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Abstract 

 
Renal transplantation is the optimum treatment for end-stage renal failure. B cells have been 
identified in chronic allograft damage (CAD) and are associated with the development of 
tertiary lymphoid tissue within the human renal allograft. To investigate this pathology we 
utilized a mouse model of renal transplantation. 
 
A mouse model of kidney transplantation was first described in 1973. Although the mouse 
model is technically difficult it is attractive for several reasons: the mouse genome has been 
characterized and in many aspects is similar to man and there is a greater diversity of 
experimental reagents and techniques available for mouse studies than other experimental 
models. We reviewed the literature on all studies of mouse kidney transplantation to report 
the donor and recipient strain combinations that have been investigated and the resultant 
survival and histological outcomes. Some models of kidney transplantation have used the 
transplanted kidney as a life-supporting organ, however in many studies the recipient 
mouse’s native kidney has been left in situ. Several different combinations of inbred mouse 
strains have been reported, with varying degrees of injury, survival, or tolerance due to 
haplotype differences. Both cellular and humoral rejection processes have been observed. 
This model has been exceptionally useful as an investigational tool to understand multiple 
aspects of transplantation including acute rejection, cellular and humoral rejection 
mechanisms and their treatment. Furthermore this model has been used to investigate 
disease mechanisms beyond transplant rejection including intrinsic renal disease and 
infection-associated pathology. 
 
We performed renal transplantation in mice to model CAD and identified B cells forming 
tertiary lymphoid tissue with germinal centres. Intra-allograft B220+ B cells comprised of 
IgMhigh CD23- marginal zone, IgMlo CD23+ follicular zone and IgMlo CD23- transitional-type B 
cells similar to spleen, and these compartments had elevated expression of CD86. Depletion 
of B cells with anti-CD20 was associated with an improvement in CAD but only when 
administered after transplantation and not before. Isolated intra-allograft B cells were 
cultured and shown to synthesise multiple cytokines, the most abundant of these being 

GRO-α (CXCL1), RANTES (CCL5), IL-6 and MCP-1 (CCL2). Tubular loss was associated 
with T cell mediated injury and interstitial fibrosis, whilst type III collagen deposition driven 

by F4/80+ macrophages and PDGFR-β+ and transgelin+ fibroblasts, all of which were 
reduced by B cell depletion. In this report we show that intra-allograft B cells are key 
mediators of chronic damage to the transplant allograft kidney by cytokine orchestration of 
T cell, macrophage infiltration and fibroblast activation. 
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Lay Summary 

 

Renal transplantation is the best treatment for many patients whose kidneys no longer work. 
The human body has many defence strategies against foreign organisms that are 
encountered in normal life. However these same mechanisms that protect us can conversely 
injure the transplanted kidney. 
 
Using a mouse model of kidney transplantation I have investigated the role of a specific cell 
in the immune system, the B cell, and its role in the long-term injury of the transplanted 
kidney.  B cells in normal response to infection produce antibodies that are able to help other 
cells kill invading micro-organisms, in human renal transplantation these B cells have be 
observed to accumulate in the transplanted kidney.  Their role there is not well understood 
and this research has helped un-ravel some of their importance. 
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1.1 Renal Transplantation 

 

1.1.1 Background 
Renal transplantation has become the optimum treatment for many patients with end stage 
renal failure (Wolfe et al., 1999). In the United Kingdom from 2012 to 2013 the total number 
of kidney transplants performed was 2,998, including deceased and living donation (NHS 
Blood and Transplant 2012/13)(Transplant, 2012/13). However the waiting list for patients 
registered for a kidney was 6,348 and significant challenges still remain, arguably the most 
important being chronic damage and late loss of function. Despite improvements in 
immunosuppression, surgical technique and histocompatibility, approximately 4% of renal 
transplants fail each year (Figure 1.1) (Webb et al., 2010). 
 
Experimentation in renal transplantation has spanned many years but the first successful 
renal transplant was performed in Boston, United States of America, in 1954 between 
homozygous twins (Guild et al., 1955). Renal transplantation was initially hampered by 
acute rejection and it was not until the use of steroids and immunosuppression that there 
was significant progress in improving the survival of the allograft. Indeed the history of 
transplantation is intimately entwined with that of immunology, and since the first 
descriptions of histocompatibility, literally ‘tissue’ compatibility, has sought to understand 
how and why cells from one human are rejected by another person. Furthermore since the 
first clinical attempts at transplantation were performed great advancements have been 
made in the understanding of the immune system, specifically unravelling the major 
histocompatibility system.  

 

1.1.2 Major histocompatibility complex 
The major histocompatibility complex (MHC) molecules were first identified as a cell surface 
polypeptide expressed in all vertebrate organisms capable of inducing rejection reactions 
between species. The gene complex encoding the MHC cell surface molecule also generate 
polypeptides with immunological functions not restricted to antigen presentation. In man 
the genes encoding the entire MHC are found in chromosome 6 and in the mouse 
chromosome 17, and the MHC genes are divided into three regions coding class I, II and III 
molecules. The polypeptides that are expressed on the cell surface are divided into two 
major classes; MHC class I which binds to peptides derived from proteins synthesized 
within the cell or that have been internalized by pinocytosis or phagocytosis, and MHC class 
II which binds peptides derived from proteins synthesized externally to the cell. The MHC 
class III region codes molecules related to immune defence functions such as complement, 
tumour necrosis factor and lymphotoxin.  

 

1.1.2.1 MHC class I 
The class I molecule consists of a cell-surface-bound heavy polypeptide chain (~45 kDa) with 
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three globular domains (α1, α2 and α3) non-covalently linked to a smaller polypeptide β2-
microglobulin chain (~12 kDa) which is encoded separately in chromosome 15 in humans 

and chromosome 2 in mice (Figure 1.2). It is between the α1, and α2 region that the peptide-

binding cleft is found. There are three ‘classical’ polymorphic class I α-chain genes referred 
to as HLA-A, HLA-B and HLA-C in man and H-2K, H-2D and H-2L in the mouse (Figure 

1.3). These genes are polymorphic and co-dominant and so at least three different MHC class 
I proteins can be expressed. If an individual is heterozygous for each gene allele then up to 
six different proteins may be expressed. MHC class I proteins are expressed on most 
nucleated cells and generally engage T cells bearing the cell-surface protein CD8. CD8 is 
required for effective T cell receptor engagement of MHC class I, resulting in intracellular 
signaling. The other ‘non-classical’ genes are oligomorphic rather than polymorphic and 
some are silent, pseudo-genes or generate molecules that play a lesser role in immunity 
(Horton et al., 2004). MICA and MICB transcribe proteins that are ligands for natural killer 
(NK) cell receptors and most of the subsets of T cells (Bahram et al., 1994). The TAPASIN 
product is TAP-associated glycoprotein that mediates interaction between newly assembled 
MHC class I molecules and the transporter associated with antigen processing (TAP), which 
is required for the transport of antigenic peptides across the endoplasmic reticulum 
membrane. Thus TAPASIN facilitates peptide-loading onto MHC class I molecules, in 
mouse this gene is found with the MHC class I group, but in humans it is with the class II 
group. 

 

1.1.2.2 MHC class II 

The class II molecule consists of two polypeptides: a α-chain (~35 kDa), with α1 and α2 

regions; and a β-chain (~28 kDa) with β1 and β2 regions (Figure 1.2). There are three 
‘classical’ gene classes encoding these two chains ;in man these are HLA-DQ, HLA-DP and 
HLA-DR, in the mouse there are two: H-2A (also known as I-A) and H-2E (I-E) (Figure 1.4). 
The tissue distribution of MHC class II proteins is more restricted than that of MHC class I. 
MHC class II is expressed constitutively by B cells and dendritic cells, which have 
specialized functions in the generation of the immune response. It is also expressed on some 
endothelial cells in humans and can be induced by inflammation on many cell types. MHC 
class II generally engages T lymphocytes bearing the CD4 surface protein that is required for 
effective T cell activation. 
 
The LMP2 and LMP7 genes encode part of the proteasome complex that cleaves cytosolic 
proteins into small peptides that are transported by the TAPASIN-associated complex into 

the endoplasmic reticulum. The product of HLA-DM or H-2DM in mouse, is the DM α-chain 

and β-chain, which forms a dimer that removes class II-associated invariant chain peptide 
from classical class II molecules to allow binding to high-affinity antigens for presentation to 
responder cells. Similarly the HLA-DO genes, or H-2O in mouse, encode heterodimers that 
play a role in peptide exchange or selection for loading into classical class II molecules. 
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1.1.2.3 MHC function 
The major functions of the cell-surface MHC molecules are binding and expressing peptides 
to enable T cells to inspect what is happening within the cell and in the environment, as T 
cells predominantly interact with antigens in relation to an MHC complex. In humans the 
MHC is also termed human leukocyte antigen (HLA) and in mice historically named strain-
specific (histocompatibility) antigen II or H-2.  
 
The peptide-binding cleft in the MHC class I molecule is found in the central region between 

α1 and α2 heterodimer: in the MHC class II molecule this site is found between the α1 and β1 
regions of the respective chains (Figure 1.2). Most human genes have two or three major 
alleles and in contrast the MHC genes are highly polymorphic with the HLA-B gene 
described to comprise more than 2,000 alleles (Horton et al., 2004). The polymorphic 
residues of class I and class II MHC molecules are predominantly located in the peptide-

binding clefts and the α-helices around the clefts (Trowsdale and Knight, 2013). Specific 
analysis of the human HLA-DR MHC class II molecule has shown that essentially all the 

polymorphism is in the β2 region of the β-chain (Gaur and Nepom, 1996). However other 
class II molecules in humans and mice show varying degrees of polymorphism distribution 

between the α1-region of the α-chain, though usually much more is found in the β-chain. 
Though classically MHC class I present endogenous antigens and MHC class II present 
exogenous antigens cross-presentation of antigens has been described where class I 
molecules present exogenous antigen and class II presents peptides derived from 
cytoplasmic or nuclear antigens (Cresswell et al., 2005). 
 
Although MHC class II is predominantly expressed and utilized by antigen presenting cells 
there is evidence that cells out with the immune system can express MHC class II. 
Importantly in certain pathological conditions MHC class II molecules may be expressed on 
epithelial cells that normally do not express them, indeed it has been shown that MHC class 
II expressing human thyroid follicular epithelial cells are capable of presenting viral peptide 
antigens to cloned human T cells (Londei et al., 1984). The ability of human renal epithelial 
cells to express MHC class II has been demonstrated in ex vivo experiments utilizing renal 
tubular epithelial cells that were derived from a renal cortical tubular cell line, furthermore 
these human cells were capable of antigen presentation (Wuthrich et al., 1990). In studies of 
normal human renal tissues the presence of MHC class II was shown to be limited to 
proximal tubular cells, however in neoplastic renal cell carcinoma MHC class II is greatly 
up-regulated (Gastl et al., 1996). The in vivo biological importance of renal parenchymal 
MHC class II expression has been demonstrated in a murine model of immune mediated 
renal injury of T cell–dependent crescentic glomerulonephritis, furthermore this injury was 
dependent on the expression of renal MHC class II in glomerular cells and knockout of 
MHC class II abrogated injury (Li et al., 1998). In experiments of murine renal 
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transplantation MHC class II is identified in the proximal convoluted tubules within seven 
days of transplantation (Benson et al., 1985). Considering these studies it can be speculated 
that there may be multiple processes that up-regulate MHC class II and therefore increase 
the ‘immunogenicity’ of the renal allograft. 
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1.2 Inflammation and rejection of the allograft  

 

1.2.1 Background 
Multiple inflammatory processes result in the clinical entity of rejection. The mechanism of 
inflammation begins prior to transplantation in the haemodynamic and neuroendocrine 
responses to brainstem death, in the process of multi-organ retrieval and the act of cold 
preservation. The transplant surgical procedure then adds a period of warm ischaemia and 
reperfusion injury (IRI). The compound injury results in an inflammatory response that 
promotes and shapes alloantigen-specific immunity. 

 

1.2.2 Ischaemia reperfusion 
Restoration of blood flow and re-oxygenation results in exacerbation of tissue injury and a 
profound sterile inflammatory response; the cellular processes are similar to the response 
seen in infection or trauma.  
 
Following reperfusion, oxidative stress induced by IRI activates a range of cell types with 
consequent release of immunologically active soluble proteins such as interleukins (IL) 1 and 
6 and various chemokines (Iwasaki and Medzhitov, 2004). Vascular endothelium is 
activated, becoming prothrombotic and expressing adhesion molecules, such as selectins, 
that mediate local leukocyte recruitment. The expression of selectins, integrins, cytokines 
and chemokines promote cellular extravasation, via processes that include rolling, formation 
of tight adhesions and endothelial transmigration. Complement system activation, 
leukocyte-endothelial cell adhesion and platelet-leukocyte aggregation further aggravate 
microvascular dysfunction after reperfusion. There is an early infiltrate of inflammatory cells 
even in syngeneic transplants in which alloimmunity is absent. The relationship between 
cellular infiltration and outcome is not simple in that this also occurs during the acquisition 
of tolerance in many animal models of transplantation. The context of such an initial 
encounter with alloantigen must therefore be important in determining the subsequent 
nature of any response. The mechanisms by which innate immunity shapes the ensuing 
responses to alloantigen are becoming increasingly defined. 
 
The IRI response involves signalling through activation of pattern-recognition receptors, 
which have a primitive function of identifying pathogen-associated molecular patterns or 
damage-associated molecular patterns. Toll-like receptors (TLRs) expressed by antigen-
presenting cells (APCs) can recognize microbes and endogenous stress proteins such as heat-
shock proteins whose ligation leads to APC maturation. TLR activation and up-regulation 
have been demonstrated in models of IRI and TLRs have been identified as key mediators of 
this signalling cascade: one of the most widely studied is TLR4 (Pulskens et al., 2008). TLR-2 
and TLR-4 are extracellular TLRs and have a wide range of putative endogenous ligands 
which include heat shock proteins, high mobility group box 1 and breakdown products of 
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fibronectin, heparan sulfate, and hyaluronic acid (Arslan et al., 2010). In human studies it 
has been shown that TLR-4 is constitutively expressed within all donor kidneys but is 
significantly higher in non-heart beating donor, compared with living donor organs (Krüger 
B et al., 2009). Furthermore the kidneys expressing wild type alleles compared to kidneys 

with a TLR-4 loss-of-function allele contained less TNF-� , MCP-1, and more heme 

oxygenase 1; exhibiting a higher rate of immediate graft function (Krüger B et al., 2009). The 
relationship between TLR engagement and acute allograft rejection has also been shown in 
renal transplantation, with TLR-4 specifically playing a key role (Zhao et al., 2014). IRI also 
activates other aspects of innate immunity, such as complement, that may contribute to 
immediate graft damage and influence adaptive immune responses. Experimental studies to 
modulate TLR signaling have been performed, such as the pre-treatment of donor mice with 
an antibody against Toll-like receptor 2 prior to syngeneic transplantation was shown to 
improve graft function (Farrar et al., 2012). The role of TLR signaling is not limited to kidney 
IRI and TLR-4 has been shown to be up-regulated in rat liver tissue following IRI, in this 
study the source of TLR-4 up-regulation was isolated to hepatic kuppfer cells (Peng et al., 
2004), suggesting a specific cell target for TLR inhibition. Only recent computer-aided drug 
design techniques have allowed the synthesis of human small molecule TLR-2 inhibitors and 
so blockade of this pathway in renal transplantation may be a viable avenue of study in the 
future (Mistry et al., 2015). No published clinical studies at present have specifically targeted 
TLR-2 inhibition though several trials are registered on clinical trial websites, such as 
clinicaltrials.gov. 
 
IRI activates various programmes of cell death including apoptosis, autophagy-associated 
cell death and necrosis. Necrotic cells are highly immune-stimulatory and exacerbate 
inflammatory infiltration and cytokine production, while apoptotic cells also act as 
attractants to phagocytes through extracellular ARP release (Elliott et al., 2009). Non-
immunological mechanisms related to IRI may directly influence long-term graft outcome, 
such as induced senescence of parenchymal cells in the development of chronic allograft 
nephropathy induced by prolonged ischaemia (Melk et al., 2009). Through several 
mechanisms ischemia followed by reperfusion up-regulates the expression of HLA antigens 
by the donor cells and causes the release of a cascade of chemokines, proinflammatory 
cytokines and adhesion molecules within the graft. This increased display of HLA antigens 
intensifies the immune response and increases cellular infiltration of the graft, and both 
these responses increase the risk of rejection (Briscoe et al., 1998). 

 

1.2.3 Rejection 
Clinical transplantation resulted in an appreciation that rejection of foreign tissue belonged 
to the field of ‘actively acquired immunity’, which is a consequence of differences in genetically 
encoded histocompatibility antigens. The process of rejection is caused by infiltrating 
leukocytes and exhibits specificity and memory; it can be prevented by lymphocyte 
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depletion but how long for is unknown. Classical studies first demonstrated the specificity 
of tissue rejection and the phenomenon of tolerance in the context of placental cross-
circulation in dizygotic twin cattle (Anderson et al., 1951). Further experiments showed that 
by fusing the embryos from mice of two different genetic origins the tissues of the resulting 
mosaic offspring were made up of patches of cells from each parental type. Skin from the 
heterozygous offspring was then grafted to mice of either parental origin, resulting in the 
cells of the other-parent type being rejected leaving cells of recipient type intact (Billingham 
and Medawar, 1951). From these initial experiments we have come to understand and 
investigate the non-specific (innate) and specific (humoral) mechanisms of rejection. 

 

1.2.3.1 Cell mediated rejection 
Acute allograft rejection is most commonly cell-mediated and initiated when donor antigens 
are presented to the T cells of the recipient by antigen-presenting cells. Interstitial 
mononuclear cells, including CD4 and CD8 T cells, and inflammatory cytokines and 
chemokines accumulate in sites of acute cellular rejection. Activated macrophages secrete 
substantial quantities of pro-inflammatory cytokines such as IL-1, IL-12, and IL-18, tumor 

necrosis factor-α (TNF-α), and interferon-γ, which impair the function of the graft and 
intensify T cell–mediated rejection (Paul et al., 1996). Importantly IL-1 is capable of 
providing the co-stimulation signal to T cells and enhances the production of IL-2 and its 
receptor, it also enhances B cell proliferation and maturation, induces IL-6, IL-8, TNF, GM-
CSF and prostaglandin-E2 synthesis (Dinarello, 2009) (see 1.3.2 B and T cell interaction for 
further discussion on T cell activation). However unlike IL-2 and other cytokines that 
directly affect lymphocyte function, differentiation, and expansion, most members of the IL-
1 family primarily do not directly affect lymphocyte function but acts through the induction 

of chemokines. The properties of IL-1β promote the infiltration of inflammatory and 
immune-competent cells from the circulation into the extravascular space and then into 
tissues where tissue remodeling is the end result of chronic IL-1-induced inflammation 
(Dinarello, 2009). In patients with rejecting renal allografts serum levels of IL-1 have been 
reported to be elevated and believed to precede the development of clinical rejection (Maury 
and Teppo, 1988). Furthermore the intra-allograft importance of IL-1 in transplantation has 
been experimentally investigated in a model of rat renal allograft rejection where acute 
rejection occurring within four days was associated with a rapid rise in intra-allograft IL-1 
levels and early suppression of rejection with methylprednisolone inhibited IL-1 synthesis 
(Mannon et al., 1993). 
 
T cells mediate cytotoxicity through contact with allograft epithelial cells and the effects of 
locally released cytokines that indirectly activate inflammatory and vascular endothelial 
cells. CD8 T cells release perforin that directly perforates target-cell membranes, and 
granzymes-A and -B that enter cells and induce caspase-mediated apoptosis. The Fas ligand 
on cytotoxic T cells activates Fas-receptor on cells of the allograft; this interaction also 
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induces caspase-mediated apoptosis. CD4 T cells can attack cells expressing minor MHC 

antigens and can also secrete TNF-α and tumor necrosis factor-β (TNF-β), which bind to TNF 
receptors on endothelial or tubular cells, causing them to undergo apoptosis. The resultant T 
cells mediated rejection is characterized by interstitial infiltration, intimal arteritis and 
tubulitis. Chronic T cell mediated rejection results in arterial intimal fibrosis with 
mononuclear cell infiltration and formation of a neo-intima (Nankivell and Alexander, 2010). 
 
Conversely, graft destruction may occur in the absence of demonstrable cytotoxic T cell 
activity and the presence of such cells within a graft may not always lead to graft 
destruction. Alloantigen-specific T cell activity may be recovered from a non-rejected graft 
and high alloantigen-specific T cell activity has been demonstrated in the splenocytes of rats 
in which prolonged allograft survival has been induced by donor-specific preoperative 
blood transfusion (Armstrong et al., 1987). This suggests that in vitro cytotoxic activity does 
not necessarily correlate with the destruction of allogeneic cells. 
 

1.2.3.2 Antibody mediated rejection (AMR) 
Hyper-acute antibody mediated rejection (AMR) is a result of preformed antibodies from 
prior sensitization caused by fetal-maternal reactivity, previous allograft or previous blood 
transfusion. Immediately following perfusion of the allograft with recipient blood 
deposition of antibodies against HLA antigens expressed on the endothelium of the 
microvasculature occurs. Similarly acute AMR requires the synthesis of ‘recall’ antibodies to 
HLA antigens by memory B-cells and generation of plasma cells; this may occur days or 
months following transplantation (Cornell et al., 2008). The damaged endothelial cells 
release and display cell-surface ‘danger-associated molecular patterns’, including von 
Willebrand factor and P-selectin, which promote platelet aggregation; cytokines and 

chemokines, such as interleukin-1α, interleukin-8, and chemokine ligand 2 (CCL2), which 
cause leukocytes to adhere capillaries; and the chemo-attractants C3a and C5a. C4d, a 
marker of classic complement activation, is frequently found in organ capillary beds, 
specifically peritubular capillaries in the kidney. C5b triggers the assembly of the 
membrane-attack complex, which causes localized endothelial necrosis and apoptosis, as 
well as detachment of endothelial cells from the basement membrane. With continued 
injury, microthrombi form with haemorrhage, arterial wall necrosis and infarction 
(Nankivell and Alexander, 2010). Increasingly it has been recognized that antibody-
mediated changes may coincide with the classically defined process of cellular rejection 
occurring in the acute or chronic setting. Furthermore it is increasingly speculated that 
chronic AMR is responsible for insidious sub-clinical allograft injury (Colvin and Smith, 
2005). 
 
Studies in human renal transplantation have been important with evidence for a role of 
antibodies in this process including a large prospective study in which de novo production of 



 10 

donor HLA-specific antibodies was found in 51% of 112 renal transplant recipients with 
graft failure compared to 2% of 123 stable controls. As such the presence of alloantibodies 
predicted the subsequent development of chronic allograft rejection and graft loss 
(Worthington et al., 2007).  

 

1.2.3.3 Chronic Allograft Damage 
The efficacy of renal transplantation was reliant on the development of highly effective 
immunosuppressive agents that have led to significant reduction in acute rejection rates. 
However, these improvements in acute rejection have not been borne out in studies of long-
term graft survival, and in the United Kingdom 4% of renal transplants are lost annually to 
the processes of interstitial fibrosis and tubular atrophy, which characterize chronic allograft 
damage (CAD) (Tomson, 2010). CAD is due in part to persistent low-grade alloimmune 
injury that continues throughout the lifespan of the graft, and ultimately contributes to loss 
of function, scarring and atrophy (Colvin and Smith, 2005). The target cells of interest in the 
development of immunosuppressive agents have been T cells, but clearly they are not the 
only force causative to chronic pathology.  
 
National audit of UK transplant activity is performed by National Health Service (NHS) 
Blood and Transplant, a special health authority within the United Kingdom’s NHS. In the 
year of 2010 to 2011 in the United Kingdom donors after brainstem death (DBD) were the 
most common source of kidneys for transplantation accounting for 41%, donors after 
circulatory death (DCD) accounted for 21%, and living donor kidney transplants 38%. Other 
findings from the audit include that five-year graft survival of kidneys from DBD donors is 
84%, and ten-year graft survival 69% (Figure 1.1). Importantly five-year graft-survival for 
DCD is 86% and for living donors 92% with ten-year survival reflecting a similar graft 
attrition rate per year as that seen in DBD transplants. This insinuates renal allografts are 
subjected to chronic damage that occurs regardless of the source of donation, and continues 
despite improvements in ischaemia reperfusion injury and immunosuppression. 

 

1.2.4 Renal Fibrosis 
The end point of multiple inflammatory processes is fibrosis and is the result of extracellular 
matrix production by fibroblastic cells; ultimately this causes the organ to lose functional 
parenchymal tissue and results in organ failure. Kidney interstitial fibrosis is characterized 
by the accumulation of collagen type I and III and results from several diseases such as 
pyelonephritis, ischaemia and various focal diseases (Farris and Colvin, 2012). It is well 
recognized that interstitial fibrosis is a defining feature of chronic transplant rejection when 
defined on renal biopsy (Sis et al., 2010, Nankivell and Alexander, 2010). The cellular and 
molecular mediators of fibrosis are an area of ongoing research as prevention of scarring 
would, in turn, prevent organ failure. Intra-renal fibroblasts exist in a steady state, 
maintaining the extra-cellular matrix; it is believed they may acquire a myrofibroblast 
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phenotype under paracrine signaling and express intra-cellular smooth-muscle actin (Farris 
and Colvin, 2012). Fibrocytes, which currently describe a distinct group of cells separate 
from fibroblasts, are capable of extra-cellular matrix production and are believed to be 
derived from peripheral blood leukocytes (Wada et al., 2011). In addition infiltrating 
mononuclear cells or tissue resident macrophages may be key cellular mediators of fibrosis 
through differentiation or paracrine mechanisms (Tse and Hughes, 2013). Tubular epithelial 
cells have also been speculated to contribute to fibrosis through transition to a mesenchymal 
phenotype, though this pathway is poorly understood. The contribution of B cells to renal 
fibrosis will be discussed in chapter 1.4. 

 

1.2.5 Monitoring inflammation  
The current best practice is to monitor renal function in renal transplant patients by serial 
measurements of blood serum creatinine and/or urea. However, some renal transplant 
centres around the world advocate serial protocol kidney biopsies to monitor the transplant 
(Mengel et al., 2007). Disturbance of these in the long-term post-transplant period is first 
investigated by microbiological investigations to exclude a urinary tract infection, and 
ultrasound scan to exclude anatomical or surgical complications, such as arterial stenosis, 
urteric stenosis and hydronephrosis. If these investigations are not diagnostic, a biopsy of 
the transplant is required to seek histological evidence of rejection.  
 
There is a great drive to develop new methods to monitor and pre-empt rejection as, at 
present, diagnosis is made once the rejection process has occurred and the deterioration in 
renal function will only be partly recoverable due to loss of some functioning renal tissue 
(Joosten et al., 2005). No widespread biochemical markers for rejection in blood or urine are 
currently utilized, though many experimental strategies in humans and animal studies have 
been proposed. Analysing leukocytes in peripheral blood samples of transplant patients has 
been proposed and in a case-controlled study of patients who experienced acute rejection, 
compared to stable function, the ratio between memory CD8+ T cells and regulatory T cells 
was higher in patients who developed rejection compared to rejection free patients 
(Kreijveld et al., 2008). Furthermore changes in the distribution of naive, effector and 
memory T cells over time were believed to predict those who would go on to develop 
rejection (Kreijveld et al., 2008). Urine proteomics has been explored as a mechanism of 
monitoring allograft function and immune status as urine is readily sampled. Several urine 
biomarkers have been correlated with allograft injury, including CXCL9, CXCL10, CCL2, 
NGAL, IL-18, cystatin C, KIM-1 and Tim-3 (Kim et al., 2014). The methodology closest to 
clinical translation is by utilizing urine monitoring of CXCL9 and CXCL10, with respect to 
detection of acute kidney allograft rejection a single clinical trial has reported favorable 
results in predicting rejection (Hirt-Minkowski et al., 2012). It is possible that no single 
biomarker can best predict rejection and that a multi-modal approach is required, where a 
combination of analysis of proteomics, mRNA in blood and mRNA or microRNA in urine 
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could be utilized in monitoring (Chowdhury and Hernandez-Fuentes, 2013). 
 
Since the first reports of radiation in diagnostic imaging in 1895 by Roentgen there have 
been great advances in radiology (Roentgen, 1895). Ultrasonography is a versatile tool and 
allows the diagnosis to be made in many conditions that affect the renal allograft, however 
these are largely anatomical problems and its ability to detect the pathological rejection 
process has not been proven. It was initially proposed that the measurement of vascular 
resistive index at least three months after transplantation was associated with poor 
subsequent allograft performance, as well as death, and so could be used as prognostic tool 
(Radermacher et al., 2003). However in a large singe centre clinical study, with longer follow 
up times, the resistive index when routinely measured at predefined time points after 
transplantation reflected characteristics of the recipient but not those of the graft (Naesens et 
al., 2013). Ultrasonography can also be enhanced by the use of specific contrast media and 
using gas-filled micro-bubbles has been reported to be more specific and sensitive in 
determining renal blood flow for the diagnosis of chronic rejection compared to 
conventional resistance indices (Schwenger et al., 2006). 
 
Experimental imaging of inflammatory processes has been performed with a variety of 
newer modalities. In experimental rat renal transplantation positron emission tomography 
using (18)F-fluorodeoxyglucose has been used to assess acute rejection (Grabner et al., 2013, 
Reuter et al., 2009). Experimental magnetic resonance imaging has been explored as a 
modality to monitor acute rejection in a rat model, following administration of iron particles 
imaging was reported to show a difference in MRI signal compared to non-rejecting rat 
kidneys (Yang et al., 2001, Zhang et al., 2000). Therefore there is a burgeoning area of 
research in the non-invasive monitoring of rejection and the imaging of inflammation. 
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1.3 Overview of B cells 

 

1.3.1. Background 
B cells (B lymphocytes) are derived from haematopoietic stem cells found in bone marrow; 
from the population of self-renewing stem cells some become committed to the lymphoid 
lineage by first differentiating into multi-potent progenitor cells, which are no longer self-
renewing cells, and then the common lymphoid progenitor. Lymphocyte differentiation is 
supported by, and dependent on, bone marrow stromal cells and the earliest committed B-
lineage cell is the pro-B cell. In the early pro-B cell stage gene rearrangement coding the 
immunoglobulin heavy chain takes place, with joining of a D gene segment to a J segment. 
The next stage is the pre-B cells where a pre-B receptor has been generated and expressed on 
the cell surface this initiates the B cell to start rearranging the light chain genes. Finally the 
immature B cell develops after rearrangement of the immunoglobulin light chain and the 
generation of a complete immunoglobulin molecule allowing expression of surface IgM. 
 
Immature B cells are tested for auto-reactivity prior to leaving the bone marrow through 
surface IgM interacting with self-antigens expressed by stromal cells. Auto-reactive B cells 
are eliminated or inactivated through a process of central tolerance in the bone marrow, self-
reactive B cells that have evaded this mechanism may undergo peripheral tolerance. Mature 
B cells expressing surface IgD migrate from the bone marrow to the peripheral lymphoid 
tissue to encounter its cognate antigen. Such B cells have been described as conventional B-2 
cells, in comparison to a distinct B cell subset called B-1 cells which are found in the 
peritoneal and pleural cavity (Lund and Randall, 2010). B-1 cells comprise approximately 5% 
of B cells in mice and are the first to appear in fetal development produced predominantly in 
the liver. Currently it is believed that B-1 cells may play a role in the early adaptive immune 
response through recognizing common bacterial antigens, however their origin and 
development remain areas of interest as they may derive from self-renewing precursors 
found within body compartments (Montecino-Rodriguez and Dorshkind, 2012). 

 

1.3.2 B and T cell interaction 
B cell responses are shaped by T cell help and require activated T cells. Stimulation of the T 
cell receptor by an antigen presenting cell bearing MHC loaded antigen is not sufficient 
alone to fully activate resting helper T cells. A second signal through the T cells CD28 cell 
surface molecule is required to induce activation and particularly IL-2 synthesis, the most 
potent stimulation is through the B7 family of ligands (CD80 and CD86, see below for 
further discussion). Synthesis of IL-2 is one of the key events in controlling T cell responses 
and acts to inhibit the activated T cell lapsing into anergy, IL-2 also induces proliferation of 
activated B cells and enhances natural killer cell cytotoxicity (Grakoui et al., 1999). Other 
molecules such as IL-1, ligands for ICOS, CD2 and OX40 are also capable of supplying co-
stimulation (Fooksman et al., 2010). Immature dendritic cells, the major antigen presenting 
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cell, do not constitutively express CD80 or CD86 at high levels and only do so once exposed 
to danger-associated or pathogen-associated molecular patterns (Dilioglou et al., 2003). As 
briefly touched upon the primary lymphoid organs are the location where lymphocytes are 
produced and mature, which includes the thymus and bone marrow. Secondary lymphoid 
organs and tissues are the location in which acquired immune responses are generated; 
these tissues include lymph nodes, spleen and mucosa-associated lymphoid tissue. The 
secondary lymphoid tissues receive antigen either directly draining from tissues or carried 
by dendritic cells; lymphocytes recirculate through the secondary lymphoid tissues, blood 
and the peripheral lymphatics constantly till stimulated or attracted to a specific site 
(Bromley et al., 2008). Naïve lymphocytes can enter lymph nodes through afferent 
lymphatics or across the specialized high-walled endothelium of post-capillary venules 
(Bajénoff et al., 2007, Girard et al., 2012). In the lymph node T and B cells are very largely 
separated into anatomical compartments as directed by chemokines. T cells are mainly 
confined to the paracortical region whereas B cells are found in the outer cortex of lymph 
nodes. T cells have been observed to rapidly move randomly around the para-cortical region 
trying to find its cognate MHC-antigen combination expressed by an antigen presenting cell 
(Bajénoff et al., 2006). Tracking of antigen-specific CD4 T and B cells after immunization 
showed that T cells were initially activated in the T cell areas when the B cells were still 
randomly dispersed in the B cell-rich follicles and subsequently both populations then 
migrated to the edges of the follicles and interacted there (Garside et al., 1998). 

