant Proc 2005; 37 (1): 37. 



 182 

35. Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G. Ex vivo 
isolation and characterization of CD4(+)CD25(+) T cells with regulatory 
properties from human blood. J Exp Med 2001; 193 (11): 1303. 

36. Hartigan-O'Connor DJ, Poon C, Sinclair E, McCune JM. Human CD4+ 
regulatory T cells express lower levels of the IL-7 receptor alpha chain 
(CD127), allowing consistent identification and sorting of live cells. J 
Immunol Methods 2007; 319 (1-2): 41. 

37. Iellem A, Mariani M, Lang R, et al. Unique chemotactic response profile 
and specific expression of chemokine receptors CCR4 and CCR8 by 
CD4(+)CD25(+) regulatory T cells. J Exp Med 2001; 194 (6): 847. 

38. Modigliani Y, Coutinho A, Pereira P, et al. Establishment of tissue-
specific tolerance is driven by regulatory T cells selected by thymic 
epithelium. Eur J Immunol 1996; 26 (8): 1807. 

39. Fu S, Zhang N, Yopp AC, et al. TGF-beta induces Foxp3 + T-regulatory 
cells from CD4 + CD25 - precursors. Am J Transplant 2004; 4 (10): 
1614. 

40. Chen W, Jin W, Hardegen N, et al. Conversion of peripheral 
CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by TGF-
beta induction of transcription factor Foxp3. J Exp Med 2003; 198 (12): 
1875. 

41. Vukmanovic-Stejic M, Zhang Y, Cook JE, et al. Human CD4+ CD25hi 
Foxp3+ regulatory T cells are derived by rapid turnover of memory 
populations in vivo. J Clin Invest 2006; 116 (9): 2423. 

42. Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA. CD4+CD25+ 
regulatory cells from human peripheral blood express very high levels of 
CD25 ex vivo. Novartis Found Symp 2003; 252: 67. 

43. Linsley PS, Bradshaw J, Greene J, Peach R, Bennett KL, Mittler RS. 
Intracellular trafficking of CTLA-4 and focal localization towards sites 
of TCR engagement. Immunity 1996; 4 (6): 535. 

44. Egen JG, Allison JP. Cytotoxic T lymphocyte antigen-4 accumulation in 
the immunological synapse is regulated by TCR signal strength. 
Immunity 2002; 16 (1): 23. 

45. Takahashi T, Tagami T, Yamazaki S, et al. Immunologic self-tolerance 
maintained by CD25(+)CD4(+) regulatory T cells constitutively 
expressing cytotoxic T lymphocyte-associated antigen 4. J Exp Med 
2000; 192 (2): 303. 

46. Quandt D, Hoff H, Rudolph M, Fillatreau S, Brunner-Weinzierl MC. A 
new role of ctla-4 on B cells in thymus-dependent immune responses in 
vivo. J Immunol 2007; 179 (11): 7316. 

47. Cepek KL, Shaw SK, Parker CM, et al. Adhesion between epithelial 
cells and T lymphocytes mediated by E-cadherin and the alpha E beta 7 
integrin. Nature 1994; 372 (6502): 190. 

48. Schon MP, Arya A, Murphy EA, et al. Mucosal T lymphocyte numbers 
are selectively reduced in integrin alpha E (CD103)-deficient mice. J 
Immunol 1999; 162 (11): 6641. 

49. Zelenika D, Adams E, Humm S, et al. Regulatory T cells overexpress a 
subset of Th2 gene transcripts. J Immunol 2002; 168 (3): 1069. 

50. Menning A, Hopken UE, Siegmund K, Lipp M, Hamann A, Huehn J. 
Distinctive role of CCR7 in migration and functional activity of naive- 



 183 

and effector/memory-like Treg subsets. Eur J Immunol 2007; 37 (6): 
1575. 

51. McHugh RS, Whitters MJ, Piccirillo CA, et al. CD4(+)CD25(+) 
immunoregulatory T cells: gene expression analysis reveals a functional 
role for the glucocorticoid-induced TNF receptor. Immunity 2002; 16 (2): 
311. 

52. Wing K, Ekmark A, Karlsson H, Rudin A, Suri-Payer E. 
Characterization of human CD25+ CD4+ T cells in thymus, cord and 
adult blood. Immunology 2002; 106 (2): 190. 

53. Saitoh O, Abiru N, Nakahara M, Nagayama Y. CD8+CD122+ T cells, a 
newly identified regulatory T subset, negatively regulate Graves' 
hyperthyroidism in a murine model. Endocrinology 2007; 148 (12): 
6040. 

54. Soper DM, Kasprowicz DJ, Ziegler SF. IL-2Rbeta links IL-2R signaling 
with Foxp3 expression. Eur J Immunol 2007; 37 (7): 1817. 

55. Sansom DM, Walker LSK. The role of CD28 and cytotoxic 
T&#x2010;lymphocyte antigen&#x2010;4 (CTLA-4) in regulatory 
T&#x2010;cell biology. Immunological Reviews 2006; 212 (1): 131. 

56. Salomon B, Lenschow DJ, Rhee L, et al. B7/CD28 costimulation is 
essential for the homeostasis of the CD4+CD25+ immunoregulatory T 
cells that control autoimmune diabetes. Immunity 2000; 12 (4): 431. 

57. Greenwald RJ, Boussiotis VA, Lorsbach RB, Abbas AK, Sharpe AH. 
CTLA-4 regulates induction of anergy in vivo. Immunity 2001; 14 (2): 
145. 

58. Lee WT, Yin XM, Vitetta ES. Functional and ontogenetic analysis of 
murine CD45Rhi and CD45Rlo CD4+ T cells. J Immunol 1990; 144 (9): 
3288. 

59. Davies JD, O'Connor E, Hall D, Krahl T, Trotter J, Sarvetnick N. CD4+ 
CD45RB low-density cells from untreated mice prevent acute allograft 
rejection. J Immunol 1999; 163 (10): 5353. 

60. Parry N, Lazarovits AI, Wang J, et al. Cyclosporine inhibits long-term 
survival in cardiac allografts treated with monoclonal antibody against 
CD45RB. The Journal of Heart and Lung Transplantation 1999; 18 (5): 
441. 

61. Fu S, Yopp AC, Mao X, et al. CD4+ CD25+ CD62+ T-regulatory cell 
subset has optimal suppressive and proliferative potential. Am J 
Transplant 2004; 4 (1): 65. 

62. Seddiki N, Santner-Nanan B, Martinson J, et al. Expression of 
interleukin (IL)-2 and IL-7 receptors discriminates between human 
regulatory and activated T cells. J. Exp. Med. 2006; 203 (7): 1693. 

63. Liu W, Putnam AL, Xu-Yu Z, et al. CD127 expression inversely 
correlates with FoxP3 and suppressive function of human CD4+ T reg 
cells. J Exp Med 2006; 203 (7): 1701. 