 

1.3.3 B cell activation 
Peripheral B cells can be classified into: long-lived B cells and short-lived B cells with a rapid 
turnover (Figure 1.5). Short-lived B cells leave the bone marrow and are driven to enter 
lymphoid follicles by chemokines: B cells that fail to migrate from the blood have a half-life 
of approximately 3 days. Long-lived B cells are mature B cells that have been positively 
selected and recirculate through peripheral lymphoid tissue with a half-life of 6 to 8 weeks 
in mice (Su et al., 2004). Immature B cells in the spleen progress through two defined 
transitional stages (T); firstly from T1 stage defined by the absence of the co-receptor CD21 
and once expressed are in the T2 stage. Once activated peripheral mature B cells may 
become memory B cells or antibody-secreting plasma cells. 
 
In order for B cells to be activated the surface immunoglobulin serving as the B cell receptor 
must interact with an antigen, the antigen is taken into the B cell, degraded and expressed 
on the B cell surface bound to MHC class II complexes. Antigen-specific CD4 T cells 
recognise this and stimulate the B cell to proliferate through cytokines and by providing a 
second co-stimulator signal through its surface bound CD40 ligand. Some antigens do not 
require T cell help to activate B cells and the second signal is delivered through the antigen 
itself or through toll-like receptors. Amongst the most important co-stimulatory molecules 
are the B7 family members B7-1 (CD80) and B7-2 (CD86), these receptors interact with CD28 
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or CTLA-4 expressed by T cells (Greenwald et al., 2005). 
 
The direction of interaction is not one way as, conversely, it has been shown that activated B 
cells are capable of interacting with naïve T cells as an antigen presenting cell (Raimondi et 
al., 2006). B cells can encounter soluble or large particulate antigens that are attached to the 
surface of neighboring cells, such as macrophages, follicular dendritic cells or dendritic cells. 
Small soluble antigens gain access to the lymph nodes through the afferent lymph vessels 
and might directly pass into the B cell follicle independently of cell-mediated antigen 
presentation (Yuseff et al., 2013). Specifically marginal zone B cells, as oppose to follicular B 
cells, have been observed to capture hen egg lysozyme in an experimental antigen model 
and migrate to the T cell rich areas in the spleen to interact with CD4+ T cells (Attanavanich 
and Kearney, 2004). The relevance of B cell function as an antigen presenting cell has been 
explored in a mouse model of autoimmune arthritis, where serum transfer alone was not 
capable of stimulating disease whilst transfer of activated B cells was (O’Neill et al., 2005).  

 

1.3.4 B cell subsets in lymphoid tissue 
Within secondary lymphoid tissues, such as lymph nodes, B cells are found in a specific 
anatomical distribution. In the un-stimulated lymph node spherical collections of cells 
termed primary follicles are found in the cortex, on antigenic stimulation secondary follicles 
are formed consisting of a corona of concentrically packed resting small B cells possessing 
IgM and IgD surrounding a germinal centre (Meyer-Hermann et al., 2012). The germinal 
centre contains large, proliferating B cell blasts with a few T cells present, scattered reticular 
macrophages are also present with a tight network of dendritic cells. In the absence of 
antigenic challenge the primary follicles are composed of follicular dendritic cells inter-
digitating with recirculating small resting B cells (Batista and Harwood, 2009). Recruitment 
of B cells into the germinal centre is dependent on production of CXCL12 by follicular 
dendritic cells and B cell expression of CXCR4 expression, the receptor for CXCL12 (Allen 
and Cyster, 2008). Centroblasts are found in the middle of the germinal centres and are 
highly mitotic bearing no surface IgD and little surface IgM, they develop into centrocytes 
which in term become memory B cells or plasma cells (Pillai and Cariappa, 2008). 

 

1.3.5 Functions 
In the germinal centre somatic hypermutation occurs to generate high affinity 
immunoglobulin as well the development of memory B cells. The role of B cells as positive 
regulators of humoral immune responses through their ability to differentiate into antibody-
secreting plasma cells is well known, and there is an increasing appreciation of the various 
parts they play in immunity, such as in antigen presentation, memory formation, cytokine 
production and T-cell activation by optimal antigen-specific CD4+ T-cell expansion (Barnett 
et al., 2011, Bouaziz et al., 2008, Crawford et al., 2006) (Figure 1.6). Exclusive B cell derived 
IL-6 has recently been linked to the pathogenesis of multiple sclerosis (Barr et al., 2012). IL-6 
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is a pleiotropic cytokine and binds to a membrane receptor, IL6R or CD126 or its soluble 
form, sIL6R, it results in phosphorylayion and activation of receptor0associated kinases, 
such as JAK1, JAK2 and Tyk2 (Wolf et al., 2014). Effects of IL-6 include; stimulation of 
plasma cell differentiation and survival and proliferation, megarkaryocyte differentiation, 
lipolysis in adipocytes, osteoclast activation, differentiation of Th17 cells, cardiac stem cell 
survival and astrocyte differentiation (Rossi et al., 2015). 
 

1.3.6 Immuno-regulatory B-cells 
Some of the first experiments that suggested a regulatory or suppressive role for B cells 

showed that B cell–deficient (µMT) mice were unable to recover from EAE unlike wild-type 
mice which were and capable of restraining the severity in an autoimmune disease model 
(Wolf et al., 1996). As such there has been a developing interest in the potential of B cells as 
negative regulators of the immune response and an anti-inflammatory function of the B-cell 
has been identified in humans (DiLillo et al., 2010), as well as mice (Iwata et al., 2011), this 
subset is characterized by the ability to produce and secrete interleukin-10 as well as the cell 
surface markers CD5 and CD10 (Matsushita et al., 2008). Interleukin-10 producing B cells are 
associated with significant disease recovery in models of experimental autoimmune 
encephalomyelitis (Matsushita et al., 2008), and type-1 diabetes (Hussain and Delovitch, 
2007). Furthermore the induction of interleukin-10 producing B cells following 
administration of apoptotic thymocytes conferred protection in an experimental model of 
collagen-induced arthritis (Gray et al., 2007).  
 
The origins of regulatory B cells is not well understood and they are speculated to arise from 
naïve follicular B cells (Lampropoulou et al., 2008), whilst others believe they arise from T2 
precursor marginal zone B cells (Mauri and Bosma, 2012). Critically it must be considered 
that innate B1 B cells, that develop in the fetal liver, are potent sources of IL-10 (Iwata et al., 
2011). B1 B cells express a polyspecific BCR that can bind to self as well as to microbial 
antigens, they are predominantly present in the peritoneal pleural cavity, but they can also 
be located in the spleen and are the main producers of natural antibodies, in particular IgM 
(Baumgarth et al., 2005). Currently the role of such ‘regulatory’ B cells in transplantation is 
much debated. Peripheral blood B cells have been investigated in renal transplant patients 
with interest in CD24hi CD38hi transitional B cells (Cherukuri et al., 2014), such transitional B 
cells have been previously found to have high IL-10 expression capable of inhibiting 
inflammation (Blair et al., 2009). CD24hi CD38hi transitional B cells from patients with stable 
kidney graft function compared to similar cells from patients with graft rejection displayed 

similar IL-10 expression levels but increased TNF-α expression, that is to say a reduced IL-

10/TNF-α ratio, furthermore these B cells did not inhibit in vitro expression of Th1 cytokines 
by T cells, and abnormally suppressed expression of Th2 cytokines (Cherukuri et al., 2014). 

In addition in this studies group of patients with graft dysfunction, a low IL-10/TNF-α a 
ratio in CD24hi CD38hi transitional B cells was associated with poor graft outcomes after 3 
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years of follow-up. These findings directly contract those found by other authors were the B 
cells in tolerant patients expressed markers of T1 and T2 transitional B-cells and expressed 
Interleukin-10 (Newell et al., 2010)(see section 1.4.5 Peripheral B cells for further 
discussion). 

 

1.3.7 Clinical Aspects 
In the clinical arena B cell targeted therapies have largely been to treat autoimmune disease 
including systemic lupus erythematosus, rheumatoid arthritis and multiple sclerosis (Bluml 
et al., 2013). B cell depletion has also been a significant therapeutic goal in oncology in 
respect to lymphoid malignancies. The most commonly used B cell specific treatment has 
been the mouse/human chimeric monoclonal IgG1 antibody against CD20, commercially 
marketed as Rituximab, which is a potent B cell depleting agent. CD20 is expressed by B 
cells from the pre-B cell stage through to plasmablast stage, but is not expressed by memory 
B cells or plasma cells. Newer agents have been developed to target CD19, which is 
expressed by B cells over a longer part of their life cycle and may be effective in plasma cell 
depletion (Breton et al., 2014). Other B cell specific cell markers such as CD22 are currently 
being examined as potential targets for B cell depletion. The B cell survival and proliferation 
pathway may also represent a viable therapeutic target through blockade of B cell activating 
factor (BAFF), a TNF family member that is an important survival signal, or its related 
growth factor APRIL, indeed Belimumab a human IgG1 against BAFF has been licensed for 
the treatment of systemic lupus erythematosus (Hahn, 2013). Another potential pathway to 
block is the B cell activation pathway through blockade of the co-stimulatory molecules such 
as CD40-ligand which binds CD40 expressed by B cells, or CD28 and CTLA4 that bind 
CD80/CD86 expressed by B cells (Greenwald et al., 2005). 
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1.4 B cell infiltrate of the human allograft 

 

1.4.1 Background 
The presence of B-cells as part of the inflammatory infiltrate of rejected allografts was 
identified in the 1970s as part of the investigations into allograft failure (Strom et al., 1975). 
Since then attention has been focused on the mechanisms of cellular rejection and the injury 
caused by the major components of the innate immune system; for example macrophages, 
neutrophils, T cells and natural killer cells. It was largely believed that the B cells’ role was 
confined to their ability to induce hyper-acute rejection, through prior sensitization, and 
subsequent antibody-mediated rejection, through de novo antibodies, to both MHC and non-
MHC donor antigens (Nankivell and Alexander, 2010). As our understanding of the 
different functions that B cells are capable of, interest has turned again to their significance 
in the long-term outcome of the human renal allograft. B cells appearing as part of the 
inflammatory peri-vascular infiltrate in acute rejection is now well reported (Segerer and 
Schlondorff, 2008), though the presence of B cells in acute rejection is not a requisite (Platt et 
al., 1982). However we now recognize the development of nodular aggregates of B cells, 
which suggest some aspect of adaptive immunity, as a distinct entity. Furthermore these 
nodular B cell aggregates are associated with the development of ectopic lymphoid tissue, 
termed tertiary lymphoid tissue (TLT) (Thaunat et al., 2010a). Interpretation of clinical 
studies has been difficult as B cells may not always be described as nodular aggregates (Tsai 
et al., 2006), but can be expressed as total number per high-power field (Muorah et al., 2009), 
and may be present in different distribution patterns, scattered in the interstitium (Hippen et 
al., 2005) or as dense clusters (Martins et al., 2007). Studies aimed at determining the specific 
role of B cells in CAD have lagged behind T cell research. While B cell depletion has a clear 
role in desensitisation protocols, the evidence for its effect following transplantation is 
controversial, with some work demonstrating a negative impact of B cell depletion on acute 
rejection rates (Clatworthy et al., 2009).  

 

1.4.2 Allograft B cells and rejection 
Investigation of B cell infiltration in functioning human allografts is restricted to biopsy 
tissue taken to investigate episodes of transplant dysfunction. Allografts that succumb to 
chronic injury and lose all function may be removed and some studies report the presence of 
B cells therein, however this represents the end of the allograft life. Therefore current human 
data may not represent the functions of the B cell in the timeframe when sub-acute or sub-
clinical injury is occurring. Some renal transplantation centres perform protocol biopsies for 
surveillance and a single study has reported B cells present in such a capacity (Mengel et al., 
2007). In this series of over eight-hundred protocol biopsies a nodular pattern of B cells in 
the cortex was identified in 15.3% versus an incidence of 9.5% in biopsy for clinical 
indication (Mengel et al., 2007). This suggests one of three hypotheses: that nodular 
infiltrates do not have a significant role during allograft ‘normal’ life-span and develop as a 
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benign phenomenon, that nodular infiltrates in the presence of clinical stability are 
responsible for a subclinical level of allograft injury and eventually participate in acute or 
chronic rejection, or that the B cells have an immuno-modulatory, allograft preserving, 
function. 
 

The presence of B cell aggregates in biopsies investigating acute rejection has been correlated 
to longer-term outcome with inconsistent results. Multiple retrospective cohort studies have 
reported poorer outcomes associated with the presence of B cells in biopsies, correlating 
with worse graft survival in some series at up to five-years (Hippen et al., 2005, Hwang et 
al., 2010, Muorah et al., 2009, Sarwal et al., 2003, Tsai et al., 2006), however these series are 
small, the largest series reported 23 patients with B cells in the context of acute rejection 
(Hwang et al., 2010). Furthermore in two series the presence of B cells in acute rejection 
biopsies was correlated to steroid resistant rejection (Sarwal et al., 2003, Steinmetz et al., 
2005). A single study found that acute dysfunction in older allografts compared to early 
rejection episodes expressed a greater number of B cell associated transcripts and this 
correlated to interstitial fibrosis and tubular atrophy but not to allograft function (Einecke et 
al., 2008). Other retrospective studies have shown no difference between B cell rich versus B 
cell poor biopsies of acute rejection on follow at up at 3 years (Bagnasco et al., 2007, Doria et 
al., 2006, Scheepstra et al., 2008, Kayler et al., 2007, Mengel et al., 2007). Compared to studies 
reporting poor outcome follow-up in these studies tended to be shorter, although larger 
groups have reported up to seventy-one patients identified with B cell positive biopsies 
(Kayler et al., 2007). In a large series retrospectively analyzing over eight-hundred protocol 
biopsies compared to indicated biopsies a similar prevalence of nodular infiltrate of B-cells 
was observed and these were not correlated to any form of rejection (Mengel et al., 2007). In 
a study comparing biopsies between acute rejection at an early time point and chronic 
allograft nephropathy the presence of B cells was not correlated to long-term allograft 
function, however the group sizes were small (Martins et al., 2007). If indeed B cells are not 
destructive to the allograft one might speculate that B cells infiltrate in the absence of 
rejection, or at least clinical dysfunction, populating the graft under some as yet undefined 
stimuli and when cellular rejection occurs B cells are then found to be present in addition to 
other acute inflammatory cells.  
 
The interaction between T cells and B cells may also be critical and they are found together 
in nodular aggregates in rejection (Kerjaschki et al., 2004, Zuber et al., 2009, Mengel et al., 
2007). Analysis of acute or chronic T-cell mediated rejection found that greater numbers of T 
regulatory cells, identified by expression of Foxp3, were associated with nodular B cells in 
chronic inflammation and this was correlated to better graft survival (Zuber et al., 2009). 
Despite induction with T-cell depleting monoclonal antibody acute episodes of cellular 
rejection by T cells with accompanying B cells have been reported (Gallon et al., 2006). 
Whether the B cell is part of the initial infiltration and subsequently acts as an antigen-
presenting cell is a possibility, alternatively the B-cell maybe localizing secondarily in 
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response to chemokine attraction.  
 

A single report has shown that acute rejection with nodular B-ell infiltrates can be treated 
with Rituximab (anti-human anti-CD20 monoclonal antibody), with improvement in 
allograft function and resolution of B-cell infiltrate (Lehnhardt et al., 2006). However it must 
be remembered that the volume of tissue in a biopsy specimen is small compared to the 
renal allograft and may not adequately reflect the state of the entire organ. Indeed the 
impact of B cell depletion using Rituximab on chronic damage is unclear and persistence of 
B cells within TLT in allografts excised due to failure has been observed despite depressed 
peripheral B cell counts (Thaunat et al., 2008). 

 

1.4.3 Allograft B cell phenotype 
Intra-allograft B cells are recipient-derived, analysis of biopsies of chronic allograft 
nephropathy showed that the alleles of infiltrating B cells matched those of peripheral blood 
rather than that of the allograft tissue (Cheng et al., 2011). Similarly analysis of chronically 
rejected nephrectomy tissue showed that B cells were recipient-derived based on sex linkage 
analysis (Zarkhin et al., 2008). It has been described that different patterns of B cell 
expression exist, within allografts based on histological appearance and this may represent 
different populations of B cells (Martins et al., 2007). Nephrectomy specimens have shown 
CD20+ infiltrates associated with extensive CD38 expression, which is an early B cell lineage 
marker, along with CD4+ T cells around these clusters, again suggesting TLT formation 
(Zarkhin et al., 2008). However CD38 expression was also shown in non-cluster forming 
CD20- plasmablasts and CD138+ plasma cells in rejected allografts, this pattern of B cell 
correlated to circulating donor-specific antibody and C4d positivity (Zarkhin et al., 2008). As 
such non-cluster forming scattered CD20- B cells observed within the tubular interstitium are 
associated with antibody production they are likely to represent the classic antibody-
producing plasma cells. Interestingly studies of B cell response to antigens has shown that 
high affinity interactions preferentially result in plasma cell formation through the extra-
follicular pathway, whereas low affinity interactions promoted formation of germinal 
centres in addition to foci of plasma cells (Paus et al., 2006). 
 

All studies reporting biopsies of acute rejection have failed to correlate presence of CD20+ B 
cell aggregates in acute rejection with the process of antibody-mediated rejection, either by 
measurement of donor-specific antibody or presence of C4d deposition (Hippen et al., 2005, 
Kayler et al., 2007, Mengel et al., 2007, Muorah et al., 2009, Sarwal et al., 2003, Tsai et al., 
2006, Scheepstra et al., 2008). However the presence of plasma cells, identified on CD38+ 
staining, in acute rejection and in protocol biopsies has been correlated to C4d positivity and 
donor-specific antibodies in several separate studies, and this predicted worse allograft 
survival (Hwang et al., 2010, Martin et al., 2010, Zarkhin et al., 2008, Charney et al., 1999). 
However plasma cell infiltrates did not appear to be forming or developing from nodular 
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aggregates in some studies of acute rejection, suggesting they did not develop from local 
germinal centres (Charney et al., 1999, Zarkhin et al., 2008). Dense B-cell infiltrates in acute 
rejection have also been associated with specific B-cell receptor molecules, CD74, immuno-
globulin heavy and light chains and activated T-cell phenotypes (Sarwal et al., 2003). The 
chemokine CXCL13 and corresponding receptor CXCR5 have also been identified with B-
cell clusters, however the origin for the chemokine was not identified (Steinmetz et al., 2005). 
 
In studies of chronically rejected allografts plasma cells are identified within functional 
germinal centres and may produce a greater diversity and repertoire of antibodies compared 
to circulating donor-specific antibodies (Thaunat et al., 2010b, Thaunat et al., 2010a). 
Furthermore molecular analysis of biopsy samples that have identified B cells present in 
chronic allograft damage demonstrate increased expression of CCR5, Cyclin B1 and A2 were 
found (Sarwal et al., 2003). B-cells in biopsies of chronic allograft nephropathy, when 
compared to peripheral blood, have been shown to express higher levels of RNA 
recombination-activating gene 1 and recombination-activating gene 2, which are important 
for the generation of mature B-cells and T-cells, and B cell activation and proliferation 
(Cheng et al., 2011). These B-cells showed restricted immunoglobulin gene usage and there 
appeared to be several dominant clones organized into B-cell clusters. These nodular B-cell 
aggregates appear to be stimulated by B-cell activating factor as chronically rejected 
allografts appear to express elevated levels of this cytokine (Thaunat et al., 2008). A study of 
explanted kidneys that have undergone terminal chronic rejection identified organized 
lymphoid structures with two different patterns resembling primary follicles (CD20+, IgD+ 
and Bcl-2+), or secondary follicles (CD20+, IgD-, Bcl-2- and Bcl-6+) believed to be germinal 
centres (Thaunat et al., 2010b). Furthermore the authors believed that there was a maturation 
of B-cells through the different aggregates from naïve to memory cells which correlated with 
the expression of genes linked to lymphangiogenesis, CXCL13 and CXCR4 in primary 

follicles and CXCL12 and Lymphotoxin-β-R in those appearing like germinal centres. 
Germinal centres also expressed activation-induced cytidine deaminase, the key enzyme 
controlling class switch recombination and somatic hyper-mutations (Thaunat et al., 2010b). 
Chronically rejected cardiac allografts have been described to develop similar plasma cells 
associated with B cell clusters that positively correlate with C4d deposition and sclerosis of 
the neo-intima and adventitia of coronary vessels (Wehner et al., 2010). Allo-antibodies are 
not necessarily destructive as patients with functional allograft and free of 
immunosuppression may exhibit antibodies directed against a wide spectrum of antigens, 
such as internal, cell surface, circulating proteins, carbohydrates, nucleic acids, lipids, and 
haptens (Pallier et al., 2010). 

 
Meta-analysis of datasets of gene-expression in organ tissue biopsy in transplant patients 
has suggested a common transcriptional response in acute rejection in renal, liver, heart and 
lung transplantation (Khatri et al., 2013). This ‘common rejection module’ consisted of 12 
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genes overexpressed during allograft rejection regardless of tissue source, BASP1, CD6, CD7, 
CXCL10, CXCL9, INPP5D, ISG20, LCK, NKG7, PSMB9, RUNX3, and TAP1 at FDR; with 6 
genes being directly or indirectly targets of immunosuppressive drugs and of drugs 
otherwise used in immune and inflammatory diseases. It is very interesting to note these 12 
genes are all variably expressed by B cells in different stages of development and activation 
(Drayton et al., 2006). The importance of B cells in pure T cell mediated rejection has also 
been explored through molecular biological analysis of gene expression in biopsy samples 
(Venner et al., 2014). CD72 was found to be prominently expressed in renal transplant 
biopsies in association with T cell markers, with CD72 being a B cell ligand for the T cell 
CD100 and CD5, thus the authors concluded that B cells were acting as an antigen-specific 
antigen presenting cell that was clonally expanded. Similarly CD86 was highly expressed in 
the biopsy samples along with CXCL9 and CXCL10 (Venner et al., 2014). 
 

1.4.4 Allograft chemokines 
Chemokines are a group of chemotactic cytokines (approximately 8 to 17 kD) with the ability 
to bind G-protein-coupled receptors, there are four subfamilies of chemokines, including 
CCL, CXCL, CX3CL and CL (Chung and Lan, 2011). At present nineteen receptors have been 
characterized with multiple cross-talk between the receptors and the varying cytokines, 
however the CC chemokine receptors exclusively bind CC chemokines and CXC receptors 
bind only CXC chemokines (Lazennec and Richmond, 2010). One the most well studied is 
the CC chemokine receptor 5 (CCR5) which belongs to the trimeric guanine nucleotide-
binding-protein-coupled trans-membrane receptor superfamily, which comprises one of the 
largest superfamily of proteins (Raport et al., 1996). CCR5 binds to the chemokines RANTES 

(CCL5), MIP-1! (CCL3), and MIP-1! (CCL4) with CCL3 being the most potent chemokine 
(Samson et al., 1996). In a model of acute renal transplant rejection recipients with CCR5 
knockout have shown that CCR5 is a key mechanism for T-cell infiltration of the allograft 
(Bickerstaff et al., 2008a). Leukocyte extravasation is aided by the expression of intercellular 
adhesion molecule 1 (ICAM-1) or vascular-cell adhesion molecules (VCAM) on activated 
endothelium and by means of chemokine gradients, such as CCL4, CCL5, and CXCL8 
(Middleton et al., 2002). Interestingly B cells have been reported to be able to synthesise 
some of these chemokines (Lund, 2008), therefore there is data to suggest the pathological 
processes instigated by the intra-allograft B cell may not be purely through local antibody 
production.  
 
CCR5 ligands in the kidney have been reported to be generated by the renal parenchyma 
itself in response to stimulation, this may reflect the natural response required to infection as 
the urinary tract is an interface with the extra-corporeal environment. Studies have been 
performed in vitro utilizing porcine proximal tubular cell lines which have shown synthesis 

of RANTES can be induced by NF-κB activation (Zoja et al., 1998). Further studies in other 
maintained and transformed cell lines have shown that RANTES can be produced by renal 
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mesangial, epithelial and endothelial cells depending on the stimulus, whilst only renal 

mesangial cells appear capable of MIP-1! synthesis (Segerer et al., 2000). Experimental 
targeting of chemokines in some models of renal disease have shown that they are potential 
targets for translation to human therapy. In a rat model of glomerular nephritis the mRNA 

expression of the chemokines MCP-1, MIP-1!, and MIP-1! were shown to be elevated in 
glomeruli and this increase in chemokines was associated with influx of monocytes and 
blockade of these chemokines reduced inflammation (Wu et al., 1997). Similarly in a mouse 
model of crescenteric nephritis RANTES mRNA expression was shown to be up-regulated in 
whole kidney analysis and blocking of RANTES with immunoglobulin inhibited the 
development of nephritis (Lloyd et al., 1997). Experiments of isolated renal cells in vitro has 
shown that RANTES can be synthesized and secreted following stimulation (Wolf et al., 
1993, Heeger et al., 1992). Few experiments have been performed on freshly isolated human 
cells and isolation of renal cells from human renal transplants would be highly informative 
in determining if they do indeed synthesise such chemokines which could potentially be a 
therapy target. 

 

1.4.5 Tertiary lymphoid tissue 
Tertiary lymphoid tissue (TLT), which may be referred to as ectopic lymphoid tissue or 
tertiary lymphoid organs, are accumulations of cells in chronic inflammation. TLT is 
characterized by cellular, organizational, chemokine, conduits and vascular similarities to 
secondary lymphoid organs especially lymph nodes. Specifically they contain T and B cell 
compartments, antigen presenting cells such as dendritic cells, stromal cells, and organized 
vascular system of high endothelial venules and lymphatic vessels (Ruddle, 2014). In human 
rheumatoid arthritis TLT is believed to function as a site of antigen presentation and 
lymphocyte activation, allowing B cells to undergo somatic hyper-mutation and class 
switching of immunoglobulin (Schröder et al., 1996). Examination of excised renal allografts 
that have failed due to chronic damage have shown that B cells are present in nodular 
aggregates (Cheng et al., 2011, Martins et al., 2007, Zarkhin et al., 2008, Adair et al., 2007). 
The time-course of the development of B cell infiltrates, and tertiary lymphoid tissue, is 
unclear but likely to pre-date the final common pathway of injury leading to graft failure. 
 
B cells have an active role in lymph nodes promoting dendritic cell trafficking to them 
during inflammation, with evidence that this is mediated through B cell production of 
vascular endothelial growth factor-A (VEGF-A), which promotes lymphangiogenesis 
(Angeli et al., 2006). In studies of chronically rejected human allografts this research group 
have previously identified nodular B cell clusters that appear to express VEGF-A(Adair et 
al., 2007, Zarkhin et al., 2008). The relative role of donor and recipient-derived dendritic cells 
are unclear, with conflicting data from different studies: donor dendritic cells migrate to 
lymph node and spleen where they activate recipient T cells (Larsen et al., 1990), and are 
likely to promote acute rejection (Zuidwijk et al., 2011). However, depletion of donor-
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derived dendritic cells prior to mouse heart transplantation led to worsened chronic 
rejection (Ueno et al., 2009). 
 
The presence of B cell aggregates, in association with TLT is not confined to renal allografts 
and has been observed in chronically rejected cardiac allografts (Wehner et al., 2010). 
Tertiary lymphoid tissue and B cell aggregates have not been specifically identified 
following lung transplantation, however bronchus-associated lymphoid tissue has been 
reported to develop in various chronic inflammatory diseases of the lung (Moyron-Quiroz et 
al., 2004). Furthermore secondary lymphoid tissue in the lung plays a role acute rejection 
through dendritic cell interaction with recipient T cells (Gelman et al., 2009). The presence of 
TLT in liver allografts has not been reported. The presence of TLT has been identified in rat 
aortic, mouse cardiac and mouse renal grafts (Thaunat et al., 2010a, Brown et al., 2011). 
Interestingly, in a mouse model of renal transplantation immune tolerance has been 
speculated to arise due to TLT (Brown et al., 2011). 

 

1.4.6 Peripheral B cells 
Leukocytes comprise less than 1% of the total blood volume with approximately a third 
being lymphocytes and approximately 10% of lymphocytes being B cells in human adults 
(Morbach et al., 2010), thus they comprise a relatively small circulating population in 
peripheral blood. Analysis of expressed immunoglobulin genes has shown that there are 
different dominant B cell clones in the peripheral circulation compared to the intra-allograft 
aggregates in chronically rejecting kidneys (Cheng et al., 2011). To support the hypothesis 
that B cells are detrimental to allograft function higher levels of B cell activating factor have 
been associated with declining allograft function (Xu et al., 2008). Furthermore studies of 
peripheral B cells in patients with chronically rejected allografts appeared to show a 
depressed absolute circulating number, however within the allografts an elevated level of B-
cell activating factor was found compared to normal kidneys and lymph nodes (Thaunat et 
al., 2008). The source of intra-allograft B-cell activating factor was not identified in this 
study. 
 
However in contradiction B cells with a regulatory phenotype have been identified in 
humans as well as in multiple murine disease models (Mauri and Blair, 2010, DiLillo et al., 
2010). Analysis of peripheral blood from immunosuppression-free renal transplant patients 
compared to patients on immunosuppression appears to show an elevated absolute number 
of B cells which express CD1d and CD5, and are characterized by a transcriptional profile 
favouring B cell survival (Pallier et al., 2010). However no difference was found between 
patients on immunosuppression with stable allograft function compared to chronic rejection 
(Pallier et al., 2010, Newell et al., 2010). Furthermore the B cells in tolerant patients expressed 
markers of T1 and T2 transitional B-cells and expressed Interleukin-10 (Newell et al., 2010). 
Human studies of functioning long-term allografts have shown associated specific B-cell 
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signatures (Pallier et al., 2010), as well as elevated peripheral interleukin-10 production 
(Asderakis et al., 2001). Strikingly in paediatric liver transplantation the percentage of 
peripheral B cells was increased in stable drug-free patients compared with patients under 
immunosuppression and compared to healthy controls (Li et al., 2004). 
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1.5 Mouse model of kidney transplantation 

 

1.5.1 Background 
Following systematic review there have been 62 articles describing studies into rejection and 
the basic science of kidney injury in a mouse model of renal transplantation (Skoskiewicz et 
al., 1973, Russell et al., 1978b, Russell et al., 1978a, Benson et al., 1985, Inoue et al., 1991a, 
Inoue et al., 1991b, Inoue et al., 1991c, Jevnikar et al., 1993, Ogasa et al., 1995, Zhang et al., 
1996a, Zhang et al., 1995b, Zhang et al., 1996b, Lazarovits et al., 1996b, Lazarovits et al., 
1996a, Qi et al., 1999, Gorczynski et al., 2000, Bickerstaff et al., 2001, Pratt et al., 2002, 
Bickerstaff et al., 2008a, Bickerstaff et al., 2008b, Cook et al., 2008, Han Lee et al., 2006, Lin et 
al., 2006, Brown et al., 2007, Brown et al., 2008, Lutz et al., 2007, Gueler et al., 2008, Meng et 
al., 2008, DiLillo et al., 2011, Brown et al., 2011, Miyajima et al., 2011, Wang et al., 2011, 
Albrecht et al., 2012, Li et al., 2012, Zarjou et al., 2012, Farrar et al., 2012, Farrar et al., 2006, 
Camirand et al., 2011, Salvidio et al., 1989, Coffman et al., 1993, Mannon et al., 1995, Mannon 
et al., 1996, Isobe, 1993, Mannon et al., 1998, Mannon et al., 1999, Mannon et al., 2000, 
Halloran et al., 2001a, Halloran et al., 2001b, Afrouzian et al., 2002, Jabs et al., 2003, Halloran 
et al., 2004, Wang et al., 2004, Einecke et al., 2005, Cheng et al., 2006, Einecke et al., 2006, 
Famulski et al., 2006, Wyburn et al., 2006, Kayser et al., 2008, Qi et al., 2008, Melk et al., 2009, 
Dang et al., 2012, Nesbitt et al., 1992), a further 8 studies reported technical surgical aspects 
of mouse kidney transplantation (Zhang et al., 1995a, Rong et al., 2012, Martins, 2006a, 
Martins, 2006b, Kalina and Mottram, 1993, Han et al., 1999, Tian et al., 2010, Wang et al., 
2009). The original study described an initial nephrectomy at time of transplantation 
followed by a second nephrectomy before closure of the abdomen (Skoskiewicz et al., 1973). 
However many reported removing the second kidney from 3 to 7 days after transplantation 
to create a truly transplant dependent model. This avoids an initial period of acute renal 
failure. In other studies the contralateral kidney was left in situ such that the mouse was not 
dependent on the transplant for survival (Salvidio et al., 1989, Inoue et al., 1991a, Inoue et al., 
1991c, Coffman et al., 1993, Nesbitt et al., 1992, Mannon et al., 1995, Mannon et al., 1996, 
Isobe, 1993, Mannon et al., 1998, Mannon et al., 1999, Mannon et al., 2000, Halloran et al., 
2001a, Halloran et al., 2001b, Afrouzian et al., 2002, Jabs et al., 2003, Halloran et al., 2004, 
Wang et al., 2004, Einecke et al., 2005, Cheng et al., 2006, Einecke et al., 2006, Famulski et al., 
2006, Wyburn et al., 2006, Kayser et al., 2008, Qi et al., 2008, Melk et al., 2009, Dang et al., 
2012). The benefit is that the mouse undergoes a single procedure and reduces the morbidity 
and the risk of death from a second surgical procedure. In addition the mouse does not 
suffer from the adverse affects of gradual renal failure. Importantly comparison of the 
histological outcomes at an early time point have been compared between mice dependent 
on the allograft and those with a single native kidney and no difference was observed (Jabs 
et al., 2003). However a mouse that is dependent on the transplanted kidney allows 
functional assessment of the kidney by serum urea or creatinine assay, and survival as an 
outcome. For studies using the model that is not dependent on the transplanted kidney a 
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time-point for histological analysis was used. Older studies are largely descriptive of the 
histological outcome describing abnormalities in the glomeruli, tubules, vasculature and 
infiltration of inflammatory cells with parenchymal changes such as oedema and fibrosis 
(Skoskiewicz et al., 1973, Benson et al., 1985, Russell et al., 1978b, Russell et al., 1978a, 
Salvidio et al., 1989, Inoue et al., 1991a, Inoue et al., 1991b, Inoue et al., 1991c, Coffman et al., 
1993, Mannon et al., 2000, Mannon et al., 1995, Nesbitt et al., 1992). Semi-quantitative 
histology scores have been used by some authors to measure changes such as degree of 
tubulitis, glomerulitis and arteritis (Isobe, 1993, Mannon et al., 1999, Halloran et al., 2001a, 
Halloran et al., 2001b, Halloran et al., 2004, Afrouzian et al., 2002, Jabs et al., 2003, Einecke et 
al., 2006, Cheng et al., 2006, Kayser et al., 2008, Melk et al., 2009, Qi et al., 2008, Dang et al., 
2012).  
 
The study of inbred mouse strains has been fundamental to unraveling many fundamental 
immunological mechanisms in transplant rejection, however this methodology does not 
adequately reflect the true diversity that occurs in clinical human transplantation. Only 
recently have substantial study in transplantation using vascularized grafts, heterotopic 
heart transplants, been performed in mice (Reichenbach et al., 2013). Intriguingly the study 
using non-sibling, CD-1 and CF-1 outbred mice as donors and recipients showed disparate 
non-uniform patterns of rejection with acute rejection occurring within in 4 days and chronic 
rejection at over 75 days (Reichenbach et al., 2013). Intriguingly this non-uniform pattern 
resembles the pattern found in human transplantation. Thus the importance of genetic 
diversity on shaping the different mechanisms of rejection should be subject to further 
scrutiny and raise questions in studies that rely on purely inbred mice. 

 

1.5.2 Strain combinations 
Inbred mice are considered syngeneic with specific genotypes being homozygous at 
virtually all loci, with phenotypes that are identical. Nomenclature of inbred strains is 
designated by the parent strain consisting of capital letters and combinations of letters and 
numbers, or numbers only. Related inbred strains, strains that have a common origin and 
separated before the twentieth generation are given symbols that indicate this relationship, 
for example NZB and NZW for New Zealand Black and White mice. Mouse major 
histocompatibility molecules (MHC) are similar to man with corresponding allelic sets 
within each MHC polypeptide molecule (see table 2). 
 
Several inbred mouse strains have been used in kidney transplantation studies, including 
C57BL/6, BALB/c, CBA/J, C3H and DBA/2 mice. The alloimmune response between donor 
and recipient occurs as a result of differences at MHC class I and II loci. Subsequently the 
rejection of allografts between mouse strains is variable, with tolerance believed to occur 
between some strains (see figure 1). Outbred mice have not been reported in transplantation 
studies reflecting their genetic variability, unknown haplotype expression and hence the 
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contribution to the rejection response. It is of note that there is disparity between survival 
results reported by different groups, specifically BALB/c kidney transplantation into 
C57BL/6 recipients has been described to result in rapid rejection with mouse survival as 
low as 7.4 days (Qi et al., 1999), compared to some mice surviving over 100 days (Lutz et al., 
2007). Whether this is a phenomenon due to sub-strain difference is not apparent and it may 
represent an opportunity to study the genomic basis of rejection. 

 

1.5.3 Acute Rejection 
Mononuclear cell infiltration and active cellular rejection appear as early as 3 days following 
transplantation in multiple strain combinations and reported in a broad range of studies 
(Skoskiewicz et al., 1973, Russell et al., 1978b, Russell et al., 1978a, Benson et al., 1985, Inoue 
et al., 1991a, Inoue et al., 1991c, Coffman et al., 1993, Mannon et al., 2000, Mannon et al., 
1999, Mannon et al., 1998, Mannon et al., 1996, Mannon et al., 1995, Isobe, 1993, Lazarovits et 
al., 1996b, Lazarovits et al., 1996a, Ogasa et al., 1995, Zhang et al., 1996a, Zhang et al., 1995b, 
Bickerstaff et al., 2008a, Bickerstaff et al., 2008b, Bickerstaff et al., 2001, Pratt et al., 2002, Jabs 
et al., 2003, Cook et al., 2008, Halloran et al., 2004, Wang et al., 2004, Cheng et al., 2006, 
Einecke et al., 2006, Einecke et al., 2005, Han Lee et al., 2006, Wyburn et al., 2006, Brown et 
al., 2007, Brown et al., 2008, Lutz et al., 2007, Zarjou et al., 2012, Gueler et al., 2008, Kayser et 
al., 2008, Meng et al., 2008, Qi et al., 2008, DiLillo et al., 2011, Miyajima et al., 2011, Wang et 
al., 2011, Albrecht et al., 2012). Investigating a strain combination that develops T cell 
mediated rejection has revealed that infiltrating effector T cells exhibit RNA transcription of 

perforin 1, granzyme A and B, interferon-γ and lymphotoxin-B (Einecke et al., 2005). 
However the rejection involving cytotoxic T-cells did not appear to be dependent on contact-
mediated mechanisms as selective gene disruption in the recipients of perforin or 
granzymes-A or B did not affect rejection (Einecke et al., 2006), furthermore injury did not 
appear to occur through Fas–Fas ligand cytotoxic mechanisms as knockout of Fas expression 
in the donor kidney had no effect (Halloran et al., 2004, Kayser et al., 2008). 

 
1.5.4 Humoral Rejection 
The original study by Skoswiewicz et al identified the production of cytotoxic antibodies 
between fully MHC mismatched mice where the incubation of recipient serum with donor-
strain splenocytes induced cell death (Skoskiewicz et al., 1973). However, as in human 
transplantation, the contribution of the different MHC classes is unlikely to be the same as 
no cytotoxic antibodies have been identified with some combinations despite complete MHC 
class I and partial MHC class II mismatch (Skoskiewicz et al., 1973, Russell et al., 1978b, 
Russell et al., 1978a, Afrouzian et al., 2002). 

 
Donor-specific antibody determination by flow cytometry is a commonly described method 
of identifying surface bound immunoglobulin on donor derived cells, usually splenocytes or 
thymocytes, when incubated with recipient serum (Coffman et al., 1993, Bickerstaff et al., 
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2008a, Bickerstaff et al., 2008b, Bickerstaff et al., 2001, Miyajima et al., 2011). Both MHC class 
I and class II appear to be targets for allospecific IgG (Coffman et al., 1993). MHC class I 
deficient mice are able to generate allospecific antibodies against MHC class II (Mannon et 
al., 1995). The presence of circulating donor-reactive alloantibody has also been reported to 
occur in mice that accept kidney allografts, indeed secondary challenge with subcutaneous 
injection with donor splenocytes failed to stimulate a delayed-type hypersensitivity response 
(Bickerstaff et al., 2001). Not only IgG but IgM has been noted to be deposited in glomeruli 
by 30 days after transplantation (Inoue et al., 1991c). Acute antibody-mediated rejection can 
be induced by pre-sensitization of the recipient with donor strain skin graft, this results in 
development of rejection within 19 days, compared to 75% of non-sensitized recipients 
surviving over 60 days (Bickerstaff et al., 2008b). 

 

1.5.5 Chronic Allograft Damage 
The first studies in mice showed variable rejection, with some reporting acceptance in 
allografts; however it was observed that ‘glomerular damage seems to be slowly progressive 
over the duration of survival of the allografts’ and the mechanism for this was unknown 
(Russell et al., 1978b). Skin grafts following kidney transplantation strengthened the 
evidence for regulation of the rejection response where secondary skin grafts developed 
slow rejection and scarring compared to skin transplanted to naïve mice resulting in acute 
rejection (Skoskiewicz et al., 1973, Russell et al., 1978b, Russell et al., 1978a). In human 
kidney transplantation chronic damage is characterized by interstitial fibrosis and tubular 
atrophy, similarly in a mouse model with minimal MHC class II disparity this pathology 
develops and can be easily identified and quantified (Figure 1.4) (Tse and Marson, 2013a, 
Dang et al., 2012). Chronic damage of the renal allograft is also characterized by transplant 
arteriosclerosis with fibrointimal hyperplasia affecting intra-renal blood vessels (Zarjou et 
al., 2012, Cheng et al., 2006). Furthermore in this model of transplant vasculopathy a 
perivascular infiltrate of macrophages and cytotoxic T cells was found (Zarjou et al., 2012, 
Mannon et al., 1999). 
 
The C57BL/6bm12 (H-2bm12) donor into a C57BL/6 recipient has been shown to be a good 
model of chronic renal allograft damage (Dang et al., 2012), and chronic cardiac allograft 
rejection (Motallebzadeh et al., 2012). Sequence comparison of the gene coding regions of 
C57BL/6 and C57BL/6bm12 (H-2bm12) show three productive (substitution) nucleotide 

differences between the I-Aβ gene, all three differences occur within a stretch of 14 

nucleotides in the exon encoding the β1 domain, which is the first extracellular domain 
(Figure 1.2). These substitution mutations have been characterised at position 67 with 
Isoleucine substituted to Phenylalanine, position 70 with Arginine substituted to Glutamine, 
and at position 71 with Threonine substituted to Lysine (McIntyre and Seidman, 1984). This 

change is speculated to result in a significant change in the folding of the I-Aβ polypeptide 

and its ability to associate with the I-Aα chain. Of note it has been previously shown that 
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C57BL/6bm12 splenocytes express 25 to 50% as much surface I-A as C57BL/6 (Lafuse et al., 

1981). An important factor in this model of CAD is that C57BL/6 mice lack the I-Eα chain 
and so only express the I-A as the only MHC II gene product (Mathis et al., 1983, Yamamura 
et al., 1985). 
 
There are significant limitations of using CAD as a diagnosis and at present it is not a 
diagnostic category in the latest published edition of the Banff system (Sis et al., 2010), an 
internationally adopted system of pathological categorization of renal transplant biopsies. In 
clinical studies the decline in function is often associated with hypertension and an increase 
in urinary protein loss, which can be considered a clinical syndrome that has been called 
chronic allograft dysfunction (Joosten et al., 2005). In this work I have included historical 
data where older terms were used and also studies that describe fibrosis or tubular atrophy 
separately which are facets of chronic rejection. Therefore the use of CAD has allowed 
historical data to be considered in the light of changing diagnostic categorizations. Since the 
initial working groups original consensus in 1997 (Racusen et al., 1999), there have been 12 
Banff conferences with most the recent in 2013, subsequent updates have been published in 
peer-reviewed journals and on-line (Solez, 2010). In addition use of the term CAD has 
allowed murine studies to be compared to human studies where the major study has been in 
the mechanism of ‘interstitial fibrosis’ and ‘tubular atrophy’. 

 

1.5.6 Tolerance 
There is recent evidence that infiltrating inflammatory cells may not necessarily be 
destructive to the allograft and may be subjected to regulation or tolerance. Following 
transplantation a perivascular infiltration of mononuclear cells has been identified in several 
strain combinations (Bickerstaff et al., 2001, Bickerstaff et al., 2008b, Miyajima et al., 2011, 
Cook et al., 2008, Dang et al., 2012). Furthermore cuffs of leukocytes around vessels and 
small aggregates of mononuclear cells within the cortex have been associated with accepted 
kidney allografts (Bickerstaff et al., 2008a). In MHC disparate allografts that have been 
described to spontaneously develop rejection or tolerance the number of graft-infiltrating 
Foxp3+ regulatory T cell was shown to strongly correlate with renal function (Brown et al., 
2007). In the accepted allografts prominent lymphoid sheaths around arteries contained 
CD3+ Foxp3+ cells, CD4+ cells, dendritic cells, and B cells (Cook et al., 2008, Miyajima et al., 
2011). Furthermore depletion of Foxp3+ cells using a transgenic model resulted in 
widespread CD8+ interstitial mononuclear inflammation, tubulitis, and endarteritis 
(Miyajima et al., 2011). 
 
Further evidence of tolerance is suggested in experiments that measure donor skin tumour 
growth on a recipient mouse. When skin is transplanted with a donor strain kidney the 
tumour grew to a larger size with delayed rejection, and indeed without rejection in some 
mice, compared to those who had not received a kidney transplant (Inoue et al., 1991a). 
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Inhibition of all T cells accessing the allograft may be detrimental as demonstrated in a strain 
combination that has been reported to support long-term acceptance. In this model acute 
rejection can be induced by transplantation in to the same strain recipient with C-C 
chemokine receptor-5 (CCR5) knockout, CCR5 is an important receptor for T cell attraction 
(Bickerstaff et al., 2008a). Compared to control mice the knockout T cell infiltration was 
similar 10 days after transplantation however a possible explanation could be that the 
regulatory T cells that are dependent on this signaling pathway were unable to enter the 
allograft. Furthermore CCR5 knockouts developed higher titres of donor-specific antibody 
suggesting T cell attraction into the graft may be required to abrogate the generation of an 
antibody response. In addition blockade of T cell activation by inhibiting the inducible co-
stimulatory molecule pathway resulted in worse graft function and survival compared to 
control kidneys (Lutz et al., 2007). 

 

1.5.7 Difference between kidney and other transplantation models 
Many believe that the birth of transplant immunology can be attributed to experiments 
performed by Medawar et al to investigate the phenomenon of tolerance in the face of 
placental cross-circulation in dizygotic twin cattle (Anderson et al., 1951). Subsequently 
Billingham et al investigated transplant rejection through skin grafts in mice (Billingham and 
Medawar, 1951), however there is gathering evidence that this experimental model may not 
adequately reflect the immune response to vascularized solid organs. Transplantation of 
liver, small bowel and heart have been described in addition to the kidney transplant model 
and the kinetic and severity of the rejection response are different in all these organs. In an 
extensive study by Zhang et al the rejection pattern after liver, kidney, heart, and small 
bowel transplantation in three different mouse strain combinations was investigated (Zhang 
et al., 1996b). The majority of liver allografts were spontaneously accepted, defined by 
survival greater than 100 days despite complete MHC disparity, whereas a mixed pattern of 
acute rejection and acceptance occurred in kidney recipients. In this study all the cardiac and 
intestinal allografts were rapidly rejected within a mean time of less than 10 days and no 
spontaneous acceptance (Zhang et al., 1996b). Several separate groups have directly 
compared heart transplantation with kidney transplantation in the same strain combination 
and found that kidney allografts have a significantly prolonged survival compared to a heart 
allograft (Bickerstaff et al., 2001, Wang et al., 2011). An example is the combination of a 
DBA/2 donor into C57BL/6 recipient where kidney transplantation led to 80% survival over 
60 days whereas cardiac transplantation resulted in rejection within 7 to 10 days and skin 
rejection in 15 to 17 days (Bickerstaff et al., 2001). Furthermore in a donor-recipient strain 
combination where rejection occurs, 84.4% of CD8+ T-cells isolated from cardiac allografts 

were α/βTCR+ compared with 44% in the kidney allografts suggesting a down regulation of 
this receptor in the latter model (Mannon et al., 1998). An explanation for the differences 
between the rejection process elicited by kidney or cardiac transplantation is likely to be 
explained by the different antigen recognition pathway by the recipient as following kidney 
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transplantation there appeared to be a greater migration of donor MHC class II cells to the 
spleen compared to following cardiac transplantation (Brown et al., 2008). 

 

1.5.8 Development of therapeutic agents 
The mouse model of kidney transplantation has allowed the study of novel immuno-
suppressive agents. Indeed administration of rapayamcin and cyclosporine increased mouse 
survival in a strain combination characterized by acute rejection (Qi et al., 1999). Although 
the majority of studies using the mouse model of kidney transplantation have been to 
investigate the rejection process induced by allograft disparity syngeneic-grafts have also be 
utilized as a model of ischaemia reperfusion in transplantation (Farrar et al., 2012).  
 

Targeting specific cells for depletion in the mouse has allowed testing of potential 
therapeutic monoclonal antibodies. B-cell depletion by CD19 monoclonal-antibody 
treatment significantly reduced kidney allograft rejection and abrogated allograft specific 
IgG development, whereas CD20 monoclonal-antibody treatment did not (DiLillo et al., 
2011). Reversal of acute rejection with an antibody against CD45RB also improved survival 

in a transplant dependent model and this was associated with a reduction in TNF-α 
expression (Lazarovits et al., 1996b, Lazarovits et al., 1996a, Ogasa et al., 1995, Zhang et al., 
1996a, Zhang et al., 1995b). Rejection has also been shown to be modulated by monoclonal 
antibody blockade of CD154, a co-stimulatory molecule, by differentially targeting T-effector 
and T-regulatory cell subsets this resulted in a regulated intra-graft induction of chemokines 
targeting distinct T-cell subsets and associated with improved survival and graft histology 
(Meng et al., 2008). Therefore it is apparent that the mouse models may be a useful testing 
ground for new drugs and therapeutic molecules as well as being used to dissect rejection 
mechanisms. 

 

1.5.9 Other applications of the mouse kidney transplant model 
A mouse model of kidney transplantation has been utilized for studies other than those 
investigating rejection such as to explore disease models by separating intrinsic renal 
abnormalities from that that of circulating factors. For example a mouse model of X-linked 
hypophosphatemic rickets, a genetic metabolic disturbance, kidney transplantation was 
performed with wild type mice as both kidney recipient and donor with the phenotype 
strain. This allowed the exclusion of an intrinsic-renal abnormality to be the reason of the 
phenotype and the identification of a humoral factor to be causative (Nesbitt et al., 1992). 
Similarly to dissect the contribution of circulating humoral factors to the kidney phenotype 
in a model of glomerulonephritis New Zealand White mice kidneys, which do not develop a 
abnormal kidney phenotype, were transplanted into F1-hybrid New Zealand White and 
Black mice, which spontaneously develop glomerulonephritis; this experiment resulted in 
the native kidney and the allograft developing glomerulonephritis (Inoue et al., 1991b). 
 



 33 

The model has also been used as a means to develop in vivo imaging techniques. To examine 
the ischaemia reperfusion injury in syngeneic-grafts real-time immunofluorescence-based 
microscopy has been applied, this allowed imaging of functional and structural changes 
within the kidney caused by inflammation (Camirand et al., 2011). This may lead to novel 
techniques to monitor rejection in human transplantation. 
 
Three studies have used the mouse kidney transplant model to investigate the effect of 
transplant-associated viral infections (Albrecht et al., 2012, Li et al., 2012, Han Lee et al., 
2006). In mice infected with polyomavirus the allograft developed worse histological injury 
with increased numbers of CD8+ T-cells compared to virus free recipients (Han Lee et al., 
2006). Similarly acute infection of the donor with BK virus worsened rejection between MHC 
disparate allografts, and acute infection of the recipient on day 1 resulting in 100% mortality 
(Albrecht et al., 2012). A model of a donor-derived viraemia has shown latent 
cytomegalovirus can be reactivated following transplantation resulting in disseminated 
primary infection when transplanted in to mice that are deficient in T-cells, B-cells and 
natural killer cells (Li et al., 2012). 
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1.6 Aims and hypotheses 
 
The field of renal transplantation currently requires clarity on the role of intra-allograft B 
cells. The aims and hypotheses of this thesis are: 
 
Develop a mouse model of renal transplantation. 

• Does this model replicate acute renal allograft rejection? 

• Does this model replicate chronic renal allograft damage? 
 
In a mouse model of renal chronic allograft damage I hypothesise that: 

• B cells accumulate within the renal allograft. 

• B cells form tertiary lymphoid tissue. 

• That B cells are destructive to the allograft kidney. 
 

To investigate in CAD what the mechanism by which B cells are working, with the following 
hypotheses 

• Intra-allograft B cells produce donor specific antibody. 

• Intra-allograft B cells are immune-regulatory. 

• B cells produce products other than antibody. 
 
A secondary aim of this work is to pilot a novel method of detecting renal allograft injury 
using magnetic resonance imaging, with the aim of translating this into a potential modality 
for early detection of fibrosis within the transplanted kidney. 
 

 

 

  



 35 

1.7 Figures 

 

 
 

Figure 1.1 

Long-term graft survival after first adult kidney only transplant from donors after brain 

death. Statistics and Clinical Audit, NHS Blood and Transplant. Transplant in the UK Activity 

Report 2010/11, Bristol, UK: NHS Blood and Transplant. 
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Figure 1.2 

Representation of MHC class I and II molecules in mouse and human. In the MHC class 

I molecule the peptide binding cleft is found between the α1, and α2 region of the heavy 

polypeptide chain. In comparison the MHC class II peptide binding cleft is composed of the 

α1 region and the β1 region of two different chains. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 



 37 

 
 

Figure 1.3 

Simplified MHC class I gene maps of mouse and human. The classically described 

polymorphic regions are shown in yellow and encode the α chain. The other non-classical 

genes are often silent or pseudo-genes without function. Tapasin is involved with peptide 

transport and loading of MHC class I with antigen. In humans MICA and MICB are important 

ligands for natural killer cell receptors. 
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Figure 1.4  

Simplified MHC class II gene maps of mouse and human. The classically described 

polymorphic regions are shown in yellow which encode the α and β chains. The gene 

products include the proteasome complex that cleaves proteins into smaller fragments, and 

proteins that facilitate antigen loading onto the MHC class II molecule. 
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Figure 1.5 

B cell development. Diagrammatic representation of B cell differentiation and maturation 

from bone marrow stem cells to circulating peripheral B cells, also known as B2 B cells. The 

development of B1 B cells is an area of interest, as some authors believe these may be a 

self-renewing population within the specific body compartment, such as the peritoneal cavity. 
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Figure 1.6 

Potential intra-allograft B cell roles. B cells are classically known for their role as antibody 

secreting cells however the other facets of B cell biology have been increasingly recognized. 

The accumulation of B cells within the transplanted kidney is predominantly found in a peri-

vascular distribution with increasing density as the allograft ages. 
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Chapter 2. Materials and Methods 
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2.1 Mouse model of renal transplantation 
All animal in vivo experiments performed under a UK Home Office Project Licence (PPL. 
60/4375) and a Personal License (PIL. 60/13211), granted under the Animal (Scientific 
Procedures) Act 1986 and approved by the University of Edinburgh ethical review 
committee. Mouse strain combination of donor and recipient to model rejection were 
discussed previously (see Chapter 1.5) (Tse et al., 2013). Male mice were exclusively used to 
allow penile vein injection and avoided the anatomical problems of the female reproductive 
system in the recipient. To reduce unnecessary animal procedures practice of the surgical 
technique was performed under terminal anesthesia on mice that were surplus to animal 
stocks and destined to be culled. Anatomical variation between strains and between each 
animal required adaptation of the surgical procedure during the operation. Anesthesia was 
induced by intra-peritoneal injection of medetomidine (1mg/kg, Domitor, Orion Pharma) 
and ketamine (75mg/kg, Vetalar V, Pfizer Animal Health), sterile ophthalmic ointment was 
applied to protect the eyes (Viscotears, Allergen Ltd.). Hair removal was by electric clippers 
(Wahl, USA) and disinfected with povidone-iodine 10% w/w (Videne, Ecolab Ltd., Leeds, 
UK). Surgical instruments were sterilized daily after surgical procedures by autoclaving at 
134°C (Euroklav 23-S, Melag, Berlin, Germany). C57BL/6BM12 were bred in-house in the 
Biomedical Research Resources, University of Edinburgh or purchased from Charles River 
and had been inbred. Animals were housed in UK Home Office designated premises in 
individual cages. Animals had access to food and water ad libitum with an ambient 
temperature of 21°C with an average 50% humidity and a normal daylight cycle. All animal 
experiments were performed under a project license and in accordance with legislation in 
the Home Office Animal (Scientific Procedures) Act of 1986; mice were terminated by a 
Schedule 1 procedure. Local ethical committee guidelines were adhered to with additional 
consideration to UK ARRIVE Guidelines, The National Centre for the Replacement, 
Refinement and Reduction of Animals in Research (Kilkenny et al., 2010). 

 

2.1.1 Renal transplant donor procedure 
A standard technique to isolate the left kidney and ureter without a bladder cuff was 
initially performed (Tse et al., 2014). Following sterile preparation and laparotomy the 
gastrointestinal viscera were mobilized out of the operating field. The aorta and vena cava 
were identified and vascular branches to the renal artery and vein were ligated and divided, 
thus obtaining a section of aorta approximately 0.2mm superior and 0.5mm inferior to the 
renal artery, and obtaining the left renal vein up to the vena cava junction. The left gonadal 
vein and left adrenal vein were nearly always ligated as they consistently drained into the 
left renal vein, the gonadal artery was likely to be encountered and divided less frequently, 
smaller vessels were ligated if they inhibited the dissection of the left renal vein or the plane 
between the aorta and vena cava. Silk dyed black (Pearsalls Ltd, UK) with a diameter of 9/0 
was used to ligate and divide vessels. Once dissection and isolation of the kidney was 
complete 7/0 silk was loosely tied superiorly and inferiorly around the aorta and vena cava 
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individually, the recipient was prepared prior to perfusion of the kidney for retrieval. Prior 
to donor kidney retrieval 5 units of heparin was injected intravenously via the penile vein to 
the donor. The aorta superior and inferior to the left renal artery was then ligated with 7/O 
silk suture to allow the donor kidney to be perfused with 0.5 to 1ml of University of 
Wisconsin solution (Belzer Bridge to Life, Columbia, USA) injected retrograde into the aorta 
via a 30 gauge needle (BD Microlance, BD Pharmingen). After retrieval of the kidney the 
mouse was terminated by cervical dislocation. 

 

2.1.2 Renal transplant recipient procedure 
Following sterile preparation and laparotomy right recipient nephrectomy was first 
performed with 7/0 silk and the ureter divided close to the dome of the bladder with 9/0 
silk. The vena cava and aorta were meticulously dissected and the gonadal vessels, lumbar 
veins and lymphatic vessels anteriorly were mobilized to allow an area to perform vascular 
anastomosis. Prior to clamping the aorta and vena cava 5 units of heparin was injected 
intravenously via the penile vein. A standard end-to-side donor aortic patch to recipient 
aorta and end-to-side donor renal vein to vena cava anastomoses were fashioned with a 
running suture using 10/0 polyamide mounted on a 3/8 circle micro-needle with taper 
point (B-Braun, Germany). Donor ureter implantation was achieved by end to side to the 
recipient bladder with interrupted 10/0 polyamide by suturing peri-ureteric tissue to the 
exterior bladder and allowing the distal ureter to retract into the bladder (Han et al., 1999). 
Anaesthesia was reversed with subcutaneous injection of atipamezole (1mg/kg, Antisedan, 
Orion Pharma) and buprenorphine (0.05mg/kg, Vertegesic, Alsto Animal Health) for 
analgesia, with 1ml of 0.9% NaCl (B-Braun, Germany) injected subcutaneously for fluid 
support. The mouse was recovered for the first 48 hours monitored in a warming cabinet 
(Scanbur Technology A/S, Denmark) at 28°C.  

 

2.2 Immunohistochemistry 
Whole kidneys were fixed in methyl Carnoy’s solution (60% methanol, 30% chloroform, and 

10% acetic acid) before embedding in paraffin. 4µm tissue sections were cut for 
histopathology. Haemotoxylin and eosin stain was used to count viable tubules, defined by 
the presence of an intact basement membrane, intact tubule lumen, healthy cytoplasmic 
volume and a maintained apical microvilli brush border. Picrosirius red was used for 
assessment of fibrillar collagen. Immunohistochemistry was performed as previously 
described (Ferenbach et al., 2012). Embedded tissue slides were deparaffinized in xylene, 
rehydrated and blocked using 3% H2O2, heat-induced epitope retrieval was performed for 
CD3 using 10mM sodium-citrate pH6.0 for 20 minutes (LG Intellowave, 800W, Category E), 
before incubation with primary antibodies at 4°C overnight. Staining was performed using a 
Shandon Sequenza immunostaining system (Thermo Shandon Limited, Cheshire, UK). 
Following two washes subsequent incubation with species-specific biotin-conjugated 
secondary antibody was performed at room temperature for 30 minutes. Sections were 
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incubated with horseradish perioxidase conjugated to avidin (Vectastain ABC Elite reagent, 
Vector Laboratories, Peterborough, UK) for 30 min at room temperature, before washing and 
staining with diaminobenzidine (DAB) for 5 minutes (Dako UK, Cambridgeshire, UK). 
Sections were counter-stained with hematoxylin before dehydration and mounting. 
Appropriate isotype negative controls were used at the same concentrations as the primary 
antibodies. Immunohistochemistry slides were mounted with Pertex (Leica Biosystems) and 
coverslips (Surgipath, Leica Biosystems). The host primary antibodies used are listed in 
Table 2.1, species-specific secondary antibodies in Table 2.2 and control primary antibodies 
in Table 2.3. 

 

2.2.1 Microscopy 
Bright field slides were imaged at room temperature with Q-capture Pro version 5.1.1.14 
(Media Cybernetics Inc., Maryland, USA) using an Axioskop microscope (Carl Zeiss, Jena, 
Germany), equipped with a Micropublisher 3.3 RTV camera (QImaging, British Columbia, 
Canada), and a Plan-Achroplan x20 objective with a 0.45 numerical aperture. Calculation of 
total tissue area was performed by creating tiled images using ImagePro7 version 7.0.1.658 
(Media Cybernetics Inc., Maryland, USA) using an Axio Imager A1 microscope (Carl Zeiss, 
Göttingen, Germany) and ProScan II motorized stage system (Prior Scientific Instruments 
Ltd., Cambridge, UK), equipped with a QICAM Fast 1394 camera (QImaging, British 
Columbia, Canada) and A-plan x20 objective with a 0.45 numerical aperture.  

 

2.2.1.1 Optimisation of immunohistochemistry 
To determine the optimum method for immunohistochemistry quantification II compared 
two commonly available software packages: Adobe Photoshop CS6 and ImageJ, which are 
both frequently used for image analysis. Using these two software packages I compared 
their ability to quantify percentage positive area following picrosirius red (PSR) staining and 
DAB staining. 

 

2.2.1.2 Analysis of DAB staining 
Images of mouse spleen stained with anti-B220 and developed with DAB were analyzed and 
percentage area of positive staining calculated by ImageJ or by Photoshop (Figure 2.1). 
There was no significant difference on deconvoluting images and converting the brown-
channel images to binary pixels and measuring using ImageJ compared to measuring a 
range of brown pixels with Photoshop, ImageJ versus Photoshop, 35 ± 1.127% versus 37.06 ± 
1.357% respectively (Figure 2.2)(Students t test, p = 0.243). There was a significant 
correlation between the two methods (Figure 2.3)(Pearson r=0.985, p<0.0001) and 
furthermore there was a uniform distribution of outliers on Bland-Altman plot (Bias = -2.064, 
standard deviation of bias = 3.131) these outliers were distributed throughout the average 
(Figure 2.4).  
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2.2.1.3 Analysis of picrosirius red staining 
Images of mouse kidney allografts (C57BL/6BM12 è C57BL/6) were stained with PSR and 
analyzed by calculating percentage area of positive staining by ImageJ with different 
threshold values or by Photoshop with different fuzziness values (Figure 2.5). For both 
ImageJ and Photoshop analysis increasing the range of pixels selected by altering fuzziness 
or threshold increase the percentage area of positive staining. However analysis by 
Photoshop achieved a greater interquartile range whilst achieving lower 10% percentile 
value compared to analysis with ImageJ. Increasing the colour range selected towards its 
maximum resulted in significantly different values; comparing Photoshop at a fuzziness of 
200% and ImageJ at 150% of the automated threshold gave mean positive percentage areas 
of 65.37% and 99%. Overlaying Photoshop and ImageJ by comparing mean values shows a 
greater 10% percentile to 90% percentile range when analyzing by Photoshop (Figure 2.6).  
 