64. Yagi H, Nomura T, Nakamura K, et al. Crucial role of FOXP3 in the 
development and function of human CD25+CD4+ regulatory T cells. Int 
Immunol 2004; 16 (11): 1643. 

65. Kang SM, Tang Q, Bluestone JA. CD4(+)CD25(+) Regulatory T Cells in 
Transplantation: Progress, Challenges and Prospects. Am J Transplant 
2007; 7 (6): 1457. 



 184 

66. Xia G, He J, Zhang Z, Leventhal JR. Targeting acute allograft rejection 
by immunotherapy with ex vivo-expanded natural CD4+ CD25+ 
regulatory T cells. Transplantation 2006; 82 (12): 1749. 

67. Golshayan D, Jiang S, Tsang J, Garin MI, Mottet C, Lechler RI. In vitro-
expanded donor alloantigen-specific CD4+CD25+ regulatory T cells 
promote experimental transplantation tolerance. Blood 2007; 109 (2): 
827. 

68. Porter CM, Horvath-Arcidiacono JA, Singh AK, Horvath KA, Bloom 
ET, Mohiuddin MM. Characterization and expansion of baboon 
CD4+CD25+ Treg cells for potential use in a non-human primate 
xenotransplantation model. Xenotransplantation 2007; 14 (4): 298. 

69. Earle KE, Tang Q, Zhou X, et al. In vitro expanded human CD4+CD25+ 
regulatory T cells suppress effector T cell proliferation. Clin Immunol 
2005; 115 (1): 3. 

70. Jiang S, Golshayan D, Tsang J, Lombardi G, Lechler RI. In vitro 
expanded alloantigen-specific CD4+CD25+ regulatory T cell treatment 
for the induction of donor-specific transplantation tolerance. Int 
Immunopharmacol 2006; 6 (13-14): 1879. 

71. Curiel TJ, Coukos G, Zou L, et al. Specific recruitment of regulatory T 
cells in ovarian carcinoma fosters immune privilege and predicts reduced 
survival. Nat Med 2004; 10 (9): 942. 

72. Eksteen B, Miles A, Curbishley SM, et al. Epithelial inflammation is 
associated with CCL28 production and the recruitment of regulatory T 
cells expressing CCR10. J Immunol 2006; 177 (1): 593. 

73. Siegmund K, Feuerer M, Siewert C, et al. Migration matters: regulatory 
T-cell compartmentalization determines suppressive activity in vivo. 
Blood 2005; 106 (9): 3097. 

74. Rollins BJ. Chemokines. Blood 1997; 90 (3): 909. 
75. Hancock WW. Chemokines and transplant immunobiology. J Am Soc 

Nephrol 2002; 13 (3): 821. 
76. Ogasawara K, Hida S, Weng Y, et al. Requirement of the IFN-

alpha/beta-induced CXCR3 chemokine signalling for CD8+ T cell 
activation. Genes Cells 2002; 7 (3): 309. 

77. Bernardini G, Ribatti D, Spinetti G, et al. Analysis of the role of 
chemokines in angiogenesis. J Immunol Methods 2003; 273 (1-2): 83. 

78. Laurence AD. Location, movement and survival: the role of chemokines 
in haematopoiesis and malignancy. Br J Haematol 2006; 132 (3): 255. 

79. Mackay CR. Chemokine receptors and T cell chemotaxis. J Exp Med 
1996; 184 (3): 799. 

80. Tang HL, Cyster JG. Chemokine Up-regulation and activated T cell 
attraction by maturing dendritic cells. Science 1999; 284 (5415): 819. 

81. Zlotnik A, Yoshie O. Chemokines: a new classification system and their 
role in immunity. Immunity 2000; 12 (2): 121. 

82. Murphy PM, Baggiolini M, Charo IF, et al. International union of 
pharmacology. XXII. Nomenclature for chemokine receptors. Pharmacol 
Rev 2000; 52 (1): 145. 

83. Segerer S, Nelson PJ, Schlondorff D. Chemokines, chemokine receptors, 
and renal disease: from basic science to pathophysiologic and therapeutic 
studies. J Am Soc Nephrol 2000; 11 (1): 152. 



 185 

84. Moser B, Loetscher P. Lymphocyte traffic control by chemokines. Nat 
Immunol 2001; 2 (2): 123. 

85. Gonzalo J-A, Pan Y, Lloyd CM, et al. Mouse Monocyte-Derived 
Chemokine Is Involved in Airway Hyperreactivity and Lung 
Inflammation. J Immunol 1999; 163 (1): 403. 

86. Vicari AP, Figueroa DJ, Hedrick JA, et al. TECK: a novel CC 
chemokine specifically expressed by thymic dendritic cells and 
potentially involved in T cell development. Immunity 1997; 7 (2): 291. 

87. Loetscher P, Moser B, Baggiolini M. Chemokines and their receptors in 
lymphocyte traffic and HIV infection. Adv Immunol 2000; 74: 127. 

88. Nelson PJ, Krensky AM. Chemokines, chemokine receptors, and 
allograft rejection. Immunity 2001; 14 (4): 377. 

89. Hancock WW, Lu B, Gao W, et al. Requirement of the chemokine 
receptor CXCR3 for acute allograft rejection. J Exp Med 2000; 192 (10): 
1515. 

90. Meyer M, Hensbergen PJ, van der Raaij-Helmer EM, et al. Cross 
reactivity of three T cell attracting murine chemokines stimulating the 
CXC chemokine receptor CXCR3 and their induction in cultured cells 
and during allograft rejection. Eur J Immunol 2001; 31 (8): 2521. 

91. Fairchild RL, VanBuskirk AM, Kondo T, Wakely ME, Orosz CG. 
Expression of chemokine genes during rejection and long-term 
acceptance of cardiac allografts. Transplantation 1997; 63 (12): 1807. 

92. Robinson LA, Nataraj C, Thomas DW, et al. A role for fractalkine and 
its receptor (CX3CR1) in cardiac allograft rejection. J Immunol 2000; 
165 (11): 6067. 

93. Melter M, Exeni A, Reinders ME, et al. Expression of the chemokine 
receptor CXCR3 and its ligand IP-10 during human cardiac allograft 
rejection. Circulation 2001; 104 (21): 2558. 

94. Fahmy NM, Yamani MH, Starling RC, et al. Chemokine and chemokine 
receptor gene expression indicates acute rejection of human cardiac 
transplants. Transplantation 2003; 75 (1): 72. 

95. Azzawi M, Hasleton PS, Geraghty PJ, et al. RANTES chemokine 
expression is related to acute cardiac cellular rejection and infiltration by 
CD45RO T-lymphocytes and macrophages. J Heart Lung Transplant 
1998; 17 (9): 881. 

96. Zhao DX, Hu Y, Miller GG, Luster AD, Mitchell RN, Libby P. 
Differential expression of the IFN-gamma-inducible CXCR3-binding 
chemokines, IFN-inducible protein 10, monokine induced by IFN, and 
IFN-inducible T cell alpha chemoattractant in human cardiac allografts: 
association with cardiac allograft vasculopathy and acute rejection. J 
Immunol 2002; 169 (3): 1556. 

97. Fahmy NM, Yamani MH, Starling RC, et al. Chemokine and receptor-
gene expression during early and late acute rejection episodes in human 
cardiac allografts. Transplantation 2003; 75 (12): 2044. 

98. Karason K, Jernas M, Hagg DA, Svensson PA. Evaluation of CXCL9 
and CXCL10 as circulating biomarkers of human cardiac allograft 
rejection. BMC Cardiovasc Disord 2006; 6: 29. 

99. Kapoor A, Morita K, Engeman TM, et al. Early expression of interferon-
gamma inducible protein 10 and monokine induced by interferon-gamma 



 186 

in cardiac allografts is mediated by CD8+ T cells. Transplantation 2000; 
69 (6): 1147. 

100. Miura M, Morita K, Kobayashi H, et al. Monokine induced by IFN-
gamma is a dominant factor directing T cells into murine cardiac 
allografts during acute rejection. J Immunol 2001; 167 (6): 3494. 

101. Saiura A, Kohro T, Yamamoto T, et al. Detection of an up-regulation of 
a group of chemokine genes in murine cardiac allograft in the absence of 
interferon-gamma by means of DNA microarray. Transplantation 2002; 
73 (9): 1480. 

102. Morita K, Miura M, Paolone DR, et al. Early chemokine cascades in 
murine cardiac grafts regulate T cell recruitment and progression of acute 
allograft rejection. J Immunol 2001; 167 (5): 2979. 

103. Weis M, von Scheidt W. Cardiac Allograft Vasculopathy : A Review. 
Circulation 1997; 96 (6): 2069. 

104. Hosenpud JD, Shipley GD, Wagner CR. Cardiac allograft vasculopathy: 
current concepts, recent developments, and future directions. J Heart 
Lung Transplant 1992; 11 (1 Pt 1): 9. 

105. Mehra MR, Ventura HO, Chambers RB, Ramireddy K, Smart FW, 
Stapleton DD. The prognostic impact of immunosuppression and cellular 
rejection on cardiac allograft vasculopathy: time for a reappraisal. J 
Heart Lung Transplant 1997; 16 (7): 743. 

106. Russell PS, Chase CM, Winn HJ, Colvin RB. Coronary atherosclerosis 
in transplanted mouse hearts. I. Time course and immunogenetic and 
immunopathological considerations. Am J Pathol 1994; 144 (2): 260. 

107. Koh KP, Wang Y, Yi T, et al. T cell-mediated vascular dysfunction of 
human allografts results from IFN-gamma dysregulation of NO synthase. 
J Clin Invest 2004; 114 (6): 846. 

108. Shimizu K, Sugiyama S, Aikawa M, et al. Host bone-marrow cells are a 
source of donor intimal smooth- muscle-like cells in murine aortic 
transplant arteriopathy. Nat Med 2001; 7 (6): 738. 

109. Saederup N, Chan L, Lira SA, Charo IF. Fractalkine Deficiency 
Markedly Reduces Macrophage Accumulation and Atherosclerotic 
Lesion Formation in CCR2-/- Mice. Evidence for Independent 
Chemokine Functions in Atherogenesis. Circulation 2007: 
CIRCULATIONAHA.107.743872. 

110. Yun JJ, Fischbein MP, Laks H, et al. Early and late chemokine 
production correlates with cellular recruitment in cardiac allograft 
vasculopathy. Transplantation 2000; 69 (12): 2515. 

111. Pattison JM, Nelson PJ, Huie P, Sibley RK, Krensky AM. RANTES 
chemokine expression in transplant-associated accelerated 
atherosclerosis. J Heart Lung Transplant 1996; 15 (12): 1194. 

112. Yun JJ, Fischbein MP, Whiting D, et al. The role of MIG/CXCL9 in 
cardiac allograft vasculopathy. Am J Pathol 2002; 161 (4): 1307. 

113. Horiguchi K, Kitagawa-Sakakida S, Sawa Y, et al. Selective chemokine 
and receptor gene expressions in allografts that develop transplant 
vasculopathy. J Heart Lung Transplant 2002; 21 (10): 1090. 

114. Saiura A, Sata M, Hiasa K, et al. Antimonocyte chemoattractant protein-
1 gene therapy attenuates graft vasculopathy. Arterioscler Thromb Vasc 
Biol 2004; 24 (10): 1886. 



 187 

115. Yun JJ, Whiting D, Fischbein MP, et al. Combined blockade of the 
chemokine receptors CCR1 and CCR5 attenuates chronic rejection. 
Circulation 2004; 109 (7): 932. 

116. Kao J, Kobashigawa J, Fishbein MC, et al. Elevated serum levels of the 
CXCR3 chemokine ITAC are associated with the development of 
transplant coronary artery disease. Circulation 2003; 107 (15): 1958. 

117. van Loosdregt J, van Oosterhout MF, Bruggink AH, et al. The 
chemokine and chemokine receptor profile of infiltrating cells in the wall 
of arteries with cardiac allograft vasculopathy is indicative of a memory 
T-helper 1 response. Circulation 2006; 114 (15): 1599. 

118. Kobashigawa JA, Katznelson S, Laks H, et al. Effect of pravastatin on 
outcomes after cardiac transplantation. N Engl J Med 1995; 333 (10): 
621. 

119. Grip O, Janciauskiene S, Lindgren S. Pravastatin down-regulates 
inflammatory mediators in human monocytes in vitro. Eur J Pharmacol 
2000; 410 (1): 83. 

120. Yin R, Zhu J, Wang Z, et al. Simvastatin attenuates cardiac isograft 
ischemia-reperfusion injury by down-regulating CC chemokine receptor-
2 expression. J Thorac Cardiovasc Surg 2007; 134 (3): 780. 

121. Zou L, Barnett B, Safah H, et al. Bone marrow is a reservoir for 
CD4+CD25+ regulatory T cells that traffic through CXCL12/CXCR4 
signals. Cancer Res 2004; 64 (22): 8451. 

122. Sawitzki B, Lehmann M, Ritter T, Graser E, Kupiec-Weglinski JW, Volk 
HD. Regulatory tolerance-mediating T cells in transplantation tolerance. 
Transplant Proc 2001; 33 (3): 2092. 

123. Rot A, von Andrian UH. Chemokines in innate and adaptive host 
defense: basic chemokinese grammar for immune cells. Annu Rev 
Immunol 2004; 22: 891. 