Based on overlaying the mean PSR staining it appeared adequate to compare Photoshop 
Fuzziness of 120% (mean = 7.222) and ImageJ Threshold of 77% (mean = 7.161), subjectively 
these parameters reflected the apparent positive fraction of staining on the brightfield 
images. With these parameters there was no difference in means (unpaired students t-test, p 
= 0.902), there was significant correlation between the two methods (Figure 2.7)(Pearson 
r=0.804, p <0.0001). The two methods were then compared in a Bland-Altman plot (Bias = 
2.284, standard deviation of bias = 3.202), which showed that when analysing images with 
higher PSR percentage area staining measurement by Photoshop resulted in a greater area 
than ImageJ, as evidenced by outliers above two standard deviations from the mean (Figure 

2.8). 

 

2.2.2 Quantification 
Average number of healthy tubules within the cortex (Figure 2.9) and average number of 
Gr1+ neutrophils were counted using ImageJ software (Cell counter plugin; ImageJ 1.22o; 
National Institutes of Health, Bethesda, US), ten fields (x200 magnification) were assessed 
per tissue section. B220+ B cell, CD3+ T cells, F4/80+ macrophages, picrosirius red and 
collagen III were expressed as average % area per high powered field (x200 magnification) 
ten fields were assessed per tissue section using a verified methodology of positive staining 
using Colour Range tool on Photoshop CS6 Extended (Version 13.0.6; Adobe Systems 
Europe, Uxbridge, UK) (Tse and Marson, 2013b). Absolute numbers of LYVE1+ lymphatic 
vessels and PNAd+ high endothelial venules through the whole tissue section were 
expressed per mm2 of the total tissue area and calculated using ImageJ software. 

 

2.2.3 T score 
Pathological grading of T cell inflammation based on modified average T-score for each 
kidney was performed following anti-CD3 immunohistochemistry staining (x200 
magnification); ten fields were assessed and each given a t-score which was the highest score 
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obtained per field (Sis et al., 2010). T score was calculated by: T0 = no mononuclear cells in 
tubules, T1 = foci with 1 to 4 cells/tubular cross section (or 10 tubular cells), T2 = foci with 5 
to 10 cells/tubular cross-section, T3 = foci with >10 cells/tubular cross-section or the 
presence of at least two areas of tubular basement membrane destruction. 

 

2.3 Immunofluorescence 

Whole kidneys were fixed and 4µm tissue sections cut as described for 
immunohistochemistry. Immunofluorescence was performed as previously described 
(Ferenbach et al., 2012). Embedded tissue slides were deparaffinized in xylene and 
rehydrated, heat-induced epitope retrieval was performed for CD3 and Foxp3 using 10mM 
sodium-citrate pH6.0, before incubation with primary antibodies at 4°C overnight. Staining 
was performed using a Shandon Sequenza immunostaining system (Thermo Shandon 
Limited, Cheshire, UK). Following two washes subsequent incubation with species-specific 
biotinylated or fluorochrome conjugated secondary antibody was performed at room 
temperature for 30 minutes. Following two further washes biotinylated antibodies were 
detected with streptavidin-conjugated fluorochromes. Following washings steps 
immunofluorescence slides were mounted with Permafluor (Thermo Fisher Scientific). The 
host primary antibodies used are listed in Table 2.1 and species-specific fluorochrome 
conjugated secondary antibodies in Table 2.4 and biotinylated secondary antibodies in 
Table 2.2 with streptavidin conjugated fluorochromes in Table 2.5. Control antibodies given 
in Table 2.7. 

 

2.3.1 Microscopy 
Immunofluorescence slides were imaged at room temperature with Improvision Openlab 
version 4.0.1 (Improvision, Coventry, UK) using an Axioskop 2 MOT plus microscope (Carl 
Zeiss, Jena, Germany), equipped with a ORCA-ER camera (Hamamatsu Photonics, Japan), 
an HBO 50 AC mercury burner (Carl Zeiss, Jena, Germany), and a Plan-Apochromat x10 
objective with a 0.45 numerical aperture. 

 

2.4 Flow cytometry 

For leukocyte flow cytometry cell analysis 1x106 cells were blocked on ice for 20%min with 

10% mouse serum, and then stained for 30%minutes at 4°C with primary antibodies (see 
Table 2.6). After staining cells were washed twice with Dulbecco's 1% PBS (PAA 

Laboratories GmbH, Austria) and resuspended in 500µl 1% PBS + 5% fetal calf serum 

(Biosera Europe, France) and DAPI 1µl (5µg/ml, Invitrogen Ltd, Paisley, UK) added 
immediately before analysis using BD FACSDIVA version 6.1.3 on a LSR Fortessa (BD 
Biosciences, New Jersey, USA). Analysis was gated on collecting 10,000 live events of the 
population of interest. Post acquisition data analysis was performed using FlowJo version 
10.6 (TreeStar Inc., Oregon, USA). Control primary antibodies for flow cytometry are given 
in Table 2.7. 
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2.4.1 Blood 

12.5µl of peripheral blood was obtained by tail vein bleeding and added to 12.5µl of 3.8% 

sodium citrate (Sigma-Aldrich). Primary antibodies in 50µl of Dulbecco's 1% PBS (PAA 

Laboratories GmbH, Austria) were added and stained for 30%minutes at 4°C. 400µl of FACS 
lysing solution (BD Biosciences, San Jose, USA) was added before data acquisition along 

with 50µl of CountBright Beads (Invitrogen, USA) for absolute cell counts. 

 

2.4.2 Splenocytes 
Mouse spleen was harvested at the time of tissue collection for histology. The spleen was cut 
into quarters and placed in IMDM + 5% fetal calf serum (Biosera Europe, France), a single 
cell suspension was prepared by mechanical disruption by blunt force with a No. 23 scalpel 
(Swann-Morton, Sheffield, UK) on a conical dish. The homogenate was passed through a 

40µm cell strainer (BD Biosciences, Durham, USA) and cells were centrifuged for 5 minutes 
at 300g. Red blood cells were lysed by incubation on ice with red cell lysis buffer (Sigma 

Aldrich, St. Louis, USA) for 10%minutes. Cells were pelleted and resuspended in 1%ml 
Dulbecco's 1% PBS (PAA Laboratories GmbH, Austria) for counting on a hemocytometer 
and for downstream use. 

 

2.4.3 Kidney Digestion 
Single cell suspension from kidney digestion was adapted from a previously described 
method (Ferenbach et al., 2012). Allograft kidneys were mechanically fragmented using a 
No. 23 scalpel (Swann-Morton, Sheffield, UK) into IMDM (GIBCO, Life technologies, UK) + 
5% fetal calf serum (Biosera Europe, France) + 1% Penicillin/Streptomycin (PAA 
Laboratories GmbH, Austria). The homogenate was centrifuged for 5 minutes at 300g 

(Rotina 420R. Hettich, Zentrifugen) and re-suspended in 2%ml Hanks Buffer (PAA 

Laboratories GmbH, Austria) containing 1.6%mg/ml collagenase B (Roche Diagnostics 

GmbH, Mannheim, Germany) and 100%µg/ml DNAse I (Roche Diagnostics GmbH, 

Mannheim, Germany), and incubated at 37%°C for 30%minutes with occasional rotational 

mixing. The homogenate was passed through a 40µm cell strainer (BD Biosciences, Durham, 
USA) and cells were centrifuged (5 minutes at 300g). Red blood cells were lysed by 

incubation on ice with red cell lysis buffer (Sigma Aldrich, St. Louis, USA) 10%min. Cells were 

pelleted and resuspended in 1%ml Dulbecco's PBS (PAA Laboratories GmbH, Austria) for 
counting on a hemocytometer and for downstream use. 

 

2.5 Cell Sorting  
Magnetic assisted cell population enrichment was performed to obtain high percentage 
population for culture from single cell suspensions of splenocytes or following kidney 
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digestion. For RNA analysis pure populations were obtained by secondary fluorescence 
activated cell sorting. 

 

2.5.1 Magnetic micro-bead sorting 
For positive B cell separation single cell suspensions were centrifuged then resuspended in 
MACS buffer and incubated with B220 super-paramagnetic microbeads (MACS, Miltenyi 

Biotec, Bergisch Gladbach, Germany) at a concentration of 10µl beads per 107 cells for 15 
minutes at 4°C. After staining cells were washed twice with MACS buffer and resuspended 

in 500µl MACS buffer. Cell suspension was then magnetically separated by positive selection 
by passing the suspension through a LS column (MACS, Miltenyi Biotec, Bergisch Gladbach, 
Germany) mounted on a quadroMACS separator (MACS, Miltenyi Biotec, Bergisch 
Gladbach, Germany). The flow through compartment was discarded and the B220+ fraction 
was flushed from the LS column. The cells were counted on a hemocytometer and prepared 
for downstream use. 

 

2.5.2 Fluorescence-activated cell sorting 
B cells were first enriched by magnetic-activated cell sorting by positive selection with B220 
super-paramagnetic microbeads (Miltenyi Biotec). Live B cells (CD45.2+ B220+ DAPI-) were 
then purified using fluorescence-activated cell sorting (FACS) and collected into IMDM 
(GIBCO, Life technologies, UK) with 50% fetal bovine serum (Biosera Europe, France) using 
a FACS Aria II (BD Biosciences, New Jersey, USA). Trigger events were set to a threshold of 
5000 in the forward scatter channel photo-multiplying tube detector. Sorted B cells were 
collected for mRNA isolation or cultured in IMDM (GIBCO, Life Technologies, UK) with 
10% fetal bovine serum (Biosera Europe, France) and 1% penicillin and streptomycin (PAA 
Laboratories GmbH, Austria). 

 

2.5.2.1 Optimisation of B cell isolation 
The purity of B cell isolation for downstream use was compared between three protocols for 
kidney digestion (Figure 2.10). FACS analysis between no sorting method, MACS sorting 
alone or MACS and FACS sorting resulted in 0.18 ± 0.19% versus 6.21 ± 1.34 versus 52.59 ± 
5.64 % DAPI- B220+ CD45.2+ (of total events)(Figure 2.11). Similarly 0.78 ± 0.051% versus 
51.06 ± 6.20% versus 98.36 ± 0.427% for no sorting method, MACS sorting alone or MACS 
and FACS was found for % DAPI- B220+ CD45.2+ (of lymphocyte gate). 
 

2.6 Molecular Biology 
A two-step method was performed to first extract RNA for conversion to template first 
strand cDNA prior to quantitative real-time polymerase-chain reaction (qPCR). 

 

2.6.1 RNA extraction tissue/cells 
Mouse kidney samples were immediately frozen on dry ice (CO2) after euthanasia of the 
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experimental mouse. Tissue and FACS sorted cell ribonucleic acid (RNA) was extracted 
using Isolate II RNA micro and mini kits (Bioline, London, UK) respectively. Between 6.0 
x105 and 12.5 x105 sorted B cells were purified from each allograft kidney and compared to 
25 x105 naive splenocyte B cells. Half of a mouse kidney (approximately 250mg) was used to 
extract tissue RNA.  

 

2.6.2 RNA quality check 
RNA integrity was verified by electrophoresis by Agilent Bioanalyser 2100 (Agilent 
Technologies, Berkshire, UK) analysis. RNA concentration was measured (Nanodrop 1000, 
Thermo Fisher Scientific, Delaware, USA). 

 

2.6.3 RNA reverse transcription 
500ng of cell RNA and 1mg of tissue RNA was converted to complimentary 
deoxyribonucleic acid (cDNA) using a Taqman High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystem, California, USA) on a standard thermal cycler (iCycler Thermal 

cycler, Bio-Rad, USA). Tissue cDNA was diluted 1:50 (2ng/µl) and cell cDNA 1:25 (1ng/µl) 
with RNase/DNase free diethylpyrocarbonate treated water (Bioline, UK) and stored at -
80°C. 

 

2.6.4 Quantitative real-time polymerase-chain reaction (qPCR) 
qPCR was performed on a ABI 7900HT Fast real-time system (Applied Biosystems, 
California, USA). For each qPCR reaction 8ng of tissue RNA converted to cDNA product 
was used and similarly 16ng of cell cDNA product. 18s, GAPDH, Beta-2microglobulin were 

used to normalize gene expression. A final volume of 50µl was used for each reaction 

(Taqman gene expression master mix = 25µl Taqman gene expression assay = 2.5µl, cDNA 

template in H20 = 17.5µl). Data analysis, generation of a cycle threshold (CT) value, and 
standard curve fitting was performed on ABI Sequence Detection System (SDS) 2.0 software 
(Applied Biosystems, California, USA). Baseline and threshold were manually adjusted for 
each primer-probe assay and used for all experiments. qPCR was performed using the 
following proprietary TaqMan Gene Expression VIC primer-probe assays (Applied 
Biosystems): Gapdh (Mm99999915_g1), B2m (Mm00437762_m1), 18S (Hs03003631_g1); and 
FAM primer-probe assays (Applied Biosystems): Ccl2 (Mm00441242_m1), Ccl5 
(Mm01302427_m1), Ccl7 (Mm00443113_m1), Cxcl1 (Mm04207460_m1), Cxcl2 
(Mm00436450_m1), Cxcl10 (Mm00445235_m1), Il6 (Mm00446190_m1), Tgfb 
(Mm01178820_m1), Havcr1 (Mm00506686_m1), and CD20 (Mm00545909_m1). Naive 
splenocyte B cells (n=6) or untreated naïve kidneys (n=5) were used as calibrator samples. 
Samples were assayed in triplicate with outliers >0.5 CT from the sample group excluded. 

Data shown as the fold increase (2-ΔΔCT) values or 2-ΔCT, using the Livak method (Schmittgen 
and Livak, 2008).  

 



 50 

2.7 Cell Culture 
Single cell suspension of splenocytes or isolated B cells sorted by magnetic micro-beads, 2.5 
x105 cells were cultured at (37.0°C, 5.00% CO2, 20.95% O2)(Sanyo MCO-175 Cell incubator, 

Sanyo Electric Co., Ltd., Japan) in 96-well plates (Corning) in 250µl IMDM (GIBCO, Life 
technologies, UK) and 10% fetal bovine serum (Biosera Europe, France) media alone or with 
a source of stimulation for 72 hours. Plates were centrifuged at 500g for 5 minutes (Rotina 
420R. Hettich, Zentrifugen) and supernatant transferred to a new 96-well plate and kept at -
20°C till use. 

 

2.7.1 Re-stimulation 
In the same culture conditions sorted splenocytes or isolated B cells were non-specifically 

stimulated with 1µg/ml ionomycin calcium salt (from Streptomyces conglobatus)(Sigma-

Aldrich, UK), 5µg/ml lipopolysaccharide (Sigma-Aldrich, UK) and 20ng/ml phorbol-12-
myristate-13-acetate (Sigma-Aldrich, UK). Antigen specific re-stimulation, donor-specific 

response, of splenocytes or B cells was through co-culture with γ-irradiated C57BL/6BM12 

splenocytes exposed to 30Gy from a Caesium-137 source (GSR C1m, Gamma-Service 

Recycling GmbH, Leipzig, Germany). γ-irradiation was performed by Dr Chris Johnston, 
Ashworth Buildings, University of Edinburgh. 

 

2.8 Cytokine detection 

 

2.8.1 Enzyme-linked immunosorbent assay (ELISA) 

Interleukin-4, interleukin-17 and interferon-γ concentration in supernatant was quantified by 
sandwich ELISA (DuoSet, R&D Systems Europe Ltd., Abingdon, UK) as per manufacturer’s 

instructions. 96-well plates were coated with 100µl diluted capture antibody and incubated 

overnight at room temperature. Each well was washed twice with at least 400µl 1% PBS 
containing 0.1% TWEEN and blotted dry with clean paper towel. Wells were then blocked 

with 100µl 1% PBS containing 0.05% sodium azide, 5% sucrose (Sigma-Aldrich Cheme 
GmbH, Riedstr, Stenheim) and 1% albumin bovine serum Cohn Fraction V (VWR 
International, Littleworth, UK) at room temperature for 1 hour. Wells were washed twice 

and 100µl of sample per well incubated at room temperature for 2 hours, well were washed 

again and 100µl of diluted detection antibody incubated at room temperature for 2 hours. 

Wells were washed again and 100µl of streptavidin conjugated to horse-radish peroxidase 

incubated at room temperature for 20 minutes. After washes 100µl of substrate solution 
(SureBlue TMB Microwell Peroxidase Substrate, KPL Inc., Maryland, USA) was added and 

incubated for up to 30 minutes. 50µl of 0.6N Sulphuric acid (Sigma-Aldrich, UK) was added 
to terminate the reaction. Standards and samples were assayed in duplicate. ELISA plates 
were then analyzed by optical densitometry at 450nm. An average of duplicate readings for 
each standard, control, and sample was subtracted from the average zero standard optical 
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density. A standard curve was plotted by the mean absorbance for each standard against the 
log of the concentration and a best-fit line determined by regression analysis. 

 

2.8.2 Screening array 
Mouse cytokine array panel A (Proteome profiler array, R&D Systems Europe Ltd., 
Abingdon, UK) was used, as per the manufacturers instructions, to simultaneously profile 
relative levels of multiple cytokines. Supernatants from cultured B cells were assayed by 
incubating with supplied mouse cytokine array detection antibody cocktail for one hour at 
room temperature. The sample/antibody mixture was then incubated with the array panel 
membrane overnight at 2-8°C on a rocking shaker. Following washing steps the membrane 
was incubated with streptavidin conjugated to horseradish peroxidase for 30 minutes before 
washing. The membrane was probed with supplied chemi reagent mix and developed on an 
autoradiography cassette (Hi-Speed-X, Genetic Research Instrumentation Ltd., Dunmow, 
UK) with exposure film (CL-XPosure film, Thermo Scientific, Belgium) on a medical film 
processor (Konica SRX-101A, Konica Corporation, Taiwan). 

 

2.8.3 Luminex assay 
Quantification of cytokines and chemokines was performed with a Luminex 32-plex analyte 
cytokine profiling magnetic bead assay (Procartaplex, eBioscience, UK) and separately a 3-
plex TGF-beta assay (Bio-Rad, USA) as per the manufacturer’s protocol. Mulitplex magnetic 

beads were vortexed and 25µl added to each well and washed twice with wash buffer, 
magnetic beads were immobilized within the well using a handheld magnetic plate washer 
(Bio-Rad, USA). Supernatant samples were assayed undiluted; serial dilutions of standards 
were prepared and assayed in parallel. Prior to TGF-beta assay samples were activated by 
first acidifying with 1N HCl (Sigma-Aldrich, UK) for 5 minutes and then neutralized with 
1.2N NaOH / 0.5 HEPES (Sigma-Aldrich, UK) with equal volumes. Samples were incubated 
on a plate shaker (Titramax 100, Heidolph, Germany) for 2 hours at 500-600 revolutions per 
minute at room temperature in the dark. Beads were washed again prior to incubation with 
detection antibodies for 30 minutes. Finally beads were washed and incubated with 
streptavidin conjugated to phycoerythrin for 30 minutes. Beads were then washed and re-

suspended in 120µl reading buffer supplied separately with each assay. Standards and 
samples were assayed in duplicate. Luminex data acquisition was performed on a Bio-plex 
200 system (Bio-Rad, California, USA) and analysis was performed using Bio-plex manager 
software (Version 6.0, Bio-Rad Labs Inc, California, USA) to create standard curves for each 
cytokine constructed with a 5-parameter curve-fitting algorithm. 

 

2.9 Serum immunoglobulin assay 
Blood was obtained by cardiac puncture with a 21 gauge needle into a heparinized collection 
tube (Microvette 600, Starstedt, Nümbrecht, Germany) and serum was separated by 
centrifugation at 10,000G for 5 minutes (MicroCL 17R centrifuge, Thermo Electron 



 52 

Corporation, Germany) and frozen at -20°C till use. Determination of serum antibody titres 
was performed with a Luminex multiple analyte immunoglobulin profiling magnetic bead 
assay (Procartaplex, eBioscience, UK), as per the manufacturer’s protocol. Prior to incubation 
serum was diluted 1:10,000 with universal buffer supplied within the assay kit. Mulitplex 

beads were vortexed and 25µl added to each well and washed twice with wash buffer, 
magnetic beads were immobilized within the well using a handheld magnetic plate washer 
(Bio-Rad, USA). Supernatant samples were assayed undiluted; serial dilutions of standards 
were prepared and assayed in parallel. Samples were incubated on a plate shaker (Titramax 
100, Heidolph, Germany) for 2 hours at 500-600 revolutions per minute at room temperature 
in the dark. Beads were washed again prior to incubation with detection antibodies for 30 
minutes. Finally beads were washed and incubated with streptavidin conjugated to 

phycoerythrin for 30 minutes. Beads were then washed and re-suspended in 120µl reading 
buffer supplied separately with each assay. Standards and samples were assayed in 
duplicate. Luminex data acquisition was performed on a Bio-plex 200 system (Bio-Rad, 
California, USA) and analysis was performed using Bio-plex manager software (Version 6.0, 
Bio-Rad Labs Inc, California, USA) to create standard curves for each antibody 
immunoglobulin class constructed with a 5-parameter curve-fitting algorithm. 

 

2.10 Donor-specific antibody assay 
Allo-specific antibodies in sera of transplant recipients were assessed using indirect flow 
cytometry. Blood was obtained by cardiac puncture with a 21 gauge needle (Microvette 600, 
Starstedt, Nümbrecht, Germany) and serum was separated by centrifugation at 10,000G for 5 
minutes (MicroCL 17R centrifuge, Thermo Electron Corporation, Germany) and frozen at -
20°C till use. Serum from recipient mice who had received a C57BL/6BM12 allograft were 
assayed for anti-donor antibodies by their ability to bind C57BL/6BM12 splenocytes using 
flow cytometry by modifying a previously described method(Nataraju et al., 2009). On the 

day of assay 0.5 x 106 splenocytes were incubated in 50µL Dulbecco’s 1% PBS (PAA 
Laboratories GmbH, Austria) containing 1:20 recipient serum for 30 minutes at 4°C followed 
by two washes with PBS and centrifugation at 300G for 5 minutes. Goat F(ab')2 polyclonal 
anti-IgG-FC (Fragment-crystalisable) conjugated to phycoerythrin (Abcam, Cambridge, UK) 
was added and further incubated for 30 minutes. Fluorescence analysis was determined by 
flow cytometry using a LSR Fortessa (Becton Dickinson, New Jersey, USA) and median 
fluorescence intensity measured post-acquisition using FlowJo (Tree Star Inc., Oregon, USA). 
Settings for mouse splenocytes and relevant fluorochromes to count 50,000 events were 
used. These conditions were performed in technical triplicates for samples derived from 
individual mice. 

 

2.10.1 Auto-antibody assay 
Auto-antibodies in the sera of transplant recipients were assessed using indirect flow 
cytometry of permeabilised cells. The assay to detect auto-antibody differed from that of 
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allo-antibody (described previously) in that splenocyte permeabilisation (Foxp3 
Fixation/Permeabilization Set, eBioscience) was performed prior to incubation with diluted 
recipient serum. IgG deposition was detected as described for whole splenocytes. 

 

2.10.2 Auto-antibody imaging 
The generation of autoantibody was investigated by immunofluorescence microscopy. 
Acetone fixed frozen sections (8µm) of C57/BL6BM12 kidney or C57/BL6 kidney was blocked 
with 1% bovine serum albumin (Sigma-Aldrich, UK) for 30 minutes then incubated for 2 
hours in a humidity chamber at room temperature with 1:20 diluted serum from C57/BL6 
mice who had received a C57BL/6BM12 allograft or from naïve C57/BL6 mice. Following 
washes with 1%PBS a secondary goat anti-mouse IgG Alexa-488 labeled secondary antibody 
was incubated for 1 hour. Slides were fixed with aqueous mounting medium (Permafluor, 
Fisher Scientific) and imaged on AXIOSOP microscope (see 2.3.1 immunoflorescence 

microscopy). 

 

2.11 Creatinine assay 
Creatinine was determined using the creatininase/creatinase specific enzymatic 
method(Borner et al., 1979), utilising a commercial kit (Alpha Laboratories Ltd. Eastleigh, 
UK) adapted for use on a Cobas Fara centrifugal analyser (Roche Diagnostics Ltd, Welwyn 
Garden City, UK). This was performed by Dr Forbes Howie, Specialist Assay Service, The 
Queen's Medical Research Institute, The University of Edinburgh. College of Medicine and 
Veterinary Medicine. 

 

2.12 B cell depletion 

B cell depletion was performed by a single intravenous injection of 300µg of anti-mouse anti-

CD20 monoclonal antibody (18B12, IgGµ2a; Biogen Idec, San Diego, CA) in 200 µl 0.9% NaCl 
as per previously described (Hamel et al., 2011). Control placebo treated mice received anti-
human anti-CD20 monoclonal antibody (Rituximab, Biogen Idec). 

 

2.13 Magnetic resonance imaging 
Magnetic Resonance Imaging (MRI) data acquisition was performed by Dr Maurits Jansen 
(Preclinical Imaging Facility, University of Edinburgh), and analysis by Dr Shirjel Alam, 
University of Edinburgh. Measurements were performed using a 7 Tesla preclinical MRI 
scanner (Agilent Technologies). Mice were anesthetized with 2% isoflurane in oxygen-
enriched air (0.5 l/min air and 0.5 l/min oxygen). Rectal temperature was maintained at 
37°C. Respiration and ECG were monitored for stability throughout the protocol. A birdcage 
volume coil (33mm diameter)(Rapid Biomedical) was used for radio frequency transmission 
and signal reception. Image acquisition used a multiple echo gradient-recalled T2* mapping 
pulse sequence of 6 images weighted in T2*; TE = 1.8, 3, 5,7, 10, 12 and15ms; TR = 60 ms and 
flip angle of 15° at 78 kHz bandwidth. A coronal slice through the centre of the kidney was 
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selected with 35 × 35 mm field of view containing a 192 × 192 acquisition matrix (in-plane 
resolution = 0.182 × 0.182 mm). A single coronal slice identifying the whole of the kidney by 
rapid scout scanning (fast gradient echo), ensured slice position encompassed the most 
representative section of the kidney cortex. Slice thickness was 1 mm. Scans obtained under 
control conditions (baseline 4 weeks post transplantation and 48 hours after USPIO injection) 
were compared statistically and then combined into one group. 

 

2.14 Statistical analysis 
All data is expressed as mean ± standard error of the mean unless otherwise stated, given to 
two decimal places or two significant figures. For parametric populations two-way ANOVA 
and unpaired Student’s t test was used, and non-parametric Kruskal-Wallis and Mann 
Whitney t test used, these were performed using Prism 5 for Mac OS X software (GraphPad, 
USA). 
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2.15 Figures 

 

 

 

Figure 2.1 

Software transformation of IHC. Original brightfield image of mouse spleen anti-B220 DAB 

staining and transformed images with Photoshop and with ImageJ. In this example 

Photoshop analysis resulted in 46.1% positive area staining and ImageJ resulted in 47.4% 

positive area staining. 
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Figure 2.2 

Scatter plot of comparing ImageJ and Photoshop. Analysis of percentage positive area 

of staining for anti-B220 with DAB of spleen images at, n=100, ImageJ versus Photoshop, 35 

± 1.127% versus 37.06 ± 1.357% respectively, p = 0.243.  

 
  



 57 

 
 

Figure 2.3 

Paired-data plot with linear regression comparing ImageJ and Photoshop for DAB. 

Analysis of percentage positive area of staining for anti-B220 with DAB of spleen images at, 

n=100, Pearson r=0.985, p<0.0001 
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Figure 2.4 

Bland-Altman plot DAB. Comparing the difference between percentage positive area 

staining with anti-B220 with DAB in mouse spleen analysed by ImageJ or Photoshop against 

the mean of the paired ImageJ and Photoshop measurements (n=100). 
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Figure 2.5 

Software transformation of histochemistry. Original brightfield image of mouse kidney 

allograft (C57BL/6BM12 ! C57BL/6), 8 weeks after transplantation, with picrosirius red 

staining and transformed images with Photoshop and with ImageJ. Top row shows 

Photoshop transformation following selection of red colour and altering fuzziness values. 

Bottom row shows ImageJ transformation by converting to Red-Green-Blue and viewing in 

green channel and altering thresholds. 
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Figure 2.6 

Overlay of Photoshop and ImageJ analysis. Comparing percentage area positive with 

picrosirius red staining of mouse allograft kidney (C57BL/6BM12 ! C57BL/6), 8 weeks after 

transplantation. 
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Figure 2.7 

Paired-data plot with linear regression comparing ImageJ and Photoshop for PSR. 

Analysis of percentage positive area of staining picrosirius red in mouse renal allograft 

(C57BL/6BM12 ! C57BL/6), 8 weeks after transplantation (images, n=100, Pearson r=0.804, 

p <0.0001). 

  



 62 

 
 

Figure 2.8 

Bland-Altman plot PSR. Comparison of the difference between percentage positive area 

staining with picrosirius red in the mouse renal allograft (C57BL/6BM12 ! C57BL/6), 8 weeks 

after transplantation, analysed by ImageJ or Photoshop against the mean of the paired 

ImageJ and Photoshop measurements, (n=100). 
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Figure 2.9 

ImageJ counting viable tubules. Using ImageJ software healthy tubules were counted per 

high-powered field (x200 magnification). 

 

 

 

 

 

 

 

 

 

 

 

 



 64 

 
 
Figure 2.10 

Optimisation of B cell isolation from kidney digestion. Four week CAD allografts 

(C57BL/6BM12 ! C57BL/6) were digested and B cell content analysed by FACS comparing 

unsorted samples, samples sorted by MACS enrichment alone or after MACS and FACS 

purification. 

 

 

 

 

Figure 2.11 
Comparison of B cell isolation technique. Four week CAD allografts (C57BL/6BM12 ! 

C57BL/6) were digested and B cell content analysed by FACS comparing unsorted samples, 

samples sorted by MACS enrichment alone or after MACS and FACS purification. 
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2.16 Tables 

 
Antigen Manufacturer 

Catalogue No. 
Conjugate Host 

Species 
(clone) 

Species 
Reactivity 

Stock 
Conc. 

Working 
Conc. 

Antigen 
Retrieval 

CD45R 
(B220) 

BD 
Pharmingen 
553085 

Biotinylated Rat 
(RA3-6B2) 

Mouse 0.5mg/ml 1.7µg/ml - 

LYVE1 
 
 

Abcam 
Ab14917 

- Rabbit 
Polyclonal 

Mouse 1mg/ml 10µg/ml - 

CD3 
 
 

DAKO 
A0452 

- Rabbit 
Polyclonal 

Human 0.6mg/ml 6µg/ml Sodium 
Citrate 

F4/80 
 
 

Invitrogen 
MF48000 

- Rat 
(BM8) 

Mouse 0.2mg/ml 1µg/ml - 

PNAd 
(CD62L) 

BD 
Pharmingen 
553863 

- Rat 
(MECA-79) 

Mouse 0.5mg/ml 10µg/ml - 

CD138 Biolegend 
142502 
 

- Rat clone 
(281-2) 

Mouse 0.5mg/ml 5µg/ml - 

Foxp3 eBioscience 
13-5773-80 
 

Biotin Rat 
(FJK-16s) 

Mouse 0.2mg/ml 1µg/ml Sodium 
Citrate 

GL-7 eBioscience 
13-5902 
 

Biotin Rat IgM 
(GL7) 

Mouse 0.5mg/ml 2.5µg/ml Sodium 
Citrate 

α-SMA Abcam 
Ab5694 
 

- Rabbit 
Polyclonal 

Human/ 
Mouse 

0.2mg/ml 0.4µg/ml - 

Collagen III Southern 
Biotech 
1330-01 

- Goat 
Purified 
Monoclonal 

Human/ 
Mouse 

0.4mg/ml 1.3µg/ml - 

Ly6G 
(Gr-1) 
 

Biolegend 
108402 

- Rat 
(RB6-8C5) 

Mouse 0.5mg/ml 1µg/ml - 

PDGFR-β Abcam 
Ab32570 

- Rabbit 
Monoclonal 
(Y92) 

Human/ 
Mouse 

0.084mg/
ml 

0.28µg/ml Sodium 
Citrate 

SM22-α 
(Transgelin) 

Abcam 
Ab14106 

- Rabbit 
Polyclonal 
 

Human/ 
Mouse 

1mg/ml 0.4µg/ml - 

 

Table 2.1  

Primary immunohistochemistry antibodies 
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Antigen Manufacturer 
Catalogue No. 