124. Cyster JG. Chemokines and Cell Migration in Secondary Lymphoid 
Organs. Science 1999; 286 (5447): 2098. 

125. Saeki H, Moore AM, Brown MJ, Hwang ST. Cutting Edge: Secondary 
Lymphoid-Tissue Chemokine (SLC) and CC Chemokine Receptor 7 
(CCR7) Participate in the Emigration Pathway of Mature Dendritic Cells 
from the Skin to Regional Lymph Nodes. J Immunol 1999; 162 (5): 
2472. 

126. Ochando JC, Homma C, Yang Y, et al. Alloantigen-presenting 
plasmacytoid dendritic cells mediate tolerance to vascularized grafts. Nat 
Immunol 2006; 7 (6): 652. 

127. Hintzen G, Ohl L, del Rio M-L, et al. Induction of Tolerance to 
Innocuous Inhaled Antigen Relies on a CCR7-Dependent Dendritic Cell-
Mediated Antigen Transport to the Bronchial Lymph Node. J Immunol 
2006; 177 (10): 7346. 

128. Kurobe H, Liu C, Ueno T, et al. CCR7-Dependent Cortex-to-Medulla 
Migration of Positively Selected Thymocytes Is Essential for 
Establishing Central Tolerance. Immunity 2006; 24 (2): 165. 

129. Schneider MA, Meingassner JG, Lipp M, Moore HD, Rot A. CCR7 is 
required for the in vivo function of CD4+ CD25+ regulatory T cells. J. 
Exp. Med. 2007; 204 (4): 735. 



 188 

130. Tosello V, Odunsi K, Souleimanian NE, et al. Differential expression of 
CCR7 defines two distinct subsets of human memory CD4+CD25+ 
Tregs. Clinical Immunology 2008; 126 (3): 291. 

131. Ziegler E, Gueler F, Rong S, et al. CCL19-IgG prevents allograft 
rejection by impairment of immune cell trafficking. J Am Soc Nephrol 
2006; 17 (9): 2521. 

132. Szanya V, Ermann J, Taylor C, Holness C, Fathman CG. The 
subpopulation of CD4+CD25+ splenocytes that delays adoptive transfer 
of diabetes expresses L-selectin and high levels of CCR7. J Immunol 
2002; 169 (5): 2461. 

133. Nakata B, Fukunaga S, Noda E, Amano R, Yamada N, Hirakawa K. 
Chemokine Receptor CCR7 Expression Correlates with Lymph Node 
Metastasis in Pancreatic Cancer. Oncology 2008; 74 (1-2): 69. 

134. Maekawa S, Iwasaki A, Shirakusa T, et al. Association between the 
expression of chemokine receptors CCR7 and CXCR3, and lymph node 
metastatic potential in lung adenocarcinoma. Oncol Rep 2008; 19 (6): 
1461. 

135. Alfonso-Perez M, Lopez-Giral S, Quintana NE, Loscertales J, Martin-
Jimenez P, Munoz C. Anti-CCR7 monoclonal antibodies as a novel tool 
for the treatment of chronic lymphocyte leukemia. J Leukoc Biol 2006; 
79 (6): 1157. 

136. Legler DF, Loetscher M, Roos RS, Clark-Lewis I, Baggiolini M, Moser 
B. B Cell-attracting Chemokine 1, a Human CXC Chemokine Expressed 
in Lymphoid Tissues, Selectively Attracts B Lymphocytes via 
BLR1/CXCR5. J. Exp. Med. 1998; 187 (4): 655. 

137. Kim CH, Lim HW, Kim JR, Rott L, Hillsamer P, Butcher EC. Unique 
gene expression program of human germinal center T helper cells. Blood 
2004; 104 (7): 1952. 

138. Steinmetz OM, Panzer U, Kneissler U, et al. BCA-1//CXCL13 
expression is associated with CXCR5-positive B-cell cluster formation in 
acute renal transplant rejection. Kidney Int 2005; 67 (4): 1616. 

139. Lim HW, Hillsamer P, Kim CH. Regulatory T cells can migrate to 
follicles upon T cell activation and suppress GC-Th cells and GC-Th 
cell-driven B cell responses. J Clin Invest 2004; 114 (11): 1640. 

140. Callaghan CJ, Rouhani FJ, Negus MC, et al. Abrogation of Antibody-
Mediated Allograft Rejection by Regulatory CD4 T Cells with Indirect 
Allospecificity. J Immunol 2007; 178 (4): 2221. 

141. Lee JH, Kang SG, Kim CH. FoxP3+ T cells undergo conventional first 
switch to lymphoid tissue homing receptors in thymus but accelerated 
second switch to nonlymphoid tissue homing receptors in secondary 
lymphoid tissues. J Immunol 2007; 178 (1): 301. 

142. Iellem A, Colantonio L, D'Ambrosio D. Skin-versus gut-skewed homing 
receptor expression and intrinsic CCR4 expression on human peripheral 
blood CD4+CD25+ suppressor T cells. Eur J Immunol 2003; 33 (6): 
1488. 

143. Lee I, Wang L, Wells AD, Dorf ME, Ozkaynak E, Hancock WW. 
Recruitment of Foxp3+ T regulatory cells mediating allograft tolerance 
depends on the CCR4 chemokine receptor. J Exp Med 2005; 201 (7): 
1037. 



 189 

144. Ochando JC, Homma C, Yang Y, et al. Alloantigen-presenting 
plasmacytoid dendritic cells mediate tolerance to vascularized grafts. Nat 
Immunol 2006; 7 (6): 652. 

145. D'Ambrosio D, Iellem A, Bonecchi R, et al. Selective up-regulation of 
chemokine receptors CCR4 and CCR8 upon activation of polarized 
human type 2 Th cells. J Immunol 1998; 161 (10): 5111. 

146. Imai T, Nagira M, Takagi S, et al. Selective recruitment of CCR4-
bearing Th2 cells toward antigen-presenting cells by the CC chemokines 
thymus and activation-regulated chemokine and macrophage-derived 
chemokine. Int Immunol 1999; 11 (1): 81. 

147. Campbell JJ, Haraldsen G, Pan J, et al. The chemokine receptor CCR4 in 
vascular recognition by cutaneous but not intestinal memory T cells. 
Nature 1999; 400 (6746): 776. 

148. Haanstra KG, Wubben JA, Korevaar SS, Kondova I, Baan CC, Jonker 
M. Expression patterns of regulatory T-cell markers in accepted and 
rejected nonhuman primate kidney allografts. Am J Transplant 2007; 7 
(10): 2236. 

149. Muller M, Carter SL, Hofer MJ, et al. CXCR3 signaling reduces the 
severity of experimental autoimmune encephalomyelitis by controlling 
the parenchymal distribution of effector and regulatory T cells in the 
central nervous system. J Immunol 2007; 179 (5): 2774. 

150. Hasegawa H, Inoue A, Kohno M, et al. Therapeutic effect of CXCR3-
expressing regulatory T cells on liver, lung and intestinal damages in a 
murine acute GVHD model. Gene Ther 2007. 

151. Koni PA, Joshi SK, Temann UA, Olson D, Burkly L, Flavell RA. 
Conditional vascular cell adhesion molecule 1 deletion in mice: impaired 
lymphocyte migration to bone marrow. J Exp Med 2001; 193 (6): 741. 

152. Zeng D, Dejbakhsh-Jones S, Strober S. Granulocyte colony-stimulating 
factor reduces the capacity of blood mononuclear cells to induce graft-
versus-host disease: impact on blood progenitor cell transplantation. 
Blood 1997; 90 (1): 453. 

153. Zavala F, Abad S, Ezine S, Taupin V, Masson A, Bach JF. G-CSF 
therapy of ongoing experimental allergic encephalomyelitis via 
chemokine- and cytokine-based immune deviation. J Immunol 2002; 168 
(4): 2011. 

154. Liang HL, Yi DH, Zheng QJ, et al. Improvement of Heart Allograft 
Acceptability Associated With Recruitment of CD4+CD25+ T Cells in 
Peripheral Blood by Recipient Treatment With Granulocyte Colony-
Stimulating Factor. Transplantation Proceedings 2008; 40 (5): 1604. 

155. Winston DJ, Foster PF, Somberg KA, et al. Randomized, placebo-
controlled, double-blind, multicenter trial of efficacy and safety of 
granulocyte colony-stimulating factor in liver transplant recipients. 
Transplantation 1999; 68 (9): 1298. 

156. Mori T, Doi R, Koizumi M, et al. CXCR4 antagonist inhibits stromal 
cell-derived factor 1-induced migration and invasion of human 
pancreatic cancer. Mol Cancer Ther 2004; 3 (1): 29. 

157. Lukacs NW, Berlin A, Schols D, Skerlj RT, Bridger GJ. AMD3100, a 
CxCR4 Antagonist, Attenuates Allergic Lung Inflammation and Airway 
Hyperreactivity. Am J Pathol 2002; 160 (4): 1353. 



 190 

158. Matthys P, Hatse S, Vermeire K, et al. AMD3100, a Potent and Specific 
Antagonist of the Stromal Cell-Derived Factor-1 Chemokine Receptor 
CXCR4, Inhibits Autoimmune Joint Inflammation in IFN-{gamma} 
Receptor-Deficient Mice. J Immunol 2001; 167 (8): 4686. 

159. Kim SY, Lee CH, Midura BV, et al. Inhibition of the CXCR4/CXCL12 
chemokine pathway reduces the development of murine pulmonary 
metastases. Clin Exp Metastasis 2007. 

160. Kunkel EJ, Kim CH, Lazarus NH, et al. CCR10 expression is a common 
feature of circulating and mucosal epithelial tissue IgA Ab-secreting 
cells. J. Clin. Invest. 2003; 111 (7): 1001. 

161. Li W, Carper K, Zheng XX, et al. The Role of Foxp3+ Regulatory T 
Cells in Liver Transplant Tolerance. Transplantation Proceedings 2006; 
38 (10): 3205. 

162. Pu LY, Wang XH, Zhang F, et al. Adoptive transfusion of ex vivo donor 
alloantigen-stimulated CD4(+)CD25(+) regulatory T cells ameliorates 
rejection of DA-to-Lewis rat liver transplantation. Surgery 2007; 142 (1): 
67. 

163. Lim DG, Joe IY, Park YH, et al. Effect of immunosuppressants on the 
expansion and function of naturally occurring regulatory T cells. Transpl 
Immunol 2007; 18 (2): 94. 

164. Ruster M, Sperschneider H, Funfstuck R, Stein G, Grone HJ. Differential 
expression of beta-chemokines MCP-1 and RANTES and their receptors 
CCR1, CCR2, CCR5 in acute rejection and chronic allograft 
nephropathy of human renal allografts. Clin Nephrol 2004; 61 (1): 30. 

165. Belperio JA, Burdick MD, Keane MP, et al. The role of the CC 
chemokine, RANTES, in acute lung allograft rejection. J Immunol 2000; 
165 (1): 461. 

166. Vaday GG, Peehl DM, Kadam PA, Lawrence DM. Expression of CCL5 
(RANTES) and CCR5 in prostate cancer. Prostate 2006; 66 (2): 124. 

167. Oki M, Ohtani H, Kinouchi Y, et al. Accumulation of CCR5+ T cells 
around RANTES+ granulomas in Crohn's disease: a pivotal site of Th1-
shifted immune response? Lab Invest 2005; 85 (1): 137. 

168. Kallikourdis M, Andersen KG, Welch KA, Betz AG. Alloantigen-
enhanced accumulation of CCR5+ 'effector' regulatory T cells in the 
gravid uterus. Proc Natl Acad Sci U S A 2007; 104 (2): 594. 

169. Kang SG, Piniecki RJ, Hogenesch H, et al. Identification of a chemokine 
network that recruits FoxP3(+) regulatory T cells into chronically 
inflamed intestine. Gastroenterology 2007; 132 (3): 966. 

170. Moreira AP, Cavassani KA, Tristao FSM, et al. CCR5-Dependent 
Regulatory T Cell Migration Mediates Fungal Survival and Severe 
Immunosuppression. J Immunol 2008; 180 (5): 3049. 

171. Wysocki CA, Jiang Q, Panoskaltsis-Mortari A, et al. Critical role for 
CCR5 in the function of donor CD4+CD25+ regulatory T cells during 
acute graft-versus-host disease. Blood 2005; 106 (9): 3300. 

172. Chen T, Guo J, Yang M, et al. Cyclosporin A impairs dendritic cell 
migration by regulating chemokine receptor expression and inhibiting 
cyclooxygenase-2 expression. Blood 2004; 103 (2): 413. 

173. Ashmore LM, Shopp GM, Edwards BS. Lymphocyte subset analysis by 
flow cytometry. Comparison of three different staining techniques and 
effects of blood storage. J Immunol Methods 1989; 118 (2): 209. 



 191 

174. Topham PS, Csizmadia V, Soler D, et al. Lack of chemokine receptor 
CCR1 enhances Th1 responses and glomerular injury during nephrotoxic 
nephritis. J Clin Invest 1999; 104 (11): 1549. 

175. Anna Soederholm ZBDWCGJZML-TBFManfred PDHS. HIV-1 induced 
generation of C5a attracts immature dendriticcells and promotes 
infection of autologous T cells. European Journal of Immunology 2007; 
37 (8): 2156. 

176. Calvelli T, Denny TN, Paxton H, Gelman R, Kagan J. Guideline for flow 
cytometric immunophenotyping: a report from the National Institute of 
Allergy and Infectious Diseases, Division of AIDS. Cytometry 1993; 14 
(7): 702. 