Conjugate Host 
Species 

Species 
Reactivity 

Stock 
Conc. 

Working 
Conc. 

Rat 
IgG 

Vector 
BA-9400 
 

Biotin Goat Rat 1.5mg/ml 5µg/ml 

Rabbit 
IgG 

Vector 
BA-1000 
 

Biotin Goat Rabbit 1.5mg/ml 5µg/ml 

Rat 
IgG 

Vector 
BA-4001 
 

Biotin Rabbit Rat 0.5mg/ml 1.7µg/ml 

Rat 
IgM 

ABD Serotec 
MCA 189B 
 

Biotin Mouse Rat 1mg/ml 5µg/ml 

Goat  
IgG 

Vector 
BA-5000 
 

Biotin Rabbit Goat 1.5mg/ml 5µg/ml 

 

Table 2.2  

Secondary immunohistochemistry antibodies 

 

 
Ig 
Isotype 

Manufacturer 
Catalogue No. 

Conjugate Host 
Species 
(clone) 

Stock 
Conc. 

Working 
Conc. 

Rabbit 
Serum 
 

Sigma 
R9133 

- Rabbit 0.5mg/ml 6-10µg/ml 

Rat IgG2a 
 

DAKO 
X0943 
 

- Rat 
DAK-GO5 

0.5mg/ml 1-5µg/ml 

Rat IgG2b 
 

Biolegend 
400621 
 

- Rat 
RTK4530 

1mg/ml 1µg/ml 

Rat  
IgM 
 

Biolegend 
400801 

- Rat 
RTK2118 

0.5mg/ml 5-10µg/ml 

 

Table 2.3 

Control immunohistochemistry antibodies 
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Antigen Manufacturer 
Catalogue No. 

Conjugate Host 
Species 
(clone) 

Species 
Reactivity 

Stock 
Conc. 

Working 
Conc. 

CD45R 
(B220) 

Biolegend 
103240 
 

Brilliant 
Violet 421 

Rat Mouse 0.5mg/ml 1.7µg/ml 

Rabbit 
IgG (H+L) 

Invitrogen  
A-11305 
 

Alexa 546 Goat Rabbit 2mg/ml 10µg/ml 

Rabbit 
IgG (H+L) 

Invitrogen 
A-11034 
 

Alexa 488 Goat Rabbit 2mg/ml 10µg/ml 

Rabbit 
IgG (H+L) 

Invitrogen 
A-21206 
 

Alexa 488 Donkey Rabbit 2mg/ml 10µg/ml 

Goat 
IgG (H+L) 

Invitrogen 
A-11055 
 

Alexa 488 Donkey Goat 2mg/ml 10µg/ml 

Mouse 
IgG (H+L) 

Invitrogen 
A-11029 
 

Alexa 488 Goat Mouse 2mg/ml 10µg/ml 

Rat 
IgG (H+L) 

Invitrogen  
A-21209 
 

Alexa 594 Donkey  Rat 2mg/ml 10µg/ml 

Rat 
IgG (H+L) 

Invitrogen 
A-11006 
 

Alexa 488 Goat Rat 2mg/ml 10µg/ml 

 

Table 2.4  

Primary and secondary immunofluorescence Antibodies 

 
 
Antigen Manufacturer 

Catalogue No. 
Conjugate Host 

Species 
(clone) 

Working 
Conc. 

Biotin Molecular 
Probes S11223 

Alexa 488 1mg/ml 10µg/ml 

Biotin Molecular 
Probes S11226 

Alexa 568 1mg/ml 10µg/ml 

 

Table 2.5  

Streptavidin conjugated fluorochromes 
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Antigen Manufacturer 
Catalogue No. 

Conjugate Host 
Species 
(clone) 

Species 
Reactivity 

Stock 
Conc. 

Working 
Conc. 

CD23 eBioscience 
46-4321-80 

PerCP  
eFluor 710 
 

Rat 
B3B4 

Mouse 0.2mg/ml 1µg/ml 

CD45R 
(B220) 
 

Biolegend 
103227 

Pacific Blue Rat 
RA3-6B2 

Mouse 0.5mg/ml 1.25µg/ml 

CD45.2 
 
 

Biolegend 
109830 

PE/Cy7 Mouse 
104 

Mouse 0.2mg/ml 0.5µg/ml 

CD80 (B7.1) 
 
 

Biolegend 
104707 

PE Armenian 
Hamster 
16-10A1 

Mouse 0.2mg/ml 1µg/ml 

CD86 (B7.2) 
 
 

Biolegend 
105030 

APC/Cy7 Rat 
GL-1 

 Mouse 0.2mg/ml 1µg/ml 

DAPI 
 
 

Invitrogen 
D1306 

- - - 5mg/ml 0.05µg/ml 

IgG – FC 
 
 

Abcam  
Ab5881 

PE Purified 
Goat 
F(ab’)2 

Mouse 0.5mg/ml  5µg/ml 

IgM 
 
 

Southern 
Biotech 
1021-07 

Texas Red Purified 
Goat 
Serum 

Mouse 1mg/ml 10µg/ml 

Mouse 
IgG (H+L) 

Invitrogen 
A-11029 
 

Alexa 488 Purified 
Goat 
Serum 

Mouse 2mg/ml 10µg/ml 

 

Table 2.6  

Flow cytometry antibodies and reagents 

 
Isotype 
Ig 

Manufacturer 
Catalogue No. 

Conjugate Host 
Species 
(clone) 

Stock 
Conc. 

Working 
Conc. 

Rat IgG2aK Biolegend 
400521 

PE/Cy7 Rat 
RTK2758 
 

0.2mg/ml 1µg/ml 

Rat IgG2aK eBioscience 
48-4321-80 

eFluor 450 Rat 
eBR2a 
 

0.2mg/ml 1µg/ml 

Rat IgG2aK eBioscience 
53-4321-80 

AF488 Rat 
eBR2a 
 

0.2mg/ml 1µg/ml 

Rat IgG2aK eBioscience 
51-4321-80 

AF647 Rat 
eBR2a 
 

0.2mg/ml 1µg/ml 

Rat IgG2aK eBioscience 
46-4321-80 

PerCP 710 Rat 
eBR2a 
 

0.2mg/ml 1µg/ml 

Goat IgG Southern 
Biotech 
0109-07 

Texas Red Goat 
Serum 

1mg/ml 10µg/ml 

Armenian 
Hamster IgG 

Biolegend 
400907 

PE Armenian 
Hamster 
HTK888 

1mg/ml 1µg/ml 

Rat IgG2aK Biolegend 
400523 
 

APC/Cy7 Rat 
RTK2758 
 

0.2mg/ml 1µg/ml 

 

Table 2.7  

Control flow cytometry antibodies 
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Chapter 3. Mouse Renal Transplantation 
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3.1. Introduction 
The establishment of a mouse model of renal transplantation requires the acquisition and 
refinement of advanced microsurgical skills. Several authors have reviewed the technical 
surgical aspects of mouse kidney transplantation, with respect to the pre-operative, 
intraoperative and recovery care to increase the success rate of the procedure (Zhang et al., 
1995a, Rong et al., 2012, Martins, 2006a, Martins, 2006b, Kalina and Mottram, 1993, Han et 
al., 1999, Tian et al., 2010, Wang et al., 2009). Following review of current and historical 
described techniques I developed a mouse model with a native kidney left in situ with 
vascular anastomoses to the vena cava and aorta. To ensure a reproducible model was 
established great attention was taken to learn a consistent technique with minimal ischaemic 
time to the transplanted kidney and surgical stress to the recipient mouse. This research 
group had previously reported a mouse model of renal transplant chronic allograft damage 

by transplanting a C57BL/6BM12 kidney into a C57BL/6 recipient (Dang et al., 2012), 
similarly this strain combination in cardiac transplantation was reported to develop chronic 
vasculopathy (Win et al., 2009). To model acute rejection a transplant combination, which 
was known to develop donor-specific antibody, due to haplotype mis-match, was also 
utilized this being a C57BL/6 kidney transplanted kidney into a BALB/c recipient (Coffman 
et al., 1993). 

 

3.2 Learning curve 
After initial attempts at the procedure with mice of varying ages and strains, experiments 
were performed using only male mice aged 8 to 12 weeks. The rationale behind this was that 
with increasing age intra-abdominal adiposity increases making dissection difficult, 
however this needed to be balanced, as the aorta and vena cava need to have developed to 
significant calibre and strength to allow transplantation. The surgical approach to the donor 
was modified to suit personal technique and the vascular anastomosis standardized (Figure 

3.1); in addition, by identifying the critical steps to isolation of the left kidney, donor 
operative time was significantly reduced. During the initial period of learning the procedure 
mice were not recovered and terminated by cervical dislocation, once the vascular 
anastomosis time was below 100 minutes mice were recovered and time to complete the 
anastomoses continued to improve and reached a plateau (Figure 3.2), with a mean vascular 
anastomosis time of 28.9±0.47 minutes for the last 20 procedures. The vascular anastomosis 
time is a recording of the total time for which micro-vascular clamps were applied to the 
aorta and vena cava to isolate a segment to create an arterial and venous anastomosis, and 
ends when the clamps are removed and reperfusion of the transplanted kidney occurs 
(Figure 3.3). It is the most critical step in the surgical procedure as it represents warm 
ischaemia time to the donor kidney and potential ischaemia to the mouse’s distal vascular 
beds. In mice with longer vascular anastomosis times problems with hind limb function 
were noted, this is speculated to be due to either hind limb ischaemia or spinal cord 
ischaemia from prolonged clamping of the aorta and vena cava. Once the anastomosis time 
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was reduced this phenomenon was observed in a very small number of animals, less than 
5% of total procedures. For all experiments with the aim of indefinite survival the rate was 
75.0%, with 11.9% culled due to adverse affects of surgery (for monitoring form see 
Appendix 5). 

 

3.3 Acute rejection 
Transplantation of C57BL/6 donor kidney into male C57BL/6 recipients was used for 
isograft experiments. This was performed to control for sterile inflammation induced by 
ischaemia reperfusion injury. No difference in the number of healthy viable tubules was 
observed comparing isograft kidneys at 4 weeks post-transplantation to the native kidney of 
the recipient mouse (Isograft: 103.9±5.72 vs Native: 97.9±3.77 tubules per field (Mann-

Whitney non-significant)(Figure 3.4). Acute rejection was modelled by C57BL/6BM12 donor 

kidney transplantation into BALB/c recipients that resulted in a much greater loss of tubules 
with Allograft: 3.69±0.61 tubules per field; this was significantly lower than compared to 
isograft kidneys (Mann-Whitney p<0.01)(Fig 3.3). Histological features of acute rejection 
included tubular necrosis, tubulitis and glomerulitis (Figure 3.5). 

 

3.4 Chronic allograft damage 
CAD was modelled by C57BL/6BM12 donor kidney transplantation into male C57BL/6 
recipients and the number of viable tubules at 4 weeks was 54.7±5.89 tubules per field 
(Figure 3.4), which was significantly lower than isograft kidneys (Mann-Whitney p<0.01). 
Specific histological features correlated to those described in human renal transplantation 
including tubular atrophy and the development of perivascular infiltrates (Figure 3.5). 
Having established a chronic model the time-course of injury to the allograft over a 12-week 
period was characterised, assessing both interstitial fibrosis and tubular atrophy, and 
comparing this to the isograft and native kidney of the recipient mouse (Figure 3.6). 
Progressive loss of tubules was found in the CAD kidney with significant difference from 
isograft and native kidneys (Figure 3.7)(Two-way ANOVA p<0.001, followed by individual 
time point comparison Mann-Whitney p<0.01). Interstitial fibrosis identified by picrosirius 
red positivity was significantly increased over the 12-week period compared to isograft 
kidneys and native kidneys (Figure 3.7)(Two-way ANOVA p<0.001, followed by individual 
time point comparison Mann-Whitney p<0.05). The greatest difference in fibrosis was 
observed at 12 weeks with 5.97±0.52 vs 17.20±1.09% average percentage area PSR staining in 
isograft and allograft respectively (Mann-Whitney p<0.05).  

 

3.5 Conclusion 
The most well described manner to perform the arterial anastomosis is to use the distal aorta 
of the donor, with the renal artery in continuation, in an end-to-side manner to the recipient 
aorta. I have describe the use of an aortic patch, similar to the ‘Carrell patch’ mirroring that 
performed in human kidney transplantation, which I believe to be more convenient.  
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Critical steps to achieve this model include taking care to ensure that there are no other 
arterial lumina other than the renal artery within the arterial patch anastomosis as they 
would leak when micro-vascular clamps are removed. The sutures constructing the 
anastamoses can be tied tightly but attention has to be given to the potential purse-string 
effect that can narrow the anastomosis and cause ischaemia or inhibit any blood flow, in 
practicality I did not observe this provided the elliptical aortotomy is of sufficient size. The 
venotomy is made with a needle then widened by stretching with forceps, I believe this is 
preferable to cutting as stretching with forceps creates a ring of venous tissue which can be 
easily seen and aid suturing to create a stable anastomosis. By utilising these technical 
improvements I have been able to significantly reduce the amount of time required to 
complete this experimental model. Indeed with two operators working simultaneously five 
transplant recipients can be performed per day with sufficient time to allow recovery and 
monitoring of the mice. 
 
A major limitation of the described model and technique in this chapter is that the mouse is 
left with one of its native kidneys in situ such that the mouse is not dependent on the kidney 
for survival. Some authors have reported the removal of the second native kidney 
immediately at the time of transplant or five to ten days after transplantation, thus leaving 
the mouse reliant on the transplanted kidney. This would allow survival to be used as an 
experimental outcome as well as sampling blood to measure markers of renal function such 
as serum creatinine or urea. However there is no difference in histological outcomes when 
comparing mice dependent on the allograft and those with a single native kidney (Jabs et al., 
2003). Our described protocol does not preclude this and indeed the second native kidney 
could be removed at a given time interval. An additional limitation is that advanced micro-
surgical expertise is required in order to perform an arterial and venous anastomosis, 
although with training and by utilizing the technical figure for instruction this could be 
overcome. Vascular complications can occur, these being renal artery or vein thrombosis, 
this invariably result in the mouse displaying signs of distress, ill-health or specifically hind-
limb paralysis; therefore strict governance and monitoring of mice is imperative when 
utilizing this model. 
 
Acute rejection of the renal transplant has largely been treated by immunosuppression and 
induction therapy depleting circulating lymphocytes, however episodes of cell-mediated 
rejection can still occur throughout the renal grafts life (Solez et al., 2008, Joosten et al., 2005). 
Specifically acute T cell mediated rejection is a diagnostic category within the Banff 
classification system of allograft pathology (Sis et al., 2010). T cell mediated rejection occurs 
whereby allo-antigens displayed by either the donor’s antigens presenting cells, the direct 
pathway, or the recipient’s antigens presenting cells, the indirect pathway. T cells mediate 
allograft injury directly through contact with tubular epithelial cells, in cell-mediated 
cytotoxicity, or through the effects of locally released cytokines. T cells may also injure the 
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allograft indirectly by activating inflammatory or vascular endothelial cells (Nankivell and 
Alexander, 2010). Cytotoxic CD8 T cells can also release perforin, which perforates target-
cell membranes, and granzymes A and B, which enter cells and induces caspase-mediated 
apoptosis; similarly the Fas ligand on cytotoxic T cells activate can induce induces caspase-
mediated apoptosis by activating the Fas receptor expressed on renal cells (Barry and 
Bleackley, 2002). However T cell mediated rejection may coincide with antibody mediated 
changes and interstitial fibrosis and so may reflects metachronous pathology or differential 
synchronous pathological processes to be occurring. Studies describing T cell mediated 
rejection in mice often described mixed histological features and pure T cell infiltration is not 
reported as they often occur with neutrophils (Gueler et al., 2008), macrophages (Einecke et 
al., 2006, Brown et al., 2011) and B cells (Mannon et al., 1995, Mannon et al., 1996, Bickerstaff 
et al., 2008b). 
 
Studies of the mechanisms underlying this are still pertinent and may identify novel 
pathways for treatment. In complete MHC mismatch, such as C57BL/6 into BALB/c, mean 
survival dependent on the kidney transplant has been reported to be as low as 7.4 days (Lin 
et al., 2006). Histologically acute cellular and vascular rejection can be identified by 
lymphocytic infiltration, hemorrhage and edema in the interstitium, tubulitis, vasculitis, 
with glomerular and tubular necrosis. Vascular rejection can be identified histologically by 
the presence of infiltration of the vessels by mononuclear cells, apoptosis of the endothelial 
cells, and synthesis of extra-cellular matrix proteins and collagen deposition by intimal 
myofibroblasts (Nankivell and Alexander, 2010). Macrophages and T cells are seen to invade 
the sub-endothelium and intima of muscular arteries, the endothelium has significant up-
regulation and expression of intercellular adhesion molecules and vascular adhesion 
molecules.  
 
The combined processes contributing to chronic allograft damage have made this area 
difficult to study. The histological features include interstitial fibrosis, tubular atrophy, 
glomerulosclerosis and intimal proliferation. The progressive injury is associated with 
persistent T cell infiltration, however it is increasingly appreciated that many other factors 
may be involved. Potential mediators of persistent injury include complement deposition 
due to donor-specific antibodies, B cells, natural killer cells, macrophages, and cells intrinsic 
to the graft such as the endothelium (Nankivell and Alexander, 2010). Therefore this model 
allows the study of these various facets of rejection. 
 
There have been approximately 70 published studies utilizing this model despite its early 
description (Tse et al., 2013), this is in comparison to mouse models of kidney ischaemia-
reperfusion injury where there have been several hundred articles. The importance of this 
mouse model of intra-abdominal kidney transplantation is that it directly recreates the 
process of human kidney transplantation, furthermore it benefits from the use of well-
defined inbred mouse strains that can model different mechanisms of rejection. Hence the 
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studies using this model are highly translatable. Other future applications of this model 
include studying intrinsic renal abnormalities by transplanting kidneys with specific 
phenotypes from knockout models into wild-type mice or conversely wild-type kidneys in 
genetically altered recipients. 
 
This model can successfully replicate the process of human renal transplantation. The use of 
inbred mouse strains allows selection of donor-recipient combinations of varying MHC 
differences. Furthermore the use of mice this allows the use of various techniques including 
knockout and inducible systems to probe the different aspects of rejection. 
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3.6 Figures 

 

 
 

Figure 3.1 
Diagrammatic representation of vascular anastomosis techniques. (1) The donor 

kidney is placed in the right flank of the recipient mouse. (2-6) The donor renal vein is 

anastomosed in an end-to-side fashion. (7-11) The donor renal artery on a patch of aorta is 

anastomosed to the recipient aorta with a Carrel patch. (10-11) Microvascular clamps are 

removed and the kidney is reperfused. 

 

 

 

 

 

 

 

 

 

 

 



 76 

 
 

Figure 3.2  

Surgical learning curve. Initial non-recovery experiments in terminally anaesthetized mice 

were performed to develop the surgical technique. This was followed by recovery 

experiments to achieve a successfully re-perfused transplanted kidney with a surviving 

mouse without complications. 
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Figure 3.3 

Video capture of renal transplant procedure. 1. Prepared donor kidney; 2. Donor kidney 

perfused with preservation solution; 3. Heterotopic transplanted kidney in right flank prior to 

reperfusion; 4. Re-perfused transplanted kidney. 
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Figure 3.4 

Representative histological tubular injury in the transplanted kidney. After fixation in 

methyl Carnoyl’s solution tissues were embedded in paraffin and tissue sections of 4µm 

were stained by Haemotoxylin and Eosin. (1) At 4 weeks following transplantation isograft 

kidneys (C57BL/6 ! C57BL/6) do not exhibit tubular injury and are comparable to native 

kidneys in appearance. (2) C57BL/6BM12 kidneys transplanted into BALB/c recipients 

(C57BL/6BM12!BALB/c) undergo acute allograft rejection with diffuse mononuclear cell 

infiltrates (*), necrotic tubules (**) and tubulitis. (3) C57BL/6BM12 kidneys transplanted into 

C57BL/6 (C57BL/6BM12!C57BL/6) results in chronic allograft damage characterized by 

perivascular lymphocytic infiltrates (block arrow ⬆ ︎) and interstitial fibrosis and tubular atrophy 

(hollow arrows ⇧). (4) Normal renal cortical histology is demonstrated in the native kidney of 

the transplant recipient in all mouse strains and recipient and donor combinations. 
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Figure 3.5 

Quantification of tubular injury in the transplanted kidney. Healthy tubules (defined by 

the presence of an intact basement membrane, intact tubule lumen, healthy cytoplasmic 

volume and a maintained apical microvilli brush border) reflecting functioning nephron mass 

can be quantified by counting the average number of tubules per field x200 magnification, 

n=6, average of 10 consecutive fields, Mann-Whitney t test; ** p<0.01. 
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Figure 3.6 

B cells accumulate within transplanted kidneys undergoing chronic allograft damage 

(CAD). Representative paraffin-embedded transplant kidney sections form transplanted 

kidney. (1) C57BL/6BM12 kidneys transplanted into a C57BL/6 recipient 

(C57BL/6BM12!C57BL/6) shows little in jury at 2 following transplantation, haemotoxylin and 

eosin staining demonstrates normal cortical histology with minimal lymphocytic infiltrate. (2) 

At 12 weeks the C57BL/6BM12 kidneys transplanted into C57BL/6 recipient demonstrates 

progressive tubular atrophy and increasing fibrosis demonstrated by picrosirius red, 

furthermore progressive accumulation of B220+ B cells on DAB immunohistochemistry 

(brown). (3) Isograft (C57BL/6!C57BL/6) transplanted kidneys show no histological injury. 



 81 

 
 

Figure 3.7 

Quantification of the number of tubules and density of collagen in CAD kidneys. Ten 

micrographs at x200 magnification were analyzed, n=6 mean ± SEM, Two-way ANOVA 

followed by Mann-Whitney t test between groups at time points; *p<0.05; **p<0.01. (1) 

C57BL/6BM12 kidneys transplanted into a C57BL/6 recipient (C57BL/6BM12!C57BL/6) shows 

progressive loss of tubules over a 12 week period, identified and quantified on haemotoxylin 

and eosin staining. No quantifiable histological injury is identified on tubule count in isograft 

(C57BL/6!C57BL/6) transplanted kidneys or recipient native kidney. (2) C57BL/6BM12 

kidneys transplanted into a C57BL/6 recipient (C57BL/6BM12!C57BL/6) shows an increase 

in collagen content, consistent with interstitial fibrosis, over a 12 week period, identified and 

quantified on picrosirius staining. No change in collagen content is identified in isograft 

(C57BL/6!C57BL/6) transplanted kidneys compared to recipient native kidney. 
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Chapter 4. Phenotype of intra-allograft B cells 
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4.1 Introduction 
Studies on human intra-allograft B cells have been discussed in depth in the general 
introduction chapter. In chronic rejection nodular B cell aggregates have been identified in 
the context of development into TLT (Thaunat et al., 2010a). In addition in protocol biopsies 
of human renal allografts a nodular pattern of B cells in the cortex was identified in 
approximately 15% of patients (Mengel et al., 2007). Intra-allograft B cells have been shown 
to be recipient-derived, analysis of biopsies of chronic allograft nephropathy showed that 
the alleles of infiltrating B cells matched those of peripheral blood rather than that of the 
allograft tissue (Cheng et al., 2011). In a separate study of chronically rejected allografts B 
cells were identified as recipient-derived based on sex linkage analysis (Zarkhin et al., 2008). 
Rejected renal allograft specimens have shown CD20+ infiltrates associated with CD4+ T cells 
around these clusters, again suggesting TLT formation (Zarkhin et al., 2008). In chronically 
rejected allografts plasma cells are identified within functional germinal centres (Thaunat et 
al., 2010b, Thaunat et al., 2010a).  
 
Following the successful establishment of a mouse model of CAD I sought to identify first 
the time course of intra-allograft B cell accumulation following transplantation and the 
phenotype of these B cells. The research group had previously identified the presence of B 
cells when using the C57BL/6BM12 into C57BL/6 recipient strain combination to model CAD 
(Dang et al., 2012). Though there is a species difference between mice and humans it is likely 
that the significance of intra-allograft renal B cells is similar to human renal transplantation. 
Indeed B cell development and subpopulations are similar in mice and humans, however 
there may be differences in the dynamics and mechanisms that produce the non-memory B 
cell compartments in the two species (Benitez et al., 2014). 
 
Compartmentalization of B cells in secondary lymphoid tissues such as spleen can be 
performed with the cell surface markers IgMhigh CD23- in marginal zone B cells, IgMlo CD23+ 
in follicular zone B cells and IgMlo CD23- in transitional-type B cells (Oliver et al., 1997). I 
hypothesised that if TLT was developing within the allograft then intra-allograft B cells 
would express similar surface markers to those found in spleen and in a similar population 
distribution. Furthermore I hypothesised that B cells expressed the cell surface proteins 
CD80 and CD86, as these markers are well recognised to be expressed by antigen presenting 
cells (Greenwald et al., 2005), thus suggesting that intra-allograft B cells may be acting in 
that capacity providing co-stimulation to other inflammatory cells. 

 

4.2 B cell accumulation 
Identification of B cells by B220 immunohistochemistry was performed over a twelve week 
time-course to characterise the progressive accumulation of B cells. The accumulation of B 
cells occurred concomitantly as CAD developed in the allograft kidney (Figure 3.6). B cell 
accumulation was found in a perivascular distribution at 2 weeks post transplantation, 
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predominantly this was around large arterioles within the medulla of the kidney (Figure 

4.1). Progressively over time B cells were identified in the cortex of the kidney, similarly in 
relation to arterioles. Quantification of B cell accumulation showed a progressive increase 
and peak of B cell percentage positive area at twelve weeks post transplantation (3.53±0.45% 
average B220 area staining); by comparison, no B cells accumulated within the isograft 
kidney (Figure 4.2) (Two-way ANOVA p<0.001, followed by individual time point 
comparison Mann-Whitney p<0.01).  

 

4.3 TLT and germinal centre formation 
Immunofluorescence was used to investigate histological features of B cells within the 
allograft twelve weeks following transplantation in kidney undergoing CAD. GL7 is a 
marker of germinal centre formation in mouse and is expressed bone marrow pre-B cells, 
germinal centre B cells. The epitope of GL7 has been identified as a sialic acid glycan moiety 
called Neu5Ac and the moiety is recognized by CD22 (Han et al., 1997). B cells forming GL7+ 
germinal centres were identified within the allograft kidney in relation to B220+ B cells, in 
addition CD138+ plasma cells could be identified in the periphery of the B ell aggregates in 
keeping with tertiary lymphoid tissue development (Figure 4.3). Further evidence of tertiary 
lymphoid tissue was found as B220+ B cells were identified in close approximation with 
LYVE1+ lymphatic vessels and with the de novo appearance of PNAd+ high endothelial 
venules (Figure 4.4). Germinal centre formation of B220+ B cells was also suggested by the 
appearance of Foxp3+ CD3+ T cells within in the allograft kidney intermingled with B cells 
(Figure 4.5). Such B cell aggregates were comparable to those found in splenic secondary 
lymphoid tissue (Figure 4.6).  

 

4.4 B cell populations and activation 
Intra-allograft B cells were further examined by flow cytometry allowing characterisation of 
their distinctive cell surface markers. Compartmentalization of intra-allograft B cells four 
weeks post transplantation into TLT was suggested by presence of IgMhigh CD23- marginal 
zone, IgMlo CD23+ follicular zone and IgMlo CD23- transitional-type B cells (Figure 4.7), 
mirroring those found in spleen (Oliver et al., 1997), and found in a similar population 
distribution (Figure 4.8). In addition a greater percentage of intra-allograft B cells expressed 
CD86 (B7-2) than naïve spleen or transplant spleen B cells (Figure 4.8) (Mann-Whitney 
p<0.01), though there was no difference in CD80 expression between allograft B cells, naïve 
or allograft spleen B cells.  

 

4.5 Conclusion  
B cells in this model of CAD were shown to be in similarly compartmentalised as found in 
secondary lymphoid tissue and that intra-allograft B cells could be analysed by flow 
cytometry as IgMhigh CD23- marginal zone B cells, IgMlo CD23+ follicular zone B cells and 
IgMlo CD23- transitional-type B cells (Oliver et al., 1997). This provides evidence that the B 
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cells that accumulate within the allograft are not simply naïve B cells entering the allograft 
under a non-specific stimuli and anergic but may be actively organising into TLT to play a 
role in chronic inflammation. The importance of this finding was that it confirmed that intra-
allograft B cells in this model of CAD could be reasonably viewed as reflecting B cells that 
occur in human transplantation that form TLT (Zarkhin et al., 2008, Thaunat et al., 2010a). 
Therefor any further investigations into the importance of B cells in this model could have 
direct translational implications to that in human clinical renal transplantation. 
 
This model identified that one the roles of B cells in the allograft kidney is in antigen 
presentation, as CD86 expression by antigen presenting cells play an important role in co-
stimulation for T cell activation (Greenwald et al., 2005). The CD86 molecule, also known as 
B7-2, can bind to two receptors, CD28 and CTLA-4 (cytotoxic T lymphocyte-associated 
antigen 4) that is expressed by T cells. The CD28/CTLA-4 is a well- characterized T cell co-
stimulatory pathway, with CD28 delivering signals for T cell activation and survival, and 
CTLA-4 inhibiting T cell response and regulating peripheral tolerance. However CD86 
signals are bidirectional and can transduce positive signals into B cells to increase IgG1 and 
IgE production (Rau et al., 2009). 
 
B cells were observed in a perivascular distribution early in the time course of CAD prior to 
significant tubule loss or allograft fibrosis, suggesting B cells are important in the early 
pathogenesis. However these findings raise an important question as to what the driving 
force to attract B cells from the peripheral blood into the allograft are. Furthermore, are these 
unknown factors increased by ischaemia reperfusion injury, thus instigating an early 
inflammatory drive resulting in CAD? Ischaemia reperfusion injury has been shown to be 
associated with delayed graft function in human transplantation and leads to a subsequent 
reduction in 3-year graft survival (Yarlagadda et al., 2009). 
 
The development of tertiary lymphoid tissue reflected by the presence of lymphatic 
expansion and the development of high endothelial venules raises another question 
regarding the functionality of these vessels. Lymphatic expansion in the vicinity of nodular 
infiltrates in human allografts exhibiting rejection has previously been described (Kerjaschki 
et al., 2004). However the functionality of these vessels has not been ascertained as human 
studies and murine models have largely been histopathological. A potential method to 
determine this would be to employ in vitro two-photon microscopy to detect ingress and 
egress of antigen specific lymphocytes (Camirand et al., 2011). 
 
The presence of Foxp3+ CD3+ T cells within the allograft and approximation to B cells was an 
interesting finding. Such regulatory T cells have been described to be important to the 
development of germinal centre responses and in achieving a robust response to infection 
(Linterman et al., 2011). However regulatory T cells were so described for their ability to 
dampen inflammation and increased expression of Foxp3 has been correlated to better 
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outcomes in acute rejection of human renal allografts (Zuber et al., 2009). Similarly in a 
mouse model of renal transplantation renal allograft acceptance was shown to be dependent 
on Foxp3+ cells, whereas depletion increased acute rejection (Miyajima et al., 2011). In 
contrast to these studies mRNA transcripts of Foxp3 were found to be much higher in the 
urine of human patients with acute rejection compared to stable function (Muthukumar et 
al., 2005). A possible explanation may be that regulatory T cells are required to dampen 
acute cellular responses in favour of specific humoral responses generated by B cells. 
 
In this model I have shown a clear correlation of B cells accumulating in CAD and also the 
development of germinal centres and tertiary lymphoid tissue. I will explore in the next 
chapters how B cells are causative agents and drive CAD in this model. 
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4.6 Figures 

 

 
 
Figure 4.1 

B cell immunohistochemistry of CAD. Representative B220+ (brown) lesions in CAD 

kidney at multiple time points at x200 magnification. 1. Two weeks post-transplantation, 

initial accumulation occurs around larger arterioles in the medulla of the kidney; 2. Four 

weeks post-transplantation; 3. Eight weeks post-transplantation, progressive accumulation 

occurs extending into the cortex of the kidney; 4. Twelve weeks post-transplantation, 

accumulation of B cells is associated with loss of tubular volume around the sites of B cell 

accumulation. 
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Figure 4.2 

Quantification of the B cell density in transplanted kidneys (Figure 3.6). Ten 

micrographs at x200 magnification were analyzed, n=6, mean ± SEM, Two-way ANOVA 

followed by Mann-Whitney t test between groups at time points; **p<0.01. 
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Figure 4.3 

Representative immunofluorescence of germinal centres in CAD. B cell lesion identified 

at twelve weeks post transplantation, x200 magnification. (1) Plasma cells identified by 

CD138+(red). (2) Germinal centre that are GL7+ (green). (3) Mature B cells identified by 

B220+ (blue). (4) Merged immunofluorescence showing B220+ (blue) B cells are found in a 

nodular cluster with some forming germinal centres which are GL7+ (green) whilst other 

B220+ B cells are CD138+ (red), suggesting plasma cell development. Positive control 

immunofluorescent experiments shown in Figure 4.6. Control primary antibodies proven by 

immunohistochemistry experiments shown in Appendix 3. 
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Figure 4.4  

Representative immunofluorescence of tertiary lymphoid tissue in CAD. Post 

transplantation allograft kidneys analysed at twelve weeks, x200 magnification. (1) High 

endothelial venules identified by PNAd+(red). (2) Lymphatic vessels identified by LYVE1+ 

(green). (3) Mature B cells identified by B220+ (blue). (4) Merged immunofluorescence 

showing evidence of tertiary lymphoid tissue with B220+ (blue) B cells in close approximation 

with LYVE1+ (green) lymphatic vessels and de novo PNAd+ (red) high endothelial venules. 