177. Brelje TC, Wessendorf MW, Sorenson RL. Multicolor laser scanning 
confocal immunofluorescence microscopy: practical application and 
limitations. Methods Cell Biol 1993; 38: 97. 

178. Robertson D, Savage K, Reis-Filho JS, Isacke CM. Multiple 
immunofluorescence labelling of formalin-fixed paraffin-embedded 
(FFPE) tissue. BMC Cell Biol 2008; 9: 13. 

179. Billingham ME. Endomyocardial biopsy detection of acute rejection in 
cardiac allograft recipients. Heart Vessels Suppl 1985; 1: 86. 

180. Stewart S, Winters GL, Fishbein MC, et al. Revision of the 1990 
working formulation for the standardization of nomenclature in the 
diagnosis of heart rejection. J Heart Lung Transplant 2005; 24 (11): 
1710. 

181. Patková J, Vojtísek M, Tuma J, et al. Evaluation of lipofuscin-like 
pigments as an index of lead-induced oxidative damage in the brain. 
Experimental and Toxicologic Pathology; In Press, Corrected Proof. 

182. Schnell SA, Staines WA, Wessendorf MW. Reduction of Lipofuscin-like 
Autofluorescence in Fluorescently Labeled Tissue. J. Histochem. 
Cytochem. 1999; 47 (6): 719. 

183. Baschong W, Suetterlin R, Laeng RH. Control of autofluorescence of 
archival formaldehyde-fixed, paraffin-embedded tissue in confocal laser 
scanning microscopy (CLSM). J Histochem Cytochem 2001; 49 (12): 
1565. 

184. Taylor DO, Stehlik J, Edwards LB, et al. Registry of the International 
Society for Heart and Lung Transplantation: Twenty-sixth Official Adult 
Heart Transplant Report-2009. J Heart Lung Transplant 2009; 28 (10): 
1007. 

185. Stoica SC, Cafferty F, Pauriah M, et al. The cumulative effect of acute 
rejection on development of cardiac allograft vasculopathy. J Heart Lung 
Transplant 2006; 25 (4): 420. 

186. Pattison J, Nelson PJ, Huie P, et al. RANTES chemokine expression in 
cell-mediated transplant rejection of the kidney. Lancet 1994; 343 
(8891): 209. 

187. Abdi R, Means TK, Ito T, et al. Differential role of CCR2 in islet and 
heart allograft rejection: tissue specificity of chemokine/chemokine 
receptor function in vivo. J Immunol 2004; 172 (2): 767. 

188. Segerer S, Cui Y, Eitner F, et al. Expression of chemokines and 
chemokine receptors during human renal transplant rejection. Am J 
Kidney Dis 2001; 37 (3): 518. 



 192 

189. Karczewski J, Karczewski M, Glyda M, Wiktorowicz K. Role of 
TH1/TH2 Cytokines in Kidney Allograft Rejection. Transplantation 
Proceedings 2008; 40 (10): 3390. 

190. Bonecchi R, Bianchi G, Bordignon PP, et al. Differential expression of 
chemokine receptors and chemotactic responsiveness of type 1 T helper 
cells (Th1s) and Th2s. J Exp Med 1998; 187 (1): 129. 

191. Robertson H, Morley AR, Talbot D, Callanan K, Kirby JA. Renal 
allograft rejection: beta-chemokine involvement in the development of 
tubulitis. Transplantation 2000; 69 (4): 684. 

192. Kondo T, Novick AC, Toma H, Fairchild RL. Induction of chemokine 
gene expression during allogeneic skin graft rejection. Transplantation 
1996; 61 (12): 1750. 

193. Moench C, Uhrig A, Lohse AW, Otto G. The role of monocyte 
chemoattractant protein-1 in orthotopic liver transplantation. Transplant 
Proc 2003; 35 (4): 1452. 

194. Trull AK, Akhlaghi F, Charman SC, et al. Immunosuppression, eotaxin 
and the diagnostic changes in eosinophils that precede early acute heart 
allograft rejection. Transpl Immunol 2004; 12 (2): 159. 

195. Zweifel M, Mueller C, Schaffner T, et al. Eotaxin/CCL11 expression by 
infiltrating macrophages in rat heart transplants during ongoing acute 
rejection. Exp Mol Pathol 2009; 87 (2): 127. 

196. Seideman J, Peritt D. A novel monoclonal antibody screening method 
using the Luminex-100 microsphere system. J Immunol Methods 2002; 
267 (2): 165. 

197. Tait BD. Solid phase assays for HLA antibody detection in clinical 
transplantation. Curr Opin Immunol 2009; 21 (5): 573. 

198. Dallman MJ. Cytokines and transplantation: Th1/Th2 regulation of the 
immune response to solid organ transplants in the adult. Current Opinion 
in Immunology 1995; 7 (5): 632. 

199. Kuhle J, Lindberg RL, Regeniter A, et al. Increased levels of 
inflammatory chemokines in amyotrophic lateral sclerosis. Eur J Neurol 
2009; 16 (6): 771. 

200. Yao TC, Kuo ML, See LC, et al. RANTES and monocyte 
chemoattractant protein 1 as sensitive markers of disease activity in 
patients with juvenile rheumatoid arthritis: a six-year longitudinal study. 
Arthritis Rheum 2006; 54 (8): 2585. 

201. Haukeland JW, Damas JK, Konopski Z, et al. Systemic inflammation in 
nonalcoholic fatty liver disease is characterized by elevated levels of 
CCL2. J Hepatol 2006; 44 (6): 1167. 

202. Gombert M, Dieu-Nosjean MC, Winterberg F, et al. CCL1-CCR8 
interactions: an axis mediating the recruitment of T cells and 
Langerhans-type dendritic cells to sites of atopic skin inflammation. J 
Immunol 2005; 174 (8): 5082. 

203. Horuk R, Clayberger C, Krensky AM, et al. A non-peptide functional 
antagonist of the CCR1 chemokine receptor is effective in rat heart 
transplant rejection. J Biol Chem 2001; 276 (6): 4199. 

204. Akashi S, Sho M, Kashizuka H, et al. A novel small-molecule compound 
targeting CCR5 and CXCR3 prevents acute and chronic allograft 
rejection. Transplantation 2005; 80 (3): 378. 



 193 

205. Meloni F, Morosini M, Solari N, et al. Peripheral CD4+ CD25+ Treg cell 
expansion in lung transplant recipients is not affected by calcineurin 
inhibitors. Int Immunopharmacol 2006; 6 (13-14): 2002. 

206. Demirkiran A, Hendrikx TK, Baan CC, van der Laan LJ. Impact of 
immunosuppressive drugs on CD4+CD25+FOXP3+ regulatory T cells: 
does in vitro evidence translate to the clinical setting? Transplantation 
2008; 85 (6): 783. 

207. Ho S, Clipstone N, Timmermann L, et al. The mechanism of action of 
cyclosporin A and FK506. Clin Immunol Immunopathol 1996; 80 (3 Pt 
2): S40. 