Positive control immunofluorescent experiments shown in Figure 4.6. Control primary 

antibodies proven by immunohistochemistry experiments shown in Appendix 3. 
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Figure 4.5  

Representative immunofluorescence identifying Foxp3 cells in CAD kidney. B cell 

lesions analysed at twelve weeks post transplantation (x200 magnification). (1) Cells 

expressing forkhead p3 transcription factor identified by Foxp3+(red), expression of this 

transcription factor is associated with a regulatory cell phenotype. (2) T cells identified by the 

pan T cell marker CD3+ (green). (3) Mature B cells identified by B220+ (blue). (4) B220+ 

(blue) B cells were found in close contact with Foxp3+ (red) CD3+ (green) T cells in germinal 

centres. Positive control immunofluorescent experiments shown in Figure 4.6. Control 

primary antibodies proven by immunohistochemistry experiments shown in Appendix 3. 
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Figure 4.6 
Positive control immunofluorescence of secondary lymphoid tissue. Naïve C57BL/6 

spleen tissue or lymph node analysed at x200 magnification). (1) Spleen demonstrating 

B220+ (blue) B cells in GL7+ (green) germinal centres with CD138+ (red) plasma cells. (2) 

Spleen demonstrating B220+ (blue) B cells and Foxp3+ (red) CD3+ (green) T cells in 

germinal centres. (3) Para-aortic Lymph node demonstrating B220+ (blue) B cells and 

LYVE1+ (green) lymphatic vessels and PNAd+ (red) high endothelial venules. 
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Figure 4.7 

FACS analysis of CAD B cells. CAD intra-allograft B cell phenotype were analysed on flow 

cytometry and compared to naive spleen B cells (see Figure 7.11 for kidney digest FACS 

gating). (1) The splenic B cell compartment can be gated by FACS analysis to demonstrate  

IgMhigh CD23- marginal zone, IgMlo CD23+ follicular zone and IgMlo CD23- transitional-type B 

cells. Further analysis of these different compartments for CD80 and CD86 expression 

shows that in naïve mice the splenic B cells did not constitutively express CD86, it was 

possible that a small amount of IgMhigh CD23- marginal zone B cells expressed CD80 at a 

low level. (2) Analysis of intra-allograft B cells following kidney digestion demonstrated B 

cells to express similar surface markers compared to splenic B cells, these being IgMhigh 

CD23- marginal zone, IgMlo CD23+ follicular zone and IgMlo CD23- transitional-type B cells. 

All of these compartments appeared to have a bimodal expression of CD86. 
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Figure 4.8 

FACS quantification of intra-allograft B cells. B cells phenotyped on flow cytometry in 

Figure 4.7 were quantified, n=6, mean ± SEM, Mann Whitney t test; **p<0.01. A significantly 

greater proportion of B220+ CD45.2+ intra-allograft B cells appeared to co-express CD86, at 

4 weeks following transplantation, compared to naïve spleen B220+ CD45.2+ B cells and 

CAD transplanted mice spleen B220+ CD45.2+ B cells at 4 weeks post-transplantation. 
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Chapter 5. B cell depletion prior to transplantation 
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5.1 Introduction 
Once the presence and accumulation of B cells in the model of CAD had been confirmed B 
cell depletion was performed one week prior to transplantation. The hypothesis was this 
would inhibit B cells from entering the allograft immediately at the time of transplantation, 
stop their contribution to ischaemia reperfusion injury (IRI) and inhibit their ability to begin 
the process of CAD. In addition this study may have elucidated a role for regulatory B cells 
in the acute phase as human B cell depletion, performed as induction therapy, prior to 
transplantation has been associated with increased acute rejection (Clatworthy et al., 2009). 
The parts played by B cells in allograft damage are unclear and are likely to be multiple: they 
have been identified in biopsies of renal transplants with stable function (Mengel et al., 
2007), in the context of acute rejection (Kayler et al., 2007, Zarkhin et al., 2008) and chronic 
damage (Adair et al., 2007). Some studies have not found the presence of B cells to be 
detrimental to the allograft (Doria et al., 2006), and B cells have been associated with the 
development of ectopic lymphoid tissue, or tertiary lymphoid tissue (TLT) within the 
human renal allograft (Thaunat et al., 2005). 
 
B cell depletion was performed with a mouse IgG2a anti-CD20 monoclonal antibody (Biogen 
Idec, USA, clone 18B12 Chinese hamster ovary hybridoma); its efficacy had previously been 
described in several studies (Yu et al., 2008, Hamel et al., 2011, Bekar et al., 2010, Dhirapong 
et al., 2011). The anti-CD20 antibody has been shown to effectively deplete all subsets of B 
cells in young mice (Yu et al., 2012), however in older mice peritoneal B-cells and splenic 
marginal zone B-cells were not depleted as efficiently (Bekar et al., 2010). In an arthritis 
model this mode of B-cell depletion was shown to enhance regulatory T-cell activity and 
thereby improve measures of arthritis (Hamel et al., 2011). Similarly B-cell depletion at an 
early age in a mouse model of spontaneous autoimmune thyroiditis resulted in suppression 
of subsequent disease (Yu et al., 2012, Yu et al., 2008). In a mouse model of systemic lupus 
erythematosus, B-cell depletion delayed disease onset and, when depleted at a late stage of 
disease, inhibited progression (Bekar et al., 2010). However contrary to these studies, B-cell 
depletion using the same monoclonal antibody prior to inducing a mouse model of primary 
biliary cirrhosis resulted in worsened outcomes (Dhirapong et al., 2011). 
 
Other non-CD20 specific antibodies have been used in experimental models of IRI and 
transplantation. In mouse renal transplantation the administration of anti-human anti-CD19 
monoclonal antibody in transgenic mice with B cells expressing the human CD19 
significantly reduced renal allograft rejection and abrogated allograft-specific IgG 
development, whereas CD20 monoclonal antibody treatment did not when administered 7 
days before transplantation (DiLillo et al., 2011). In the study previously utilizing anti-mouse 
anti-CD20 the antibody used was a IgG2a isotype, from the clone MB20-11, which is 
primarily responsible for blood and spleen B cell depletion through FcR-dependent and 
complement-independent mechanisms (Hamaguchi et al., 2005, Uchida et al., 2004a). 
Efficacy and mode of action of different antibody clones against the same cell surface 
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molecule exists therefore a previous study utilizing anti-CD20 in mouse renal 
transplantation did not preclude me from performing a similar experiment. Furthermore the 
experimental system of donor and strain combination was significantly different from that 
which I have utilized in this body of work. Other B cell depleting agents available clinically 
include; Ocrelizumab a humanized anti-CD20 monoclonal antibody with reduced 
immunogenicity and complement activation compared to Rituximab, and Epratuzumab a 
humanized anti-CD20 monoclonal antibody, at present neither have been trialed in clinical 
transplantation studies (Vincenti et al., 2010). Human therapies that have targeted the B cell 
to inhibit its activation have been trialed in Systemic Lupus Erythematosus patients and 
these include the agents; Belimumab a humanized anti-BlyS monoclonal antibody, Atacicept 
a fusion receptor protein and Abatacept which binds CD80 and CD86 (Vincenti et al., 2010). 
 
The effect of B cell depletion in a transplant recipient may not solely be on the B cells 
capacity to produce a humoral response but also in the B cells role in IRI. In an experimental 
mouse model of renal IRI depletion of the peritoneal B cells prevented the deposition of IgM 
within the glomeruli, however conversely mice deficient in all mature B cells sustained 
worse renal injury than wild-type controls suggesting peritoneal B cells played a pro-
inflammatory role whilst circulating mature B cells were protective (Renner et al., 2010).  
Furthermore inducing renal IRI in recombinase activating gene (RAG)-1 deficient mice, 
which lack both B and T cells, showed no protection from renal IRI, however adoptive 
transfer of either B or T cells into RAG-1 deficient mice led to a significant protection of renal 
injury, thus suggesting a complex role for both B and T cells in protection (Burne-Taney et 
al., 2005). Separately in a mesenteric IRI model B cells were found to infiltrate the injured 
intestine of mice and that B cell depletion with anti-CD20 protected mice from the 
development of IRI mediated intestinal damage (Chen et al., 2009). Therefore the differential 
protective and pro-inflammatory roles of B cells in IRI are yet to be fully clarified. 

 

5.2 Peripheral blood depletion 
Intravenous administration of anti-CD20 was compared to a control anti-human anti-CD20 
(Rituximab) to ascertain the efficacy of the monoclonal antibody and dose-response. 
Rituximab is a chimeric monoclocal antibody composed of human immunoglobulin G1 
heavy chain and a kappa light chain constant region fused with mouse variable regions that 
are specific for the cluster of differentiation antigen CD20. CD20 in humans is a B cell 
restricted differentiated antigen expressed on pre-B cells and mature B cell throughout the 
antigen-dependent stages of activation. Rituximab induces depletion by antibody-dependent 
cell cytotoxicity and complement dependent cells killing and induction of apoptosis 
(Weiner, 2010). Depletion of peripheral blood CD45.2+ B220+ B cells was confirmed by flow 
cytometry (Figure 5.1). CAD transplant recipient mice were treated one week prior to 
transplantation, with a range of B cell counts of 5.06±0.85 x106/ml to 0.01±0.00 x106/ml after 
anti-CD20 compared to 6.64±0.54 x106/ml to 6.03±0.70 x106/ml after placebo treatment. 
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Peripheral B cell counts were monitored up to four weeks post transplantation and anti-
CD20 treatment significantly depressed peripheral counts of total B cells, 1.24±0.61 x106/ml 
treatment versus 7.11±0.90 x106/ml placebo at four weeks post-transplantation (n=6, two-
way ANOVA drug effect p<0.001, followed by individual time point comparison Mann-
Whitney p<0.01 and p<0.001), as well as T-1 and T-2 B cells throughout the monitored 
period (Figure 5.2). 
 

5.3 Intra-allograft depletion 
The number of intra-allograft B220+ B cells, quantified by immunohistochemistry, was 
significantly depleted in the anti-CD20 pre-transplant treatment group compared to placebo 
treatment (Figure 5.3). At twelve weeks post-transplantation intra-allograft B cells were 
observed in both anti-CD20 and placebo treated groups, 1.08±0.14% versus 2.87±0.41% 
respectively (Two-way ANOVA drug effect p<0.001, followed by individual time point 
comparison Mann-Whitney p<0.001). 

 

5.4 Tubular atrophy 
The histology following transplantation was assessed in both groups at two, four, eight and 
twelve weeks. There was no difference in the number of healthy viable tubules at any time 
point between anti-CD20 and placebo treated mice (Figure 5.4) (Two-way ANOVA drug 
effect p=0.65, interaction p=0.95, time p=0.0018). 

 

5.5 Fibrosis 
Intra-allograft fibrillar collagen content was assessed by picrosirius red staining in both 
groups at two, four, eight and twelve weeks. There was no difference in the percentage area 
positive staining at any time point between anti-CD20 and placebo treated mice (Figure 5.5). 
The greatest degree of fibrosis had developed at twelve weeks following transplantation 
with 12.55±0.87% area positivity after anti-CD20 and this was not significantly different from 
that seen following treatment with Rituximab (11.77±0.85%; Mann-Whitney p=0.57). 

 

5.6 Serum creatinine 
Serum creatinine was assessed at four and twelve weeks post-transplantation. There was no 
difference between anti-CD20 and placebo treated mice at any time point, however serum 
creatinine was elevated in all groups post-transplantation compared to naïve non 
transplanted mice (Figure 5.6). At twelve weeks following transplantation serum creatinine 
was elevated at 19.00±1.93µmol/l in mice which had received anti-CD20 compared to 
28.50±7.83µmol/l after placebo treatment (Students t test p=0.27), naïve mice had 
significantly lower serum creatinine of 4.75±0.85µmol/l compared to both anti-CD20 treated 
and placebo treated (Students t test p<0.05). 
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5.7 Germinal centre formation 
The presence of intra-allograft germinal centre reactions was identified by GL7+ lesions, by 
immunohistochemistry, within the allograft (Figure 5.7) and their development was not 
affected by B cell depletion performed one week prior to transplantation (Figure 5.8). There 
was no significant difference in the number of germinal centres in mice that had been treated 
with B cell depletion prior to transplantation compared to placebo treatment with 
0.044±0.024/mm2 versus 0.14±0.055/mm2 respectively (Mann Whitney t test p=0.12). 

 

5.8 Spleen B cell repopulation 
The splenic population of B cells following transplantation and B cell depletion was 
investigated. Following B cell depletion, one week after anti-CD20 administration, and at the 
time of transplantation 7.09±2.40% of total splenic lymphocytes were B cells, this was 
significantly reduced from that found in naïve mice of 48.80±1.80% (Figure 5.9) (Students t 
test p<0.01). In naïve mice the subpopulations of B cells defined as IgMlo CD23+ follicular B 
cells comprised 83.57±1.72%, IgMhigh CD23- marginal B cells 8.13±0.14% and IgMlo CD23- 
transitional B cells 7.27±1.80%. The relative percentages of B cell sub populations were 
largely unchanged following transplantation in placebo treated mice (Figure 5.9). 

 

5.9 Central cytokine response 
The central cytokine response to transplantation was investigated by culturing and re-
stimulating splenocytes from recipient mice that were four weeks post-transplantation. 
Interleukin-4 synthesis was significantly lower when comparing donor-strain splenocyte re-
stimulation of recipient splenocytes to culture in media alone 99.52±39.01pg/ml versus 
468.20±13.80pg/ml respectively (Figure 5.10) (Mann Whitney t test p<0.001). B cell depletion 
prior to transplantation augmented the response to re-stimulation at 209.1±23.46pg/ml 
(Mann Whitney t test p<0.001), however overall the IL-4 synthesis was still lower than with 
culture in media alone. There was no difference in interleukin-17 synthesis by recipient 
splenocytes following donor specific re-stimulation compared to media culture alone. 
However interleukin-17 synthesis by splenocytes was significantly greater when stimulated 
by LPS, PMA and ionomycin compared to media alone, 227.1±19.64pg/ml versus 
164.2±5.50pg/ml (Students t test p<0.001), this was further increased in mice treated by B 
cell depletion prior to transplantation at 462.1±94.01pg/ml (Figure 5.10) (Mann Whitney t 
test p<0.001). Re-stimulation with inactivated donor-strain splenocytes revealed a significant 

increased production of interferon-γ when compared to culture in media alone, 
3.17±0.21ng/ml versus 1.02±0.145ng/ml respectively (Mann Whitney t test p<0.001), 
furthermore B cell depletion prior to transplantation significantly reduced this response but 
did not ameliorate it at 2.28±0.34ng/ml (Figure 5.10) (Mann Whitney t test p<0.001).  

 

5.10 Conclusion 
This study shows that B cell depletion, prior to transplantation, had no effect on CAD in a 
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mouse model. Although absolute numbers of B cells were lower in this model at eight and 
twelve weeks the functional aspect of B cell accumulation: germinal centre formation, was 
not inhibited. Therefore I may hypothesise that the functional B cell accumulation is the 
instigating factor and that the attractant mechanism for B cell accumulation in the allograft 
works even with low peripheral blood counts of B cells. Therefore a potential area of study 
would be to identify this mechanism and inhibit its affects. 
 
The presence of B cells infiltrating inflammatory tissue in other models of disease has been 
associated with worse injury. Early depletion of B cells in a model of myocardial infarction 
reduced the number of B cells recruited to the tissue and this was associated with significant 
improvement in post infarction cardiac function, and recruitment of macrophages into the 
tissue and subsequent fibrosis were reduced (Zouggari et al., 2013). In a similar manner 
carbon tetrachloride induced liver fibrosis was attenuated in mice deficient in intra-hepatic B 
cells,(Novobrantseva et al., 2005) and CD19 deficient mice developed less pulmonary-
fibrosis when subjected to intra-tracheal bleomycin instillation (Komura et al., 2008). 
However the non-specific depletion of B-cells has been met with caution as the presence of 
regulatory B cells has been associated with protection from disease in some animal models 
(Gray et al., 2007, Matsushita et al., 2008).  
 
The central cytokine response appeared to be polarized towards a Th1 type as evidenced by 

significant interferon-γ production on re-stimulation of recipient spleconytes with donor-
strain splenocytes. Interestingly interleukin-4 production was significantly suppressed by re-
stimulation when compared to recipient splenocytes cultured in media alone. In this model 
Th1 type response may result in the generation of autoantibodies as Th1 cytokines are 
associated with responses required for pathogens or antigens that require internalization. 
The increased synthesis of these cytokines may reflect that the percentage for splenocytes 
put into culture had few B cells and a greater proportion of T cells capable of synthesizing 

IFN-γ and IL-17 and IL-4. This suggests that B cells may not be important in initiating the 
Th1 type response in this model and that B cells may even be important in inhibiting IL-4 
and IL-17 responses. 
 
Given these findings I next sought to identify if late B cell depletion would inhibit the 
generation of germinal centres that may be causative to CAD. 
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5.11 Figures 

 
 

Figure 5.1 

Depletion of peripheral blood B cells. (1) Representative flow cytometry gating of 

peripheral blood B cells, sampled from the tail vein, prior to and one week following anti-

human anti-CD20 (Rituximab) in control experiments. (2) Representative flow cytometry 

gating of peripheral blood B cells, sampled from the tail vein, prior to and one week following 

anti-mouse anti-CD20. 
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Figure 5.2 

Peripheral B cell blood count after early B cell depletion one week prior to CAD 

transplantation. Peripheral blood B cells, sampled from the tail vein, n=6, mean ± SEM, 

Two-way ANOVA followed by Mann-Whitney t test between groups at single time points; 

**p<0.01; ***p<0.001. (1) Absolute counts of CD45.2+ B220+ B cells were determined in mice 

treated one week prior to transplantation with Rituximab or anti-CD20. (2) Effect on 

peripheral CD45.2+ B220+ CD23- T-1 and CD45.2+ B220+ CD23+ T-2 B cell counts in 

peripheral blood following anti-CD20 treatment prior to transplantation. (3) Effect on 

peripheral CD45.2+ B220+ CD23- T-1 and CD45.2+ B220+ CD23+ T-2 B cell counts in 

peripheral blood following Rituximab treatment prior to transplantation. See Appendix 3 for 

control experiments and gating of peripheral blood FACS. 
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Figure 5.3 

Quantification of intra-allograft B cells post early depletion. B cells identified on B220 

immunohistochemistry were quantified following early B cell depletion. Ten micrographs at 

x200 magnification were analyzed, n=6 per group, mean ± SEM, two-way ANOVA followed 

by Mann-Whitney t test between groups at single time points; ***p<0.001. 

 
 
 

 
 

Figure 5.4 

Tubular atrophy post early B cell depletion. Quantification of the number of tubules by 

haemotoxylin and eosin staining following treatment. Ten micrographs at x200 magnification 

were analyzed, n=6, mean ± SEM, two-way ANOVA; drug effect p=0.65, time p=0.0018. 
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Figure 5.5 

Fibrosis post early B cell depletion. Quantification of density of collagen following 

picrosirius red staining following treatment. Ten micrographs at x200 magnification were 

analyzed, n=6, mean ± SEM, Mann-Whitney t test between groups at each time points. 

 

 

 
 

Figure 5.6 

Serum creatinine following renal transplantation. No significant difference was found 

between anti-CD20 and Rituximab treated mice at eight and twelve weeks after 

transplantation. However serum creatinine in transplanted mice was elevated compared to 

naïve non-transplanted mice, n=4-6 mean ± SEM, Mann-Whitney t test; #p<0.01 against all 

other groups. 
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Figure 5.7 

Intra-allograft germinal centre formation. Representative immunohistochemistry of GL7+ 

germinal centres (brown). 

 

 

 

 
 

Figure 5.8 

Quantification of germinal centre formation post early B cell depletion. GL7+ germinal 

centres counted per total tissue area section, n=6, mean ± SEM, Mann-Whitney t test 

between groups at single time points. 
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Figure 5.9 
Splenic B cells post transplantation. Splenic B cells sub-populations were analysed post 

transplantation, see Figure 4.7 for FACS gating, n=5-6, mean ± SEM, Mann-Whitney t test; 

*p<0.05. (1) Following treatment with Rituximab and subsequent CAD transplantation there 

was no change over time in the splenic B cell compartments of IgMhigh CD23- marginal zone, 

IgMlo CD23+ follicular zone and IgMlo CD23- transitional-type B cells. (2) Following anti-CD20 

treatment splenic B cell compartments were depleted of IgMhigh CD23- marginal zone, IgMlo 

CD23+ follicular zone and IgMlo CD23- transitional-type B cells compared to naïve spleen. 

This difference was observed up to 2 weeks post transplantation. 
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Figure 5.10 

Central cytokine response after transplantation and early B cell depletion. 1 x106 

splenocytes cultured for 72 hours with or without stimulation by γ-irradiated donor-strain 

(C57BL/6BM12) splenocytes or LPS/PMA/Ionomycin. 1. Interleukin-4 (IL-4), 2. Interleukin-17, 

3. Interferon-γ secretion. Assay in triplicate n=5, mean ± SEM, Mann-Whitney t test; 

**p<0.01; ***p<0.001. 
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Chapter 6. B cell depletion following transplantation 
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6.1 Introduction 
In clinical studies of described small case-series and case studies Rituximab, in addition to 
other immuno-modulatory therapies, has been administered to patients with late allograft 
failure with improvement or return of function without any change in circulating DSA levels 
(Faguer et al., 2007, Billing et al., 2008, Tanriover et al., 2008, Fehr et al., 2009). Therefore it 
could be hypothesised that this protection is against intra-graft B cell production of the 
cytokines as described in this model. 
 
The previous chapter showed that depletion of B cells prior to transplantation reduced intra-
allograft B cell accumulation but did not inhibit CAD as B cell activation and germinal centre 
formation were maintained. Therefore I hypothesised that inhibiting the late accumulation 
of B cells would inhibit germinal centre formation and therefore reduce CAD, characterised 
by interstitial fibrosis and tubular loss. A four-week time point for B cell depletion was 
chosen as this was identified as a time when B cells were identified within the CAD kidney 
but prior to germinal centre formation. Furthermore at four weeks in the CAD kidney 
tubular atrophy and fibrosis is minimal thus modelling what may occur in the human renal 
transplantation setting.  

 

6.2 Peripheral blood depletion 
C57BL/6 recipients of C57BL/6BM12 kidneys in the model of CAD received either anti-CD20 
or Rituximab at four weeks post-transplantation. Anti-CD20 treatment significantly 
depressed peripheral counts of CD45.2+ B220+ B cells, 0.20±1.1x106/ml treatment versus 
11.38±2.34x106/ml control treatment at eight weeks post-transplantation, as well as T-1 and 
T-2 B cells (Figure 6.1) (Mann-Whitney p<0.01 and p<0.001). The number of activated CD80+ 
and CD86+ peripheral B cells was also significantly reduced by B cell depletion (Figure 6.2) 
(Mann-Whitney p<0.01 and p<0.001). 

 

6.3 Intra-allograft depletion 
The number of intra-allograft B220+ B cells, quantified by immunohistochemistry, was 
significantly depleted in the anti-CD20 pre-transplant treatment group compared to placebo 
treatment (Figure 6.3). At twelve weeks post-transplantation the greatest difference was 
observed with the anti-CD20 at 0.37±0.05% and control treatment treated group 2.87±0.44% 
(Mann-Whitney p<0.001). Depletion of B cells was further confirmed by a reduction in CD20 
mRNA expression within the allograft tissue at eight weeks post-transplantation (Figure 6.3) 
(Mann Whitney t test p<0.05). 

 

6.4 Tubular atrophy 
Histological assessment following transplantation showed a significant difference in the 
number of healthy viable tubules at twelve weeks post transplantation between anti-CD20 
and placebo treated mice, with 62.23±3.50 versus 40.67±4.98 tubules per high powered field 
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respectively (Figure 6.4) (Mann-Whitney p<0.05). However there was no difference at eight 
weeks post-transplantation. Kidney injury molecule-1 (KIM-1) expression in transplant 
biopsies has been shown to be a sensitive measure of cell injury (Zhang et al., 2007). 
Expression of Kim-1 mRNA was significantly lower in CAD kidneys treated with anti-CD20 
(Figure 6.4) (Students t test p<0.05). 

 

6.5 Fibrosis 
Picrosirius red staining assessed interstitial fibrosis. A significant difference in the 
percentage area positive staining at twelve weeks post treatment was found with anti-CD20 
compared to placebo treated mice (Figure 6.5). The degree of fibrosis at twelve weeks 
following transplantation was 8.5±1.54% area positivity after anti-CD20 versus 11.75±1.09% 
after placebo (Mann-Whitney t test p<0.01). 

 

6.6 Serum creatinine 
There was no difference between anti-CD20 and placebo treated mice at eight or twelve 
weeks post-transplantation, however serum creatinine was elevated in all groups post-
transplantation compared to naïve mice (Figure 6.6). At twelve weeks following 
transplantation serum creatinine was elevated at 26.50±4.92µmol/l in mice that had received 
anti-CD20 compared to 21.50±2.29µmol/l after placebo treatment (Mann-Whitney t test 
p=0.38). 

 

6.7 Germinal centre formation 
The presence of intra-allograft germinal centre reactions were significantly reduced by B cell 
depletion performed four weeks after transplantation (Figure 6.7). The number of germinal 
centres in mice that had been treated with B cell depletion compared to placebo treatment 
was 0.0054±0.0058 lesions/mm2 versus 0.091±0.034 lesions/mm2, respectively at twelve 
weeks (Mann-Whitney t test p<0.05), this was also lower at eight weeks post transplantation 
(p<0.05). 

 

6.8 Tertiary lymphoid tissue 

Tertiary lymphoid tissue (TLT) is defined by accumulations of lymphoid cells in chronic 
inflammation that resemble lymph nodes in their cellular content and organization, 
specifically containing high endothelial venules and lymphatic vessels (Ruddle, 2014). The 
ectopic development of PNAd+ high endothelial venules, as a component of TLT, was 
identified on immunohistochemistry (Figure 6.8). The development of high endothelial 
venules was inhibited by B cell depletion (Figure 6.8), with 0.46±0.28 vessels/mm2 found 
following placebo treatment compared to 0.067±0.036 vessels/mm2 twelve weeks post-
transplantation (Mann-Whitney t test p<0.05). Expansion of lymphatic vessels was noted 
between isograft and placebo treated allograft kidney at 12 weeks (Figure 6.9)(Mann-
Whitney t test p<0.05), however B cell depletion had no significant effect on lymphatic 
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numbers, though there was a trend towards reduction (Figure 6.9). 

 

6.9 Conclusion 
The depletion of intra-allograft B cells four weeks post transplantation inhibited histological 
markers of CAD at twelve weeks, furthermore the development of tertiary lymphoid tissue 
was inhibited by B cell depletion. Having previously shown that intra-allograft B cells 
express CD86 I wished to identify further processes that could explain the protection from 
injury. B cells are induced to express CD86, a molecule that is not constitutively expressed 
until activated. The role of CD86 is to provide co-stimulation to T cells to induce 
proliferation and activation, recent work has suggested that the CD86-CD28 B and T cell 
engagement drives B cell differentiation and that CD86 alone is not sufficient to activate 
naïve T cells (Rau et al., 2009). Furthermore mice deficient in CD86 lack germinal centre 
formation, memory formation and have a limited immunoglobulin repertoire (Borriello et 
al., 1997). B cells in mouse cardiac rejection appear to be important for both cognate and non-
cognate functions and the generation of allo-specific CD4 and CD8 T cells (Zeng et al., 2014). 
Specifically transplantation of heart allografts into mice with B cells deficient in MHC class I 
and class II significantly impaired chronic allograft vasculopathy. 
 
The functionality of TLT is not well understood, but it is appreciated that one of the major 
roles of lymphatic vessels is to serve as drainage for fluid from tissue beds. Naïve 
lymphocytes can enter secondary lymphatic tissue, such as a lymph node, either through the 
afferent lymphatics or across specialised high-walled endothelium of high endothelial 
venules (HEV). If access is through the HEV then specific homing receptors on the 
lymphocyte direct the lymphocyte to a specific location, these receptors include the integrin 
superfamily LFA-1, L-selectin and the chemokine receptor CCR7 (Bajénoff et al., 2007, Girard 
et al., 2012). Therefore lymphocytes bearing L-selectin will recognise and bind to 
glycosylated and sulfated sialomucins GlyCAM-1 and CD34 present on HEVs of peripheral 
lymph nodes (Girard et al., 2012). Lymphatic vessels allow drainage of extravasated fluid 
and leukocytes to recirculate from tissue into local lymph nodes through afferent lymphatic 
vessels. Lymphatic capillaries are blind-ending and comprised of a single non-fenestrated 
endothelial cell layer, they are irregular and have wider lumen than blood capillaries. In 
contrast to blood vessels, lymphatic capillaries have an incomplete basement membrane and 
are not invested by pericytes (Pepper and Skobe, 2003). The significance of the expanded 
number of lymphatic vessels in this model of CAD may be related to the increasing number 
of lymphocytes that are drawn into the allograft under chemokine and cytokine drive and 
chronic inflammation. It might be speculated that as the burden of lymphocytes increases in 
the CAD kidney more lymphatic vessels are required to help clear these lymphocytes back 
into the circulation and so lymphangiogenesis occurs. 
 
Lymphangiogenesis during acute inflammation has been described and may play a role in 
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resolution of inflammation (Seeger et al., 2012). It has been suggested that the existence of 
oedema results from insufficient outflow in the renal allograft therefore giving rise to 
chronic inflammation (Thaunat et al., 2010b). In this study the lymphatic vessels appeared to 
contain lymphocytes (Figure 4.4) suggesting these vessels are functional, previous work in 
our research group have similarly found that inflammatory lymphatic vessels are capable of 
transporting soluble particles (Vass et al., 2012). In secondary lymphoid tissues high 
endothelial venules serve to allow afferent movement of lymphocytes, however in CAD 
kidneys migration of lymphocytes appear to be from arterioles. Appearance of high 
endothelial venules occurs much later in the CAD process in this model but it was beyond 
the scope of this study to identify where these vessels arise from and how they function. 
However human studies of chronic rejection has speculated that renal allografts express 
lymphoid organogenesis genes that result in functional ectopic tertiary lymphoid tissue 
(Thaunat et al., 2010a). Future work may allow real-time in vivo imagining using fluorescent 
markers for high endothelial venules and lymphatic vessels (Ruddle, 2014). 
 
In humans Rituximab, which binds with great avidity and efficacy to CD20, is well 
established in the treatment of B cell lymphomas (Weiner, 2010). Rituximab can induce cell 
death by a variety of mechanisms including; cell signalled death through inhibition of p38 

mitogen-activated protein kinase, NF-�B, extracellular signal-regulated kinase 1/2 (ERK 
1/2) and AKT anti-apoptotic survival pathways (Czuczman et al., 2008), complement 
dependent cytotoxicity and antibody dependent cellular cytotoxicity (Weiner, 2010). CD20 is 
a 297-amino acid trans-membrane phosphor-protein and its expression is restricted to B-cell 
precursors and mature B cells, but is lost following differentiation into plasma cells (Tedder 
and Engel, 1994). In mice a subset of IgMhi B cells that correspond to immature and 
transitional B cells was found to express significantly higher densities of CD20 than their less 
mature precursors and the mature recirculating B cells found in bone marrow, in addition 
the T1 transitional cells found in the spleen express CD20 at the highest densities, with their 
progeny T2 transitional cells expressing lower levels of CD20 (Uchida et al., 2004b). 
Therefore Rituximab eliminates circulating B cells without preventing the regeneration of B 
cells from precursors and does not directly affect immunoglobulin levels as plasma cells 
producing alloantibodies will not be depleted (Clatworthy, 2014).  
 
Depletion of B cells at an early time point may allow removal of B cell that have not yet 
established germinal centres and clonally expanded and this is suggested in theses 
experiments were B cell depletion at 4 weeks reduced the number of mature B cells invading 
the allograft and the subsequent number of germinal centres at eight and twelve weeks. In 
human studies it has been shown that tertiary lymphoid tissues B cells could survive anti 
Rituximab therapy when circulating B cells were efficiently depleted (Kavanaugh et al., 
2008, Thaunat et al., 2008). These human studies suggest that once TLT is established the 
time point for B cell depletion, at least by anti-CD20 treatment, has been missed and other B 
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cell inhibiting or depleting agents should be considered. 
 