208. Allison AC, Eugui EM. Mycophenolate mofetil and its mechanisms of 
action. Immunopharmacology 2000; 47 (2-3): 85. 

209. Ransom JT. Mechanism of action of mycophenolate mofetil. Ther Drug 
Monit 1995; 17 (6): 681. 

210. Chan GL, Canafax DM, Johnson CA. The therapeutic use of azathioprine 
in renal transplantation. Pharmacotherapy 1987; 7 (5): 165. 

211. Baan CC, van der Mast BJ, Klepper M, et al. Differential effect of 
calcineurin inhibitors, anti-CD25 antibodies and rapamycin on the 
induction of FOXP3 in human T cells. Transplantation 2005; 80 (1): 
110. 

212. Carrier M, Rivard M, Kostuk W, et al. The Canadian Study of Cardiac 
Transplantation. Atherosclerosis. Investigators of the CASCADE Study. 
Can J Cardiol 1999; 15 (12): 1337. 

213. Kobashigawa JA, Starling RC, Mehra MR, et al. Multicenter 
retrospective analysis of cardiovascular risk factors affecting long-term 
outcome of de novo cardiac transplant recipients. J Heart Lung 
Transplant 2006; 25 (9): 1063. 

214. Miller LW, Schlant RC, Kobashigawa J, Kubo S, Renlund DG. 24th 
Bethesda conference: Cardiac transplantation. Task Force 5: 
Complications. J Am Coll Cardiol 1993; 22 (1): 41. 

215. Katznelson S, Wang XM, Chia D, et al. The inhibitory effects of 
pravastatin on natural killer cell activity in vivo and on cytotoxic T 
lymphocyte activity in vitro. J Heart Lung Transplant 1998; 17 (4): 335. 

216. Yates J, Rovis F, Mitchell P, et al. The maintenance of human CD4+ 
CD25+ regulatory T cell function: IL-2, IL-4, IL-7 and IL-15 preserve 
optimal suppressive potency in vitro. Int Immunol 2007; 19 (6): 785. 

217. Zeiser R, Nguyen VH, Beilhack A, et al. Inhibition of CD4+CD25+ 
regulatory T-cell function by calcineurin-dependent interleukin-2 
production. Blood 2006; 108 (1): 390. 

218. Korczak-Kowalska G, Wierzbicki P, Bocian K, et al. The influence of 
immuosuppressive therapy on the development of CD4+CD25+ T cells 
after renal transplantation. Transplant Proc 2007; 39 (9): 2721. 

219. Arias-Diaz J, Ildefonso JA, Munoz JJ, Zapata A, Jimenez E. Both 
tacrolimus and sirolimus decrease Th1/Th2 ratio, and increase regulatory 
T lymphocytes in the liver after ischemia/reperfusion. Lab Invest 2009; 
89 (4): 433. 

220. Kogina K, Shoda H, Yamaguchi Y, et al. Tacrolimus differentially 
regulates the proliferation of conventional and regulatory CD4(+) T 
cells. Mol Cells 2009; 28 (2): 125. 



 194 

221. Almawi WY, Hess DA, Rieder MJ. Multiplicity of glucocorticoid action 
in inhibiting allograft rejection. Cell Transplant 1998; 7 (6): 511. 

222. Karagiannidis C, Akdis M, Holopainen P, et al. Glucocorticoids 
upregulate FOXP3 expression and regulatory T cells in asthma. J Allergy 
Clin Immunol 2004; 114 (6): 1425. 

223. Chen X, Oppenheim JJ, Winkler-Pickett RT, Ortaldo JR, Howard OM. 
Glucocorticoid amplifies IL-2-dependent expansion of functional 
FoxP3(+)CD4(+)CD25(+) T regulatory cells in vivo and enhances their 
capacity to suppress EAE. Eur J Immunol 2006; 36 (8): 2139. 

224. Perry I, Neuberger J. Immunosuppression: towards a logical approach in 
liver transplantation. Clin Exp Immunol 2005; 139 (1): 2. 

225. Gaston RS, Kaplan B, Shah T, et al. Fixed- or controlled-dose 
mycophenolate mofetil with standard- or reduced-dose calcineurin 
inhibitors: the Opticept trial. Am J Transplant 2009; 9 (7): 1607. 

226. Demirkiran A, Sewgobind VD, van der Weijde J, et al. Conversion from 
calcineurin inhibitor to mycophenolate mofetil-based 
immunosuppression changes the frequency and phenotype of 
CD4+FOXP3+ regulatory T cells. Transplantation 2009; 87 (7): 1062. 

227. Nicholls SJ, Tuzcu EM, Sipahi I, et al. Statins, high-density lipoprotein 
cholesterol, and regression of coronary atherosclerosis. Jama 2007; 297 
(5): 499. 

228. Ishikawa K, Tani S, Watanabe I, et al. Effect of pravastatin on coronary 
plaque volume. Am J Cardiol 2003; 92 (8): 975. 

229. Nissen SE, Tuzcu EM, Schoenhagen P, et al. Statin therapy, LDL 
cholesterol, C-reactive protein, and coronary artery disease. N Engl J 
Med 2005; 352 (1): 29. 

230. Nissen SE, Nicholls SJ, Sipahi I, et al. Effect of very high-intensity statin 
therapy on regression of coronary atherosclerosis: the ASTEROID trial. 
Jama 2006; 295 (13): 1556. 

231. Ray KK, Cannon CP, McCabe CH, et al. Early and late benefits of high-
dose atorvastatin in patients with acute coronary syndromes: results from 
the PROVE IT-TIMI 22 trial. J Am Coll Cardiol 2005; 46 (8): 1405. 

232. Schwartz GG, Olsson AG, Ezekowitz MD, et al. Effects of atorvastatin 
on early recurrent ischemic events in acute coronary syndromes: the 
MIRACL study: a randomized controlled trial. Jama 2001; 285 (13): 
1711. 

233. Kinlay S, Schwartz GG, Olsson AG, et al. High-dose atorvastatin 
enhances the decline in inflammatory markers in patients with acute 
coronary syndromes in the MIRACL study. Circulation 2003; 108 (13): 
1560. 

234. Billingham ME. Cardiac transplant atherosclerosis. Transplant Proc 
1987; 19 (4 Suppl 5): 19. 

235. Hruban RH, Beschorner WE, Baumgartner WA, et al. Accelerated 
arteriosclerosis in heart transplant recipients is associated with a T-
lymphocyte-mediated endothelialitis. Am J Pathol 1990; 137 (4): 871. 

236. Warnecke G, Bushell A, Nadig SN, Wood KJ. Regulation of transplant 
arteriosclerosis by CD25+CD4+ T cells generated to alloantigen in vivo. 
Transplantation 2007; 83 (11): 1459. 