Having shown that late depletion of B cells protected from CAD I next sought to identify a 
mechanism whereby B cells could mediate fibrosis and tubular injury.  
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6.10 Figures 

 

 
 

Figure 6.1 

Peripheral B cell count after late B cell depletion.  

Peripheral blood B cells, sampled from the tail vein, n=6, mean ± SEM, Two-way ANOVA 

followed by Mann-Whitney t test between groups at single time points; **p<0.01; ***p<0.001. 

(1) Absolute counts of CD45.2+ B220+ B cells were determined in mice treated four weeks 

after transplantation with Rituximab or anti-CD20. (2) Effect on peripheral CD45.2+ B220+ 

CD23- T-1 and CD45.2+ B220+ CD23+ T-2 B cell counts in peripheral blood following anti-

CD20 treatment after transplantation. (3) Effect on peripheral CD45.2+ B220+ CD23- T-1 and 

CD45.2+ B220+ CD23+ T-2 B cell counts in peripheral blood following Rituximab treatment 

after transplantation. See Appendix 3 for control experiments and gating of peripheral blood 

FACS. 
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Figure 6.2 
Activated CD80+ and CD86+ peripheral B cells. FACS analysis of peripheral blood, 

sampled from the tail vein, n=6-7, mean ± SEM, Two-way ANOVA followed by Mann-

Whitney t test between groups at single time points; **p<0.01; ***p<0.001. (1 & 2) Absolute 

count of T1 B cells expressing CD80 and CD86 were determined in mice treated four weeks 

post transplantation. (3 & 4) Absolute count of T2 B cells expressing CD80 and CD86 were 

determined in mice treated four weeks post transplantation. 
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Figure 6.3 
Quantification of intra-allograft B cells post late depletion. Immunohistochemical 

analysis, ten micrographs at x200 magnification, and qRTPCR analysis of allograft tissue, 

n=6, mean ± SEM, Mann-Whitney t test between groups at single time points; ***p<0.001 

and *p<0.05. 1. B cells identified on B220 immunohistochemistry were quantified following 

late B cell depletion. 2. Allograft mRNA expression of CD20 was assessed comparing late B 

cell depletion and placebo treatment. 
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Figure 6.4 

Tubular atrophy post late B cell depletion. Histological analysis, ten micrographs at x200 

magnification, n=6, mean ± SEM, Mann-Whitney t test between groups at single time points 

and qRTPCR analysis of allograft tissue, n=5, assay in triplicate, mean ± SEM, Mann-

Whitney t test; *p<0.05; ***p<0.001 and *p<0.05. 1. Quantification of the number of tubules 

by haemotoxylin and eosin staining following anti-CD20 or Rituximab treatment at four 

weeks post transplantation. 2. Allograft mRNA expression of Kidney Injury Molecule-1 (KIM-

1) comparing late B cell depletion and Rituximab treatment. 
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Figure 6.5 

Fibrosis post late B cell depletion. Quantification of density of collagen following 

picrosirius red staining following treatment. Ten micrographs at x200 magnification were 

analyzed, n=6 per group, mean ± SEM, Mann-Whitney t test between groups at each time 

points; **p<0.01. 
 

 
 

Figure 6.6 

Serum creatinine following late B cell depletion No significant difference was found 

between anti-CD20 and Rituximab treated mice at eight and twelve weeks after 

transplantation. However serum creatinine in transplanted mice was elevated compared to 

naïve non-transplanted mice, n=4-6 mean ± SEM, Mann-Whitney t test; #p<0.01 against all 

other groups. 



 119 

 
 

Figure 6.7 

Intra-allograft germinal centre formation post late B cell depletion. GL7+ germinal 

centres counted per total tissue area section, n=6 per group, mean ± SEM, Mann-Whitney t 

test between groups at single time points; *p<0.05. 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 



 120 

 

 
 

Figure 6.8 

TLT high endothelial venules post late B cell depletion. PNAd+ high endothelial venules 

identified on immunohistochemistry (brown). Total number of high endothelial venules 

counted per total tissue area section, n=6 per group, mean ± SEM, Mann-Whitney t test 

between groups at single time points; *p<0.05. 
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Figure 6.9 

TLT lymphatic vessels post late B cell depletion. LYVE1+ lymphatic vessels identified on 

immunohistochemistry (brown). Total number of high endothelial venules counted per total 

tissue area section, n=6 per group, mean ± SEM, Mann-Whitney t test between groups at 

single time points; *p<0.05. 
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Chapter 7. Renal tubule injury 
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7.1 Introduction 
The most well characterised mechanism of allograft rejection is through T cell mediated 
recognition of recipient alloantigens presented by antigen-presenting cells (Nankivell and 
Alexander, 2010). As described previously T cell recognition of antigens occurs through the 
direct or indirect pathway and the response is dependent on the sub-type of effector T cell 
that results from stimulation. Mature naïve T cells are found in circulation through the blood 
and lymphatic system; once they encounter their specific antigen presented in the context of 
an MHC complex they can be induced to proliferate and differentiate into effector cells. As T 
cells only target cells presenting antigen they are only able to act on other host cells and not 
on the pathogen itself, however in the context of solid organ transplantation this means T 
cells are able to directly affect donor cells. Upon recognition of antigen, T cells may 
differentiate into several functional effector T cell classes; CD8+ T cells are largely cytotoxic 
and kill infected cells; type 1 helper CD4+ T cells drive the cellular immune response; type 2 
helper CD4+T cells stimulate a humoral response; type 17 helper T cells have been 
implicated in auto-immune diseases; and regulatory T cells which have been described to 
resolve inflammation. Activation of T cells are thought to occur in three stages; signal 1 
generated by antigen-specific T cell activation of the T cell receptor; signal 2 from co-
stimulatory molecules on antigen presenting cells and signal 3 cytokine signalling to control 
proliferation and differentiation. 
 
Having previously identified that T cells accumulate in this model of CAD (Chapter 3) it 
was therefore important to determine if B cell depletion would have an effect upon this, and 
if so how. Furthermore T cell mediated injury to the allograft was explored as a potential 
mechanism for loss of renal tubules in this model. The hypothesis being that B cells directly 
attract T cells which cause damage to renal tubules and, or, B cells activated locally by T cells 
secrete injurious antibodies. 

 

7.2 T cell mediated injury 

 

7.2.1 T cell infiltration 
Tubular injury and abundant CD3+ T cells were previously observed in C57BL/6 recipients 
of C57BL/6BM12 allografts (Dang et al., 2012). T cells were identified in perivascular regions 
as well as dispersed throughout the kidney parenchyma where they infiltrated glomeruli 
and tubules (Figure 7.1, 7.2 and 7.3). B cell depletion at four weeks after transplantation 
significantly reduced T cell density (Figure 7.4). At both eight and twelve weeks post-
transplantation a difference was observed with following anti-CD20 treatment with 
2.04±0.42% and placebo treated group 3.96±0.50% at eight weeks, and 5.54±0.76% versus 
2.56±0.38% at twelve weeks (Mann-Whitney p<0.01 and p<0.001). In comparison, the 
presence of T cells infiltrating the allograft following transplantation at any time point was 
not affected by B cell depletion performed one week prior to transplantation (Figure 7.5) 
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(Two-way ANOVA drug effect p=0.28, interaction p=0.43, time p=0.0008). 

 

7.2.2 T Score 
A modified T score based on the Banff criteria to classify human allograft rejection was used 
to semi-quantitate pathological findings (Figure 7.6). The average T score at 8 weeks was 
lower following B cell depletion at 1.05±0.15 compared to placebo treatment at 2.00±0.14 
(Mann-Whitney p<0.05), there was no difference at 12 weeks post transplantation although a 
trend towards a lower T score was apparent in the B cell depleted group (Figure 7.7). 

 

7.3 Neutrophil infiltration 
Neutrophils are major effector cells of the immune system and important to inflammation, 
they predominantly act through phagocytosis. Their presence and contribution to CAD has 
not been investigated in a model of CAD before. Neutrophils can be identified by the cell 
surface molecule GR1 (Ribechini et al., 2009). Few GR1+ neutrophils were identified in the 
allograft in the perivascular areas where B cells and T cells were found (Figure 7.8). B cell 
depletion had no effect on their infiltration into the renal allograft at either 8 or 12 weeks 
post-transplantation (Figure 7.9) (Mann-Whitney). 

 

7.4 B cell cytokines 

 

7.4.1 Screening assay 
To identify the mechanism of T cell recruitment I isolated intra-allograft B cells from CAD 
kidneys at 4 weeks following transplantation. Ex vivo culture revealed B cells were activated 
to synthesize multiple cytokines by re-stimulation with ionomycin (Ion.) and phorbol-12-
myristate-13-acetate (PMA) (Figure 7.10 and Table 7.11). This screening assay allowed 
targeted analysis of supernatant for T cell specific chemokines as well as other pro-
inflammatory cytokines.  

 

7.4.2 T cell chemokines and inflammatory cytokines 

Intra-allograft B cells produced multiple T cell related chemokines, including GRO-α 
(CXCL1), RANTES (CCL5) and IP-10 (CXCL10) (Figure 7.11). Generation of these 
chemokines was not dependent on re-stimulation, and levels were significantly higher than 
those produced by naive B cells stimulated by Ion and PMA. Isolated intra-allograft B cells 

also secreted multiple pro-inflammatory cytokines, including IL-6, IL-18, and TNF-α (Figure 

7.11). The most abundantly synthesized of these cytokines by B cells, when stimulated with 
Ion and PMA, was CXCL1 (13.894±3.45ng/ml), then in descending order IL-6 
(19.56±3.71ng/ml), CCL5 (756.00±98.72pg/ml), IL-18 (3.12.2±15.80pg/ml), CXCL10 

(241.80±28.01pg/ml) and TNF-α (140.40±18.37pg/ml), all of which were at significantly 
higher levels than those produced by naïve B cells (ANOVA followed by Mann-Whitney 
p<0.05, p<0.01 and p<0.001). 
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7.4.3 B cell mRNA expression 
To confirm the generation of cytokines in vivo by B cells, intra-allograft B cells were sorted 
into pure CD45.2+ B220+ populations (Figure 7.12). The yield of isolated B cell from a 
digested kidney allograft comprised 0.18±0.019% of the total recorded events and 
0.78±0.051% of events recorded through the lymphocyte single cell gate. Magnetic-activated 
cell sorting increased the yield of isolated B cells to 6.21±1.34% of the total recorded events 
and 51.06±6.20% of events recorded through the lymphocyte single cell gate. Further 
fluorescence-activated cell sorting after magnetic-activated cell sorting increased the yield 
further to 52.59±5.64% of the total recorded events and 98.36±0.4270% of events recorded 
through the lymphocyte single cell gate. Pure cells were acquired and RNA reverse 
transcription polymerase chain reaction performed to synthesise circular DNA and 
subsequent quantitative polymerase chain reaction (qPCR). RNA quality was checked prior 
to cDNA synthesis, see Appendix 4. Intra-allograft B cell mRNA was analyzed for the most 
abundantly expressed cytokines and confirmed expression in relation to the reference genes 

18 (Figure 7.13). The fold change was greatest for CCL5 expression at a RQ value (2-ΔΔCT) of 
64.16±58.92, normalized to 18s expression in naïve B cells, followed by CXCL1 at 22.00±6.56 
and IL-6 at 3.00±1.29 (Figure 7.13). 

 

7.5 Humoral Response 
 

7.5.1 Serum immunoglobulin titres 
In CAD mice serum titres of immunoglobulin M (IgM) and total immunoglobulin G (IgG) 
were elevated at 4 weeks following allograft transplantation compared to naïve levels 
(ANOVA followed by Mann-Whitney t test between pairs of groups p<0.05, p<0.01, p<0.001) 
with no difference in circulating IgE or IgA levels (Figure 7.14). Serum IgG1 titres were 
raised at 4 and 8 weeks following allograft transplantation in C57BL/6 recipient mice, 
however BALB/c recipient titres were significantly higher than those in the C57BL/6 
recipient at all time points (Table 7.2). There was no difference between IgG1 titres between 
rituximab and anti-CD20 treated allograft transplanted mice at eight or twelve weeks. Serum 
IgG2a titres were raised at 4 weeks following allograft transplantation in BALB/c recipient 
mice. There was no difference in IgG2a titres in C57BL/6 recipients compared to naïve 
C57BL/6 mice. There was no difference in IgG2b titres in C57BL/6 or BALB/c allograft 
recipients compared to naïve C57BL/6 mice. Serum IgG3 titres were raised at 4 weeks 
following allograft transplantation in C57BL/6 recipient mice and this was elevated at 8 and 
12 weeks. BALB/c recipient titres were significantly higher than those in the C57BL/6 
recipient at all time points. There was no difference between IgG3 titres between rituximab 
and anti-CD20 treated allograft transplanted mice at eight or twelve weeks. Serum IgM titres 
were raised at 4 and 8 weeks following allograft transplantation in C57BL/6 recipient mice. 
At four weeks, BALB/c recipient titres of IgM were significantly higher than those in the 
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C57BL/6 recipient, however there was no difference compared at eight and twelve weeks 
after transplantation. Serum IgA tires were not elevated in any transplant allograft group 

compared to naïve C57BL/6 mice. Serum IgE tires were not elevated in any transplant allograft 

groups compared to naïve C57BL/6 mice. 
 

7.5.2 Donor specific IgG 
To ascertain if elevated IgG was donor specific, I compared CAD mice serum with a strain 
combination known to develop donor-specific antibody due to haplotype mismatch, a 
C57BL/6 (H-2B) kidney transplanted into a BALB/c (H-2D) recipient (Coffman et al., 1993). 
C57BL/6BM12 mice are a spontaneous mutant strain derived from the C57BL/6 with a minor 
MHC II difference and these were transplanted into BALB/c recipients, resulting in 
significant increases in serum IgG titres compared to naïve levels (Figure 7.14). Serum from 
BALB/c and C57BL/6 recipients of C57BL/6BM12 kidneys were examined for IgG reactivity 
against fresh C57BL/6BM12 splenocytes by flow cytometry (Figure 7.15). No reactivity was 
observed in serum from C57BL/6 recipients compared to a significant increase in the 
median fluorescence intensity (MFI) cell surface IgG binding following incubation with 
serum from BALB/c recipients (Figure 7.14)(Students t test p<0.001).  

 

7.5.3 Autoantibody 
Following C57BL/6BM12 cardiac transplantation in C57BL/6 recipients IgG auto-antibodies 
have been observed (Win et al., 2009). To investigate if the same phenomenon was apparent 
following renal transplantation, C57BL/6BM12 splenocytes were permeabilised prior to 
incubation with serum (Figure 7.15). Although an increase in median fluorescent intensity of 
IgG was observed in allograft recipients compared to incubation with naïve C57BL/6 serum 
(Students t test p<0.01), B cell depletion after transplantation had no effect on the presence of 
auto-reactive IgG (Figure 7.15). Lastly the complement split product C4d was not detected in 
rejecting allografts, further suggesting that antibody-mediated rejection is not involved in 
this model of CAD. Serum from naïve mice or from mice who were twelve weeks post CAD 
transplantation was incubated with fresh frozen kidney from untreated mice. Autoantibody 
binding to intracellular content was identified by immunofluorescent detection of IgG 
(Figure 7.16), which did not appear to show donor specificity, as binding to both recipient 
and donor strain kidneys was apparent. 

 

7.6 Conclusion 
Having identified that B cell depletion at a late time point reduced tubular injury in CAD I 
sought to determine the mechanism by which this occurred. Histological injury was much 
less apparent in B cell depleted CAD kidneys and associated with a reduction in the 
percentage positive area of T cells on immunohistochemistry. Furthermore T cell mediated 
injury as evaluated by using a modified T score, based on the Banff system (Sis et al., 2010), 
was significantly improved by B cell depletion. The potential nature of T cell mediated was 
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investigated by electron microscopy and a lymphocyte was noted to cross the basement 
membrane and invade a tubule in the CAD kidney, this does not occur in normality and is 
only apparent in pathological states. In this study the lymphocyte on electron microscopy 
(Figure 7.3) was not necessarily confirmed as a T cell and would have benefited with a 
labelled probe, however it did confirm the findings seen on immunohistochemistry were 
CD3+ T cells were seen in the same histological location (Figure 7.2). 
 
It appears that this model of CAD was not associated with donor-specific antibody mediated 
injury, and B cell depletion did not affect this. However in human transplantation there is 
increasing recognition that late rejection and damage may be mediated by antibodies 
(Mauiyyedi et al., 2001). Therefore this study confirms that there could be a disparity 
between intra-allograft B cells and antibody mediated rejection. Recently mouse cardiac 
allograft vasculopathy was shown to be mediated by antibody independent mechanisms 

and the allo-reactive T cell response was significantly inhibited by transplantation into µMT 
mice, mice deficient in mature forms of IgM (Zeng et al., 2014). This animal study reflected 
evidence from human cardiac transplantation where B cells have been found in tertiary 
lymphoid nodules around vessels (Wehner et al., 2010). 
 
There has been increasing interest in the functions of B cells beyond their role in antibody 
production, including cytokine mediated effects in human disease (Barr et al., 2012, Lund, 
2008). Therefore I investigated if B cells played a role in CAD by local cytokine production. 
Non-specific re-stimulation of B cells with PMA, a small organic compound which diffuses 
through the cell membrane into the cytoplasm where it directly activates Protein Kinase C, 
and ionomycin, a calcium ionophor that triggers calcium release, allowed us to reveal the 
primed B cell response in the allograft tissue. The addition of these two compounds to media 
for 72 hours in culture has previously been described to optimally stimulate cytokine 
production by lymphocytes (Bécart et al., 2007). The cytokine most greatly synthesised by B 

cells appeared to be GRO-α (CXCL1) which has a role as a T cell chemo-attractant, CXCL1 
has also been widely quoted to be a major source for neutrophil attraction (Ahuja and 
Murphy, 1996), however in this model very few neutrophils appeared in the allograft tissue 
and their presence was not affected by B cell depletion. Recently CXCL1 has been shown to 
play an important role in angiogenesis (Miyake et al., 2013), and therefore may be 
responsible for lymphatic expansion or in the development of high endothelial venules as 
part of tertiary lymphoid tissue development. It was interesting to note that supernatant 
from ex vivo cultured allograft B cells did not contain IL-10 which has been associated with B 
cell induced immune regulation (Mauri et al., 2003). 
 
In summary B cells in CAD may contribute to cell infiltration of the allograft and, which in 
turn, leads to T cell mediated tubule injury. This suggests that disruption of B cell 
chemokines may be a therapeutic target for inhibiting tubular loss in the renal allograft. The 
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other defining feature of CAD is fibrosis and I next investigated the B cell role in this 
pathological aspect. 
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7.7 Figures and tables 

 

 
 

Figure 7.1 

T cell immunohistochemistry of CAD. Representative CD3+ (brown) lesions in CAD 

kidney at twelve weeks post-transplantation at x100 magnification. Accumulation of T cells 

was reduced in mice treated with anti-CD20. 

 
 

 
 

Figure 7.2 

T cell pathology in CAD. Representative CD3+ histology at eight weeks post 

transplantation. T cells can be seen invading glomeruli (hollow arrows ") resulting in 

glomerulitis and invading tubules (block arrows #) resulting in tubulitis, at x100 

magnification. 
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Figure 7.3 

Transmission electron microscopy image demonstrating lymphocyte invading renal 
tubule. A mononuclear lymphocytic cell can be identified breaching a renal tubule basement 

membrane. Based on previous immunohistochemistry experiments (see Figures 3.6, 7.2 

and 7.8) in the same tissue only CD3+ T cells were seen in such a location. 
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Figure 7.4 

Quantification of intra-allograft T cells post B cell late depletion. T cells identified on 

CD3 immunohistochemistry were quantified following late B cell depletion. Ten micrographs 

at x200 magnification were analyzed, n=6 per group, mean ± SEM, Mann-Whitney t test 

between groups at single time points; **p<0.01; ***p<0.001. 

 

 

 
 

Figure 7.5 

Quantification of intra-allograft T cells post early B cell depletion. B cells identified on 

CD3 immunohistochemistry were quantified following early B cell depletion. Ten micrographs 

at x200 magnification were analyzed, n=6 per group, mean ± SEM, two-way ANOVA; drug 

effect p=0.28, interaction p=0.43, time p=0.0008. 
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Figure 7.6 

Modified average T-score for each kidney. T0 = no mononuclear cells in tubules, T1 = foci 

with 1 to 4 cells/tubular cross section (or 10 tubular cells), T2 = foci with 5 to 10 cells/tubular 

cross section, T3 = foci with >10 cells/tubular cross section or the presence of at least two 

areas of tubular basement membrane destruction. Adapted from Banff criteria. 

 

 
 

Figure 7.7 

Quantification of T-score. Average T-score calculated for each allograft kidney x200 

magnification, ten fields, each given t-score of greatest degree per field, n=6 per group, 

mean ± SEM, Mann-Whitney t test between groups at single time points; *p<0.05. 
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Figure 7.8 

Neutrophil immunohistochemistry in CAD. Representative Gr1+ (brown) cells in CAD 

kidney at eight weeks post-transplantation at x200 magnification. Neutrophils are identified in 

a perivascular location (hollow arrows ") in close proximity to infiltrating leukocytes. 

 

 

 
 

Figure 7.9 

Quantification of intra-allograft neutrophils post B cell late depletion. Neutrophils 

identified on Gr1 immunohistochemistry were quantified following late B cell depletion. Ten 

micrographs at x200 magnification were analyzed, n=6 per group, mean ± SEM, Mann-

Whitney t test between groups at single time points. 
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Figure 7.10 

Cytokine screening assay. Allograft B-cells cultured at 0.25 x 10^6 in 200µl 10% FCS + 

1% P/S + PMA 10ng/ml + Ionomycin 500ng/ml. Culture for 96 hours. 500µl supernatant used 

for cytokine array. Chemi-luminescence developed for 5 minutes. Grouped assay of n=5 

individual experiment.  

 

 
Positive spots - Strong 

 

Positive spots – Faint 
 

Positive spots – Very 
Faint 

B 5/6 G-CSF B 1/2 CXCL13 B 3/4 C5/C5a 

B 21/22 IL-1ra B 7/8 GM-CSF B 11/12 CCL11 

C 7/8 IL-6 B 9/10 CCL1 B 15/16 IFN-gamma 

D 1/2 CXCL10 B 13/14 CD54 C 9/10 IL-7 

D 5/6 CXCL1 B 17/18 IL-1a C 11/12 IL-10 

D 9/10 CCL2 / MCP-1 C 17/18 IL-16 C 21/22 IL-23 

D 13/14 CXCL9 D 7/8 M-CSF   

D 19/20 CXCL2 D 11/12 MCP-5   

D 21/22 CCL5 D 15/16 MIP-1a   

E 3/4 TIMP-1 D 17/18 MIP-1b   

E 5/6 TNF-alpha E 1/2 CCL17   

      

 

Table 7.1 

Results from cytokine screening assay. Reading of developed radiograph film from 

cytokine screening in Figure 7.9. 
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Figure 7.11 

Quantification of T cell associated cytokines secreted by B cells 

Cytokine supernatant assay of isolated allograft B cells cultured for 72 hours alone (block 

squares) or ionomycin (Ion.) and phorbitol mysirate (PMA) (grey hollow diamonds) and 

compared to stimulated naïve B cells (block grey circles), n=6-8, assay in duplicate, mean ± 

SEM, ANOVA followed by Mann-Whitney t test between groups at single time points, or t 

test alone; *p<0.05; **p<0.01; ***p<0.001.  
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Figure 7.12 

FACS Gating of B cells from allograft kidney digest. Intra-allograft B cells isolated 

following allograft kidney digestion then B220+ magnetic bead enrichment prior to 

fluorescence activated cell sorting by B220+ CD45.2+ DAPI- for mRNA extraction and cell 

culture experiments. 

 

 
Figure 7.13 

Cytokine mRNA expression. Comparative quantification of mRNA fold difference by qRT-

PCR in isolated allograft B cells compared to naïve spleen B cells, genes of interest 

normalized to two genes with 18S represented, n=8 per group, assay in triplicate, mean ± 

SEM. 
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Figure 7.14 

Serum immunoglobulin assay. Serum titres from naïve, acute rejection recipient mice 

(C57BL/6 ! BALB/c) and CAD transplant recipient mice (C57BL/6 ! C57BL/6), either 

untreated at 4 weeks or at 12 weeks following B cell depletion or control, were measured 

following terminal cardiac puncture, n=5, assay in duplicate, mean ± SEM, ANOVA followed 

by Mann-Whitney t test between pairs of groups. *p<0.05; **p<0.01; ♯p<0.001 against all 

groups. (1) Serum IgM assay (2) Serum total IgG assay (3) Serum total IgA assay (4) Serum 

total IgE assay. 
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Serum Source IgM 

(mg/ml) 

IgG1 

(µg/ml) 

IgG2a 

(µg/ml) 

IgG2b 

(µg/ml) 

IgG3 

(mg/ml) 

IgA 

(µg/ml) 

IgE 

(µg/ml) 

Naïve C57BL/6 

 

 

0.22 

±0.036 

7.90 

±3.01 

42.56 

±5.69 

77.80 

±24.96 

0.087 

±0.018 

65.73 

±29.10 

7.011 

±1.38 

4 weeks 

C57BL/6 allograft 

0.69 

±0.15 

 

24.66 

±3.06 

 

49.45 

±12.51 

 

77.56 

±13.31 

 

1.04 

±0.22 

 

73.18 

±22.02 

 

9.81 

±3.99 

 

8 weeks 

C57BL/6 allograft 

Rituximab at 4 weeks 

1.26 

±0.33 

 

24.69 

±5.22 

 

52.26 

±9.53 

 

125.0 

±40.74 

 

0.72 

±0.25 

 

78.50 

±28.78 

 

7.11 

±2.25 

 

8 weeks 

C57BL/6 allograft  

Anti-CD20 at 4 weeks 

0.39 

±0.067 

 

14.28 

±4.06 

 

52.93 

±7.40 

 

64.77 

±17.53 

 

0.36 

±0.058 

 

97,86 

±29.15 

 

8.15 

±3.03 

 

12 weeks 

C57BL/6 allograft 

Rituximab at 4 weeks 

1.74 

±0.30 

 

15.34 

±3.49 

 

53.9 

±6.39 

 

118.50 

±27.20 

 

0.43 

±0.12 

 

79.21 

±20.22 

 

11.94 

±4.094 

 

12 weeks 

C57BL/6 allograft  

Anti-CD20 at 4 weeks 

0.67 

±0.24 

 

8.67 

±2.26 

 

63.00 

±13.23 

 

102.30 

±35.62 

 

0.29 

±0.089 

 

105.20 

±20.08 

 

6.00 

±1.10 

 

4 weeks 

BALB/c allograft 

2.16 

±0.36 

 

2581 

±316.5 

100.9 

±15.01 

 

94.86 

±22.94 

 

2.76 

±0.26 

 

88.60 

±31.99 

 

10.00 

±2.24 

 

 

Table 7.2 
Serum immunoglobulin assay. Values from assay in Figure 7.13, n=5, assays performed in 

triplicate, mean ± SEM. 
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Figure 7.15 

Alloantibody determination. FACS to detect donor-specific or autoimmune IgG, 

quantification by median fluorescent intensity. Serum from naïve, acute rejection recipient 

mice (C57BL/6 ! BALB/c) and CAD transplant recipient mice (C57BL/6 ! C57BL/6), at 12 

weeks following B cell depletion or control, was assayed following terminal cardiac puncture, 

n=6, assay in triplicate, error bars median and interquartile-range, Mann-Whitney t test for 

comparison between groups. **p<0.01; ***p<0.001. (1) Representative FACS of live 

splenocytes incubated with transplant recipient serum to detect donor-specific IgG (2) 

Quantification of MFI values in live splenocyte assay. (3) FACS of permeabilised 

splenocytes incubated with transplant recipient serum to detect autoimmune IgG (4) 

Quantification of MFI values in permeabilised splenocyte assay. 
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Figure 7.16 

Autoantibody immunofluorescence. The presence of autoantibodies in the sera of CAD 

mouse was determined by incubating sera with fresh frozen kidney sections then probing 

with a secondary goat anti-mouse IgG.; autoantibody binding was not specific to donor cells 

but also bound recipient intra-cellular content. Immunofluorescence imaging at x400 

magnification. (1) Incubation with pooled, n=3, naïve sera demonstrated no binding with 

naïve recipient strain C57BL/6 kidney. (2) Incubation with pooled, n=3, naïve sera 

demonstrated no binding with naïve donor strain C57BL/6BM12 kidney. (3) Incubation with 

pooled, n=5, sera from CAD recipient mice demonstrated intra-cellular content binding with 

naïve recipient strain C57BL/6 kidney. (4) Incubation with pooled, n=5, sera from CAD 

recipient mice demonstrated intra-cellular content binding with naïve donor strain 

C57BL/6BM12 kidney. 
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Chapter 8. B cell mediated fibrosis 
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8.1 Introduction 
Kidney fibrosis is not solely a feature of chronic allograft damage but the culmination of 
multiple chronic pathological processes in the kidney; it is characterized by deposition of 
extracellular matrix in the interstitial spaces and the walls of the glomeruli resulting in loss 
of peritubular capillaries and functioning nephrons. The pathologically deposited matrix is 
rich in fibrillar collagen type I and III, and also contains constituents of the normal capillary 
basement membranes such as collagen IV and V, fibronectin and laminin (Duffield, 2014). It 
is believed that fibrosis occurs as part of normal healing, with tissue remodelling occurring 
once inflammation has been resolved, however in end organs this process may be 
detrimental and injurious to function especially in the face of chronic inflammation. 
 
The presence of B cells infiltrating inflammatory tissue in other models of disease has been 
associated with worse injury. Early depletion of B cells in a model of myocardial infarction 
reduced the number of B cells recruited to the tissue and this was associated with significant 
improvement in post infarction cardiac function, and recruitment of macrophages into the 
tissue and subsequent fibrosis were reduced (Zouggari et al., 2013). In a similar manner 
carbon tetrachloride induced liver fibrosis was attenuated in mice deficient in intra-hepatic B 
cells (Novobrantseva et al., 2005), and CD19 deficient mice developed less pulmonary-
fibrosis when subjected to intra-tracheal Bleomycin instillation (Komura et al., 2008). The 
role of monocytes and macrophages in chronic renal allograft damage has been well 
established (Magil, 2009). Several animal models of allograft rejection exhibit monocyte and 
macrophage infiltration in allograft tissue (Diamond et al., 1992, Hancock et al., 1993, 
Heemann et al., 1994), and these cells have a central role in human chronic allograft damage 
(Regele, 2002, Fahim et al., 2007). Macrophages are implicated in fibrosis due to their ability 
to produce pro-fibrotic cytokines, however they are also described to be the major cell type 
that degrades and digests fibrillar matrix (Duffield, 2014). 
 
Having identified in this model of CAD that fibrosis measured by picrosirius red was 
reduced following B cell depletion the mechanism by which this occurred was investigated. 

 

8.2 Type III collagen deposition 
The presence of type III collagen was identified in the allograft kidney and appeared to be in 
proximity to the dense accumulations of perivascular leukocytes (Figure 8.1). Late B cell 
depletion reduced type III collagen content in the allograft kidney, compared to placebo 
treatment, at both eight, 0.57±0.091% versus 3.57±0.51% area positivity, and twelve weeks 
2.30±0.44% versus 6.25±0.65% area positivity (Figure 8.2) (Mann-Whitney p<0.001). These 
findings were in keeping with the previously described reduced picrosirius red staining at 
12 weeks following B cell depletion (Figure 6.5). 
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8.3 Origin of fibrosis 

 

8.3.1 Allograft macrophage 
Intra-allograft F4/80+ cells, representing macrophages or less likely follicular dendritic cells, 
were identified in the vicinity of perivascular lymphocytes and also throughout the cortex of 
the kidney, the density of F4/80+ cells was reduced by late B cell depletion after 
transplantation. In addition serial sections on immunohistochemistry revealed intra-allograft 
macrophages in close approximation to where collagen type III was identified (Figure 8.1). 
The number of intra-allograft F4/80+ cells was significantly depleted in the anti-CD20 post-
transplant treatment group compared to placebo treatment at eight weeks after 
transplantation (4.17±0.71% versus 7.14±0.85%) area staining, and at twelve weeks 
(2.44±0.43% versus 6.24±0.69% area staining) (Figure 8.2) (Mann-Whitney p<0.001). 

 

8.3.2 Allograft fibroblast 
The presence of α-smooth muscle actin (α-SMA) was identified in intra-renal vessel walls on 
immunohistochemistry (Figure 8.1), and I investigated if myofibroblasts or other cell types 

expressing α-SMA could be identified in the renal parenchyma. However there was no 

difference in the number of α-SMA+ myofibroblasts between placebo and B cell depleted 

groups (Figure 8.1 and 8.3) (Mann-Whitney); α-SMA was restricted to intra-renal vessels and 
was not identified in proximity to type III collagen on serial sections.  
 