 195 

237. Kobashigawa JA, Moriguchi JD, Laks H, et al. Ten-year follow-up of a 
randomized trial of pravastatin in heart transplant patients. J Heart Lung 
Transplant 2005; 24 (11): 1736. 

238. Mukherjee S, Mukherjee U. A comprehensive review of 
immunosuppression used for liver transplantation. J Transplant 2009; 
2009: 701464. 

239. von Boehmer H. Mechanisms of suppression by suppressor T cells. Nat 
Immunol 2005; 6 (4): 338. 

240. Chen D, Bromberg JS. T regulatory cells and migration. Am J Transplant 
2006; 6 (7): 1518. 

241. Sallusto F, Palermo B, Lenig D, et al. Distinct patterns and kinetics of 
chemokine production regulate dendritic cell function. Eur J Immunol 
1999; 29 (5): 1617. 

242. Ishida T, Ishii T, Inagaki A, et al. Specific recruitment of CC chemokine 
receptor 4-positive regulatory T cells in Hodgkin lymphoma fosters 
immune privilege. Cancer Res 2006; 66 (11): 5716. 

243. Haas J, Schopp L, Storch-Hagenlocher B, et al. Specific recruitment of 
regulatory T cells into the CSF in lymphomatous and carcinomatous 
meningitis. Blood 2008; 111 (2): 761. 

244. Jiang S, Lechler RI, He XS, Huang JF. Regulatory T cells and 
transplantation tolerance. Hum Immunol 2006; 67 (10): 765. 

245. Albert MH, Liu Y, Anasetti C, Yu XZ. Antigen-dependent suppression 
of alloresponses by Foxp3-induced regulatory T cells in transplantation. 
Eur J Immunol 2005; 35 (9): 2598. 

246. Ahmadzadeh M, Felipe-Silva A, Heemskerk B, et al. FOXP3 expression 
accurately defines the population of intratumoral regulatory T cells that 
selectively accumulate in metastatic melanoma lesions. Blood 2008; 112 
(13): 4953. 

247. Chauhan SK, Saban DR, Lee HK, Dana R. Levels of Foxp3 in regulatory 
T cells reflect their functional status in transplantation. J Immunol 2009; 
182 (1): 148. 

248. Bennett CL, Brunkow ME, Ramsdell F, et al. A rare polyadenylation 
signal mutation of the FOXP3 gene (AAUAAA-->AAUGAA) leads to 
the IPEX syndrome. Immunogenetics 2001; 53 (6): 435. 

249. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell 
development by the transcription factor Foxp3. Science 2003; 299 
(5609): 1057. 

250. Ochando JC, Yopp AC, Yang Y, et al. Lymph Node Occupancy Is 
Required for the Peripheral Development of Alloantigen-Specific 
Foxp3+ Regulatory T Cells. J Immunol 2005; 174 (11): 6993. 

251. Golshayan D, Wyss JC, Abulker CW, et al. Transplantation tolerance 
induced by regulatory T cells: in vivo mechanisms and sites of action. Int 
Immunopharmacol 2009; 9 (6): 683. 

252. Sallusto F, Mackay CR, Lanzavecchia A. The role of chemokine 
receptors in primary, effector, and memory immune responses. Annu Rev 
Immunol 2000; 18: 593. 

253. Lee HY, Hong YK, Yun HJ, Kim YM, Kim JR, Yoo WH. Altered 
frequency and migration capacity of CD4+CD25+ regulatory T cells in 
systemic lupus erythematosus. Rheumatology 2008; 47 (6): 789. 



 196 

254. Mizukami Y, Kono K, Kawaguchi Y, et al. CCL17 and CCL22 
chemokines within tumor microenvironment are related to accumulation 
of Foxp3+ regulatory T cells in gastric cancer. Int J Cancer 2008; 122 
(10): 2286. 

255. Schmidt-Lucke C, Aicher A, Romagnani P, et al. Specific recruitment of 
CD4+CD25++ regulatory T cells into the allograft in heart transplant 
recipients. Am J Physiol Heart Circ Physiol 2007; 292 (5): H2425. 

256. Yeung AC, Davis SF, Hauptman PJ, et al. Incidence and progression of 
transplant coronary artery disease over 1 year: results of a multicenter 
trial with use of intravascular ultrasound. Multicenter Intravascular 
Ultrasound Transplant Study Group. J Heart Lung Transplant 1995; 14 
(6 Pt 2): S215. 

257. Dijke IE, Velthuis JH, Caliskan K, et al. Intragraft FOXP3 mRNA 
expression reflects antidonor immune reactivity in cardiac allograft 
patients. Transplantation 2007; 83 (11): 1477. 

258. Veronese F, Rotman S, Smith RN, et al. Pathological and clinical 
correlates of FOXP3+ cells in renal allografts during acute rejection. Am 
J Transplant 2007; 7 (4): 914. 

259. Stenard F, Nguyen C, Cox K, et al. Decreases in circulating 
CD4+CD25hiFOXP3+ cells and increases in intragraft FOXP3+ cells 
accompany allograft rejection in pediatric liver allograft recipients. 
Pediatr Transplant 2009; 13 (1): 70. 

260. Schnickel GT, Bastani S, Hsieh GR, et al. Combined CXCR3/CCR5 
blockade attenuates acute and chronic rejection. J Immunol 2008; 180 
(7): 4714. 

261. Colvin BL, Wang Z, Nakano H, et al. CXCL9 antagonism further 
extends prolonged cardiac allograft survival in CCL19/CCL21-deficient 
mice. Am J Transplant 2005; 5 (9): 2104. 

262. Kanagawa N, Niwa M, Hatanaka Y, et al. CC-chemokine ligand 17 gene 
therapy induces tumor regression through augmentation of tumor-
infiltrating immune cells in a murine model of preexisting CT26 colon 
carcinoma. Int J Cancer 2007; 121 (9): 2013. 

263. Benghiat FS, Graca L, Braun MY, et al. Critical influence of natural 
regulatory CD25+ T cells on the fate of allografts in the absence of 
immunosuppression. Transplantation 2005; 79 (6): 648. 

264. Koksoy S, Elpek KG, Yolcu ES, Shirwan H. Tolerance to rat heart grafts 
induced by intrathymic immunomodulation is mediated by indirect 
recognition primed CD4+CD25+ Treg cells. Transplantation 2005; 79 
(11): 1492. 

265. Park YH, Koo SK, Kim Y, et al. Effect of in vitroexpanded 
CD4(+)CD25(+)Foxp3(+) regulatory T cell therapy combined with 
lymphodepletion in murine skin allotransplantation. Clin Immunol 2010; 
135 (1): 43. 

266. Lieberam I, Forster I. The murine beta-chemokine TARC is expressed by 
subsets of dendritic cells and attracts primed CD4+ T cells. Eur J 
Immunol 1999; 29 (9): 2684. 

 
 

 