Transgelin has been reported as a renal fibroblast activation marker (Karagianni et al., 2013), 
and I investigated if this protein was expressed in the allograft. The presence of transgelin+ 
cells could be identified in the renal parenchyma and was reduced by late B cell depletion 
after transplantation. In addition serial sections on immunohistochemistry revealed 
transgelin+ cells to closely approximated to where collagen type III was identified (Figure 

8.1). The number of intra-allograft transgelin+ cells was significantly depleted in the anti-
CD20 post-transplant treatment group compared to placebo treatment at twelve weeks post-
transplantation at 2.91±0.46% versus 9.10±0.96% area staining (Figure 8.3) (Mann-Whitney 
p<0.001). 
 

Platelet derived growth factor receptor- β (PDGFR-β), which may be an alternative marker of 
pericyte-derived fibroblasts, was expressed in areas of tubular atrophy and in proximity to 

where collagen type III was identified (Figure 8.1). The number of intra-allograft PDGFR-β + 
cells was significantly depleted in the anti-CD20 post-transplant treatment group compared 
to placebo treatment at eight weeks post-transplantation at 4.97±0.68% versus 11.81±1.18% 
area staining, and at twelve weeks at 7.51±2.11% versus 13.42±1.05% area staining (Figure 

8.3) (Mann-Whitney p<0.001). 
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8.4 B cell cytokines 

 

8.4.1 Fibrosis-related chemokines and inflammatory cytokines 
I had previously identified that the supernatant of ex vivo cultured isolated intra-allograft B 
cells contained multiple cytokines (7.4.1 Screening assay), some of these cytokines may be 
associated with fibrosis including the monocyte cytokines MCP-1 (CCL2), MIP-2 (CXCL2) 
and MCP-3 (CCL7). These cytokines were secreted by B cells without stimulation; however, 
when stimulated with ionomycin and PMA even greater levels were achieved, CCL2 
(16.26±5.42ng/ml), CXCL2 (2.86±0.46ng/ml) and CCL7 (0.55±0.05ng/ml) (Figure 8.4). Some 
cytokines were not significantly elevated when comparing allograft B cells to naïve B cells; 

however antigen-specific re-stimulation of allograft B cells with γ-irradiated C57BL/6BM12 

splenocytes resulted in the synthesis of TGF-β1 at 1.92±0.25ng/ml, MIP-1α at 

0.31±0.11ng/ml and MIP-1β at 0.21±0.05ng/ml (Figure 8.4), all of which were significantly 
higher than those produced by naïve B cells (ANOVA followed by Mann-Whitney p<0.05, 
p<0.01 and p<0.001) 

 

8.4.2 B cell mRNA expression 
As previously described B cells were isolated into pure CD45.2+ B220+ populations for 
mRNA analysis (Chapter 7.4.3). The fold change was greatest for CCCL2 expression at a RQ 

value (2-ΔΔCT) of 16.57±9.73, normalized to 18s expression in naïve B cells, followed by CCL7 
at 10.91±2.12 (Figure 8.5). 

 

8.5 Conclusion 
In this chapter I sought to identify key drivers of fibrosis and the source of type III collagen 
production. Type III collagen is a fibrillar protein synthesized in inflammation and present 
in chronic rejection of the human renal allografts (Farris and Colvin, 2012). Mononuclear 
cells, specifically infiltrating macrophages, have been shown to be pro-fibrotic and express 
the marker F4/80+, although this may also be expressed by dendritic cells. Intra-allograft 
F4/80+ cells were reduced by late B cell depletion after transplantation and it has been 
speculated that macrophages are profibrotic in a renal transplant setting (Tse and Hughes, 
2013). Indeed previously this research group had shown that mice that transplantation of 
C57BL/6BM12 kidneys into C57BL/6 that are deficient in macrophage-secreted galectin-3 have 
less renal transplant fibrosis (Dang et al., 2012).  
 
F4/80 is expressed at high levels on the surface of various macrophages: kupffer cells, 
splenic red pulp macrophages, microglia, gut lamina propria, and langerhans cells in the 
skin. Macrophages of the connective tissue, heart, kidney, reproductive, and neuroendocrine 
systems also express F4/80 (Hume et al., 1984, Austyn and Gordon, 1981). Furthermore the 
F4/80+ cell comprises a subset of macrophages including bone-marrow derived and pre-
bone marrow derived macrophages. It has largely been held that tissue-resident 
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macrophages develop from bone marrow-derived monocytes or that tissue-resident 
macrophages derive from Ly6C+ “resident” monocytes that traffic to tissues under normal 
homeostatic conditions (Dey et al., 2015). However recent studies have shown that yolk sac-
derived cells develop into tissue macrophages by seeding tissues in the embryo where they 
repopulate throughout adulthood (Ginhoux et al., 2010, Epelman et al., 2014). Classical 
Ly6chi monocytes are thought to patrol the extravascular space in resting organs, whilst 
Ly6clo non-classical monocytes patrol the vasculature, thereafter inflammation triggers 
monocytes to differentiate into macrophages, but whether resident and newly recruited 
macrophages possess similar functions during inflammation is unclear. The presence of yolk 
sac derived macrophages in the kidney has not been fully investigated though a trophic role 
for macrophages in embryonic kidney development, has been speculated which may 
continue to play a similar role in postnatal repair (Rae et al., 2007). At present little is known 
about the contribution of yolk sac derived macrophages in transplantation. 
 
Macrophages quintessentially engulf particles, including necrotic cells, bacteria, inert 
compounds. They are loosely classified into M1 and M2 subsets, the former being pro-
inflammatory and the latter associated with wound healing and resolution of inflammation 
(Galli et al., 2011). M1 phenotype macrophages produce large amounts of IL12, IL-23 and 
TNF-alpha and are therefore important drivers of antigen-specific Th1 and Th17 responses. 
Furthermore macrophages can act as antigen presenting cells through MHC class I and II 
and so participate in adaptive immunity, however they are not as efficient as dendritic cells 
at antigen presentation. Hence inhibition of macrophage function would not affect dendritic 
cell mediated antigen presentation and initiation of a humoral response. Furthermore tissue 
resident macrophages following ischaemia reperfusion injury may be protective (Ferenbach 
et al., 2012). Macrophages are responsible for the clearance of apoptotic cells and the 
removal of peptides that can be recognized as danger-associated molecular patterns, hence 
contributing to the resolution of inflammation. Regulatory type macrophages, defined by an 
ability to secrete IL-10, may also suppress adaptive immune responses as well as maintain 
immune homeostasis through regulatory T cell induction (Galli et al., 2011). 
 
There have been very few clinical trials specifically depleting macrophages for any 
pathological process. However a phase II trial using a Granulocyte-macrophage colony 
stimulating factor receptor-alpha antibody in the treatment of rheumatoid arthritis was 
recently completed with positive outcomes (Burmester et al., 2013). Though liposomal 
clodronate depletion of macrophages has been described in several animal studies only a 
single study in humans has been reported where liposomal clodronate was injected into the 
knee joints of rheumatoid arthritis patients (Barrera et al., 2000). Several investigators have 
attempted to harness the undoubted beneficial actions of macrophages by using them as ‘cell 
therapy’. Indeed, the efficacy of administering macrophages modified in vitro to adopt an 
anti-inflammatory phenotype has been shown in several rodent models of renal 
inflammation (Ferenbach and Kluth, 2010). In addition two patients have been administered 
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regulatory macrophages generated ex vivo prior to receiving a renal transplant from a living 
donor as a proof of principle study (Hutchinson et al., 2011). 
 
Intra-allograft B cells may well promote fibrosis primarily by recruiting monocytes into the 
allograft and supporting macrophage-mediated fibrosis, the most abundantly expressed 
macrophage specific chemokines was CCL2 followed by CCL7. In a study of mouse 
myocardial infarction B cell depletion significantly inhibited macrophage infiltration and 
subsequent fibrosis and these authors similarly identified B cell derived CCL2 and CCL7 to 

be contributory factors (Zouggari et al., 2013). Macrophage inflammatory protein (MIP)-1α 

(CCL3) and MIP-1β (CCL4) were also expressed upon re-stimulation of B cells with 
inactivated donor-strain cells, these chemokines act as major chemokines for granulocytes as 

well as being pro-inflammatory, inducing IL-1, IL-6 and TNF-α synthesis by fibroblasts and 

other macrophages. In addition the chemokines MIP-1α, MIP-1β, and RANTES self-associate 
to form high-molecular mass aggregates (Czaplewski et al., 1999), therefore they may act in 
concert in the B cell derived TLT to injure the allograft kidney. 
 

Interestingly there was no difference in α-SMA+ myofibroblast number between placebo and 

B cell depleted groups; α-SMA was restricted to intra-renal vessels and was not identified in 
proximity to type III collagen on serial sections. Fibroblasts maintain the normal extra-
cellular matrix of the kidney and are found within the renal interstitium, they have been 
proposed to acquire a myofibroblast phenotype under paracrine signaling after attaching to 
the injured basement membrane (Boor et al., 2010). A significant finding was that both 

transgelin and PDGFR-β, alternative markers of fibroblast activation, were expressed in 

areas of tubular atrophy. Additionally, levels of transgelin and PDGFR-β expression were 
significantly reduced in late B cell depleted animals and correlated with the presence of type 
III collagen in the renal parenchyma. Despite the association between intra-allograft B cells 

and interstitial fibrosis, this was not mediated through α-SMA-expressing myofibroblasts, 

although the expression of α-SMA is known to be associated with a great degree of 
variability (Okada et al., 2000, Duffield, 2014). Other mechanisms promoting fibrosis were 
therefore examined, such as activated pericytes which express platelet derived growth factor 

receptor-β (PDGFR-β) and can differentiate into fibroblasts (Henderson et al., 2013). 
Transgelin is an actin stress fibre-associated protein and an early marker of smooth muscle 
cell differentiation, and is associated with renal fibroblast activation (Karagianni et al., 2013). 

Expression of both PDGFR-β and transgelin were markedly increased in correlation with 
fibrosis and I speculate that B cells drive fibrocyte or fibroblast activation through these 

mechanisms. B cells may directly activate profibrotic cells through TGF-β1, as stimulation of 
allograft B cells with inactivated donor-strain cells resulted in a significant increased 
expression of this cytokine. 
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I conclude that B cells potentially act to induce fibrosis by attracting monocytes, via 
chemokines, into the allograft and additionally could play a role in directly activating renal 
resident fibroblasts. 
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8.6 Figures 
 

 
 

Figure 8.1 

Fibrosis immunohistochemistry. Reduced fibrosis is associated with fewer macrophage 

and fibroblasts in the allograft. Representative immunohistochemistry of serial sections for 

type III collagen, F4/80, α-Smooth Muscle Actin (α-SMA), SM22 (transgelin) and platelet 

derived growth factor receptor-β (PDGFR-β). 
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Figure 8.2 

Fibrosis analysis. Quantification of type III collagen and F4/80+ mononuclear cell infiltration 

in anti-CD20 or placebo (Rituximab) treated allograft treated at four weeks. Ten micrographs 

at x200 magnification were analysed, n=6, mean ± SEM, Mann-Whitney t test between 

groups at single time points; ***p<0.001. 

 

 

 

 
 

Figure 8.3 

Fibroblast analysis. Quantification of PDGFR-β+, α-SMA+ myofibroblast or transgelin+ 

fibroblast-like cells in anti-CD20 or placebo (Rituximab) treated allograft treated at four 

weeks. Ten micrographs at x200 magnification were analysed, n=6, mean ± SEM, Mann-

Whitney t test between groups at single time points; ***p<0.001. 

 

 

 

 

 

 

 

 



 150 

 

 
 

Figure 8.4 

B cell secreted fibrosis related cytokines. Cytokine supernatant assay of isolated allograft 

B cells cultured for 72 hours alone (block squares) in media or ionomycin (Ion.) and phorbitol 

mysirate (PMA) (grey hollow diamonds) or with γ-irradiated C57BL/6BM12 splenocytes (grey 

squares) and compared to stimulated naïve B cells (block grey and black circles), n=6-8, 

assay in duplicate, mean ± SEM, Mann-Whitney t test between; *p<0.05; **p<0.01. 
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Figure 8.5 
Fibrosis associated cytokine mRNA expression. Comparative quantification of mRNA 

fold difference by qRT-PCR in isolated allograft B cells compared to naïve spleen B cells, 

genes of interest normalized to two genes with 18s represented (n=8, assay in triplicate). 
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Chapter 9. Final Discussion 

 

  



 153 

9.1 Strengths and weaknesses of current study 

 

9.1.1 Immunohistochemical optimisation 
Immunohistochemistry and histochemistry viewed under brightfield microscopy continue 
to be powerful tools for the detection of antigens, both of cell surface, intracellular markers 
and tissue specific molecules. The use of indirect immunohistochemistry and detection by 
avidin-biotin-complex with horseradish peroxidase and 3,3’-diaminobenzidine (DAB) 
development is a commonly used method. DAB is heat-resistant and can be permanently 
mounted allowing repeated analysis with excellent positive to negative signal when viewed 
under brightfield microscopy. Investigators seek not only to ascertain the presence of an 
antigen but also to quantify its presence. There are several commercially available software 
packages to allow cellular analysis, but these can be complex, require relatively high level of 
computer-skills and can be monetarily costly. It should be considered that commercial 
software packages can be utilized for other advanced image-analysis methods as well as 
improve efficiency in data procurement (Choudhury et al., 2010, Prasad and Prabhu, 2012). 
There is a need for easy methodology to allow high throughput of samples to generate 
robust data and allow statistical analysis with adequate power by computer-assisted image 
analysis. ImageJ is distributed as freeware and readily accessible to researchers around the 
world and there are various on-line material such as handbooks, wikis, and plugins which 
have resulted in its widespread adoption for research (Papadopulos et al., 2007). Prior to 
performing experiment I first compared two commonly available software packages in the 
methods chapter: Adobe Photoshop CS6, which is commercially available, and ImageJ, 
which is freely available in the public domain.  

 
In this study I used images with obvious DAB positivity following anti-B220 staining with 
low levels of counterstaining through brief exposure to haemotoxylin. This is important in 
the case where background staining, or counter-staining, is moderate or high, where 
conversion to a binary image for analysis in ImageJ may result in false positivity and a 
spuriously high value. However a well-described methodology to separate and quantify 
colours by deconvolution has resulted in the ability to differentiate true positivity from false 
positivity (Ruifrok and Johnston, 2001). This process can be achieved by a freely available 
‘plug-in’ to the ImageJ software allowing separation and selection of DAB positive areas 
from haemtoxylin stained areas. The method of deconvolution is based on orthonormal 
transformation of the original image and allows determination of density and area of 
multiple stains, in this study I did not compared the programs ability to discern density 
characteristics. 
 
The problem of differentiating between truly brown pixels and dark areas incorrectly 
converted to black in a binary manner can be avoided when using Photoshop as only pixels 
in the brown colour range are selected and blue colour range pixels will not be. However 
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when the problem of background staining and counterstaining is avoided conversion to 
binary in ImageJ was equivalent to measuring brown colour range in Photoshop. Both these 
methods showed correlation based on linear regression and agreement when analysed by 
Bland-Altman plot. The Bland–Altman method calculates the mean difference between the 
two methods of measurement, reported as the bias, and the 95% limits of agreement as the 
mean difference with two standard deviations (Bland and Altman, 1986). 
 
Comparing images that are not readily converted into black and white images can prove 
difficult. I aimed to detect collagen through direct staining with picrosirius red, a well 
characterized method that stains all types of collagen (Junqueira et al., 1979). ImageJ has 
been used to quantify PSR positivity in several studies including cardiac tissue and renal 
biopsies (Farris et al., 2011, Reini et al., 2008). I have reported the use of Photoshop to 
measure PSR positivity in a model of renal fibrosis and renal transplants and shown that 
using this method discernable differences between experimental groups are observed (Lutz 
et al., 2007, Ferenbach et al., 2011). 
 
It was appropriate to compare the two software packages with colour ranges which resulted 
in similar mean values and also where they reflected the subjective positive staining of the 
brightfield images. Therefore I analysed ImageJ with a threshold value of 77% and a 
fuzziness value of 120% in Photoshop and it became apparent that the distribution of 
individual measurements was different. The selection of renal allograft images contained 
some with low levels of collagen and thus I would expect to obtain low values of positive 
PSR staining. The results from the Photoshop software analysis show that with a fuzziness 
value of 120% this was achieved and at higher levels of fuzziness the lowest scoring images 
started to appear more positive reflected by an increase in the 10% percentile. Having a 
lower 10% percentile reflects that photoshop analysis is better at analyzing tissues with low 
levels of positive pixels, that is to say control tissues or negative controls, whereas following 
ImageJ analysis the same images would result in spuriously high levels of positivity. The 
two softwares showed correlation between their ability to measure PSR positivity however 
on Bland-Altman plot there was an obvious difference in agreement between measurements. 
When comparing images with higher percentage area staining Photoshop measured greater 
values compared to ImageJ, this was reflected by values approaching and exceeding 2 
standard deviations above the mean on Bland-Altman plot. Therefore Photoshop may be 
better to discern differences between images of PSR staining because of a greater ability to 
measure a wider range without spuriously measuring background staining. 
 
It is important to state several assumptions regarding stereology that are made when 
analyzing two-dimensional images for area measurement; primarily that the image is 
representative of a three-dimensional structure of cells within the tissue and therefore 
distribution of surface antigens are assumed to be dispersed evenly and that the surface 
imaged by the microscope mounted camera, that is to say the superior surface, is 
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representative of the surfaces not imaged, those being the lateral and inferior surfaces. In 
this study of lymphocytes I know that the cells are broadly spherical in structure therefore 
orientation of the cell will not affect the area measured in two-dimension however error may 
occur when quantifying structures that have significant differences in their shape depending 
on orientation. I would not suggest that these methods could be used to extrapolate data on 
volume, length or surface, and is merely a method to quantify in terms of number of 
structures. 

 
I conclude that for computer-assisted analysis of images that can be easily converted into 
binary black and white images there is no difference between analysis using Photoshop or 
ImageJ. However for analysis of colour images where differentiation into a binary pattern is 
not easy, such as with PSR, Photoshop is superior at identifying higher levels of positivity 
whilst maintaining differentiation of low levels of positive staining, but before data analysis 
is performed appropriate parameters for scoring must be ascertained. Computer-assisted 
image analysis remains a powerful tool for quantification of brightfield microscopy and can 
be readily performed by simple methodology. 

 

9.1.2 Isolation of B cell methodology 
Cell isolation in biological and biomedical research has developed rapidly over the past few 
decades and methods include separation based on adherence in ex vivo culture conditions, 
via density of cells in suspension, via antibody-binding techniques and the ‘lab-on-a-chip’ 
method (Tomlinson et al., 2012). In my studies initial attempts were made with several 
techniques to isolate B cells mixed in with digested kidney tissue as a pilot experiment to 
replicate B cell isolation from CAD tissue. Techniques to separate cells based on density 
have largely been through the used of centrifugation sedimentation using usually sugar 
based media (Miller and Phillips, 1969). Despite the large-scale use of density-based 
methods specificity of separation is still a potential problem as the differing densities of 
different cell populations are not large enough to be able to separate out individual cell 
types in some situations. Though methods that sort cells by density are useful techniques 
when working with tissues that contain a large number of unwanted cells or material, for 
example, blood, bone marrow and adipose tissue loss of the cells of interest may still be a 
significant factor, that is to say the percentage recovery is lower. Antibody-binding 
techniques include fluorescence-activated cell sorting (FACS) and magnetic-activated cell 
sorting (MACS), the former being older and first developed in the early 1970s and the later 
in the 1980s (Miltenyi et al., 1990, Bonner et al., 1972, Rembaum et al., 1982). In my 
experiments I tried two density separation methods using Percoll Density Centrifugation 
Media (GE Healthcare Life Sciences, UK) and Lympholyte M (Cedarlane, Canada) however 
both methods resulted in a large loss of lymphocytes, i.e. recover was much lower, 
compared to antibody-labeled magnetic bead sorting. It was also extremely importance to 
maximise purity of cell isolation prior to molecular analysis as small contaminants with 
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RNA from other cell sources can be spurious results as qRTPCR is an extremely sensitive 
technique (Schmittgen and Livak, 2008). 
 

9.1.3 Mouse study 
The strength of this mouse model of intra-abdominal kidney transplantation is that it 
directly mirrors that of human transplantation, therefore the rejection dynamics are 
analogous and findings translatable. This study has focused on a mouse model of human 
disease and naturally species differences are a major limiting factor in the applicability of 
this data. However mouse studies allow us to perform invasive procedures in situations 
where human studies would not be possible; specifically it would not be possible to 
repeatedly obtain cells from a human transplant kidney at a time point when function was 
normal to investigate the nature of any cells present. Experimental modeling allows 
replication of experiments and ex vivo manipulation that would not necessarily be easily 
performed in man. 
 
A major limitation in this study of chronic allograft damage is the reliance on the use of a 
single mouse strain combination, this being C57BL/6BM12 into C57BL/6 mice. Other studies 
of mouse renal transplant models have described the accumulation of B cells in other donor 
and recipient strain combinations (Mannon et al., 1995, Mannon et al., 1996, Bickerstaff et al., 
2001, Bickerstaff et al., 2008b, Einecke et al., 2005, Han Lee et al., 2006, Brown et al., 2007, 
Brown et al., 2008, Qi et al., 2008, DiLillo et al., 2011, Miyajima et al., 2011, Wang et al., 2011), 
but not in the context of chronic injury nor in keeping with the development of tertiary 
lymphoid tissue. These studies did not investigate the significance of intra-allograft B cells 
but purely described their presence. An antibody B cell depleting strategy was used in this 
study to mirror the ability to perform intervention in human therapy; however purely 

mechanistic studies have utilised µMT mice, with µMT mice being mice unable to generate 
mature B cells. 
 
Complete MHC class I and II mis-match renal transplantation has been performed from A/J 
(H-2a) mice into chemokine receptor CCR5 null mice on a C57BL/6 (H-2b) background, in 
this model antibody mediated rejection occurred (Bickerstaff et al., 2008a). Furthermore 

crossing CCR5 null mice with µMT mice and the using the progeny as recipients resulted in 
abrogation of the antibody mediated rejection suggesting B cells to be causative to rejection 

this model. Use of µMT recipients in cardiac transplantation has also been described 
(Motallebzadeh et al., 2012, Zeng et al., 2014), such that in a model of chronic allograft 

vasculopathy (CAV) using C57BL/6BM12 into C57BL/6 or µMT C57BL/6 recipients, B cells 
were shown to be key to tertiary lymphoid organ generation as evaluated by new lymphatic 
vessels and the formation of high endothelial venules (Motallebzadeh et al., 2012). 

Furthermore in this groups work µMT recipients of C57BL/6BM12 hearts had a prolonged 
transplant survival compared to C57BL/6 recipients (Win et al., 2009). In a fully allogeneic 
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model of heart transplantation from BALB/c into C57BL/6 mice CAV can be modelled by 
inhibiting acute rejection by co-stimulation blockade using CTLA4Ig and anti-CD40L (Zeng 

et al., 2014). In this alternative model of CAV transplantation into µMT C57BL/6 also 
resulted in improved allograft survival and inhibition of CAV development, furthermore 

mice deficient in antibody production but with intact mature B cells, AID/µS KO mice, were 
able to develop CAV through antibody independent mechanisms (Zeng et al., 2014). 

However it must be considered that µMT mice may have defective T cell responses, with a 
reduction in priming of CD4 T cells in mice challenged with soluble antigens (Liu et al., 
1995, Constant et al., 1995). Nevertheless other studies in mice have confirmed B cells 
functions important to transplant rejection outwith antibody production. 
 
A single recent study in cardiac transplantation in outbred genetically hetereozgous mice 
has shown that the dynamics of rejection are similar to those found in human with some 
experiencing acute rejection whilst others undergo chronic rejection (Reichenbach et al., 
2013). In this study utilising multiple outbred strains no mention was made on the 
accumulation of B cells in the acute or chronic rejection setting. It would be of interest and 
significance to determine if this were the case as it would again add strength to the 
arguments made here that B cells accumulate in the allograft organ and contribute to chronic 
rejection. Regardless of this it is still important that this study has solely focused on the 
donor C57BL/6BM12 into recipient C57BL/6 model as this combination reliably generated 
intra-allograft B-cells allowing detailed analysis of these cells. 
 
It would be of interest and add strength to the conclusions found within this thesis to isolate 
B cells from other mouse transplant strain combinations to confirm the generation of 
cytokines from these cells. In order to repeat such studies it would take time to set up this 
model and verify histological rejection and characterise the time course for when to study 
mouse B cells. Furthermore, and of critical importance, would be to confirm that intra-
allograft B cells in human renal transplantation perform the same functions, however the 
ability to isolate B cells from functioning human renal transplants where B cells may have 
accumulated sub-clinically would be limited by availability of this tissue as such transplants 
are rarely available (see section 9.2.3 for further discussion). 

 

9.1.4 Technical aspects 
An obvious criticism of the surgical model of CAD is that the recipient mouse is left with a 
functioning native kidney following transplantation. Previous authors have stated that 
histological outcome to the transplanted kidney in this model are similar when a native 
kidney is left in situ or removed post-transplantation (Jabs et al., 2003). There is some data to 
support the theory that uraemia and renal failure have independent effects upon the 
immune system (Vaziri et al., Girndt et al., 2001), therefore this may modify the pathological 
process in the rejecting allograft kidney. To confirm or dispute this, repetition of the model 
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of CAD would be required with all native kidney function removed, however this would 
naturally be associated with an increased mortality rate to recipient mice and may not be 
justified in keeping with animal regulations. 
 
Many outcomes analysed in this study were performed with quantification by 
immunohistochemistry. Using immunohistochemistry as a means of quantifying cellular 
infiltrate or tissue expression of a specific protein or antigen as a percentage area is a well 
reported method (Ruifrok and Johnston, 2001). This assay is dependent on several factors 
including; a reproducible staining, minimal background or false positive staining, 
reproducible imaging methods and robust image analysis to synthesise data for statistical 
comparison. Prior to in vivo experimentation significant study was undertaken to verify the 
methodology of immunohistochemistry to be able to accurate use this technique for 
pathological study of the allograft kidney, particularly two common methods of image 
analysis were analysed to ensure the most precise technique was used (Tse and Marson, 
2013b). 
 
An extremely important factor to consider in all areas of ex vivo cell culture studies is the 
possibility of culture contamination with other murine cells during isolation of cells of 
interest, environmental flora or pathogens. In one study of maintained cell lines it was 
reported that over 30% of the cell culture line were contaminated with mycoplasma (Drexler 
and Uphoff, 2002). Specifically in relation to this study where I identified cytokine secretion 
by B cells isolated from allograft kidneys there may have been a diversity of cells 
contaminating the culture either producing these cytokines themselves or inappropriately 
stimulating B cells to produce these cytokines. However B cell cytokine transcription for 
many of the key cytokines secreted at high concentrations was verified by qPCR analysis of 
pure FACS sorted B cells in this study. 
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9.2 Future directions 

 

9.2.1 B cell function 
In this study B cell secreted cytokines were identified and their effect hypothesised upon 
(Figure 9.1), but no study was made into the significance of each of these cytokines 
specifically. A potential line of study would be to investigate if each of these in isolation has 
a significant effect, thereby suggesting a cytokine target or pathway for therapy, rather than 
the complete CD20+ B cell population. A potential method to study this in vivo is through an 
inducible cell specific knock-out system such as the Cre/Lox system (Sauer, 1998). In such as 
system a B cell specific gene would be drive Cre recombinase and the cytokine of interest, 
such as GRO-alpha (CXCL1) gene, the most highly expressed by intra-allograft B cells, 
would be flanked by loxP sites. This proposed study would require significant time to 
develop the transgenic mice as well as the financial implications for undertaking such work. 
 
The use of blocking antibodies, soluble receptors or neutralizing, would be another potential 
method to investigate the effect of isolating a single cytokine. However this is significantly 
limited by the availability and the efficacy of such antibodies, indeed non-specific blockade 
of the cytokines has the potential to interfere with other biological systems that may be 
detrimental to the organism. Another factor to consider is the non-specific Fc-receptor effects 
of polyclonal or monoclonal antibody administration to experimental animals or in the 
clinical setting. A further argument that targeted cytokine blockade may not be the most 
desirable strategy, or line of future investigation, is that there is great redundancy in 
biological systems such that blocking one cytokine may be compensated for by others, this is 
exemplified in that the intra-allograft B cells are capable of secreting multiple cytokines 
simultaneously. 
 
An important function of the B cell that was not explored in this study was whether the 
intra-allograft B cell was functioning as a professional antigen-presenting cell (APC), though 
this may well be one of its modes of action. Studies in mouse models of auto-immune 
arthritis have shown that B cells play an important role in the priming of T-cells to become 
effectors cells, such that adoptive transfer of T cells from arthritis induced B cell deficient 
mice were unable to stimulate disease whereas T cells from mice with B cell specific for the 
antigen, but unable to secrete antibody, were able to induce arthritis (O’Neill et al., 2005). 
Similarly B cells isolated from mice induced to develop chronic allergic lung disease 
appeared capable of stimulating T cell proliferation through antigen presentation and 
secretion of Th2 cytokines (Lindell et al., 2008). B cells have been shown to be important to 
continued T follicular helper cell (Tfh) response, which in turn stimulate B cell germinal 
centres (Baumjohann et al., 2013), importantly Tfh may form memory T cells and can 
differentiate into Th1 effector cells on antigen re-stimulation (Tsai and Yu, 2014). Such that in 
the transplantation setting where antigen presence is constant effector T cells may be 
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continually generated around B cell germinal centres within the allograft kidney. Co-culture 
experiments with intra-allograft B cells with naïve T cells in a mixed lymphocyte experiment 
would be a potentially informative study to investigate the ability of intra-allograft B cells to 
sufficiently stimulate T cells to activate and proliferate. 

 

9.3.2 B cell specificity in CAD model 
An interesting question regards the B cell receptor specificity in this model of CAD, whether 
each germinal centre is developing in response to a specific antigen, whether this is the same 
antigen presented differently or another from a host of other auto-antigens. The 
transplantation of C57BL/6BM12 heart allografts into C57BL/6 recipients has previously been 
described to provoke a polyclonal humoral response that targets, among a wide variety of 
auto-antigens, such as chromatin and double stranded DNA (Motallebzadeh et al., 2012). I 
did not verify if this was the case in our study, I have presumed that given the similarity in 
histological findings and time course of rejection that the same immunological process is 
occurring and that the autoantibodies identified in this study have the same diversity of 
antigen target. That is to say the B cell receptors are cognate but for multiple antigens. A 
potential hypothesis for the development of auto-reactive T and B cells is that normal self 
antigens presented by recipient MHC class II molecules do not stimulate a response as self 
reactive T cells and other effector cells have been deleted by central regulation or through 
central tolerance. However in this model of CAD normal self antigens are presented by 
donor MHC class II molecules and capable of stimulating a response as deletion of the cells 
recognising these antigens, or these antigen MHC complexes, have not been deleted or 
subjected to tolerance (Figure 9.2). It has been well described that antigen-presenting cells 
are capable of presenting a large repertoire of self proteins in the context of MHC class II 
molecules (Costantino et al., 2012). Therefore it would be of interest to verify the B cell 
receptor specificities for antigens in this model of CAD and investigate if this was elicited 
through the proposed mechanisms. 

 

9.2.3 Human biology 
An intriguing aspect of this study is that autoantibodies are created following renal 
transplantation mirroring a study reported in humans with chronically rejected renal 
transplants (Thaunat et al., 2011). In the reported human studies of rejected kidneys the 
intra-allograft microenvironment was presumed to interfere with peripheral deletion of 
auto-reactive immature B cells that could then produce antibodies against intracellular auto-
antigens. Furthermore this group has found elevated expression of CXCL13 in explanted 
allografts suggesting this to be the driving cytokine to attract B cells into the kidney, 
however no study was made of transcripts of B cell specific cytokines (Thaunat et al., 2010b). 
Interpretation of studies suggesting elevated gene transcripts by qPCR must also be treated 
with caution as it is well recognised that expressed genes do not necessarily result in 
functional proteins as mRNA are subjected to post-transcription regulation (Kafasla et al., 
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2014). 
 
As previously stated a key question to answer is if human intra-allograft B cells do 
synthesise and secrete cytokines such as CXCL1. Culture of human B cells isolated from 
renal allografts may be technically difficult due to availability of tissue and ability to isolate 
enough viable cells to culture. Furthermore re-stimulation of the these B cells with donor 
antigens would not be possible unless such tissues were frozen and stored, which in itself 
provides multiple ethical questions on human tissue use. Isolation and genomic analysis of 
human intra-allograft B cells would be informative in verifying the findings of this study in 
mouse B cells. There is little reported in human data regarding CXCL1 and is not recognised 
as a major cytokine produced by B cells. In ex vivo experiments CXCL1 has been shown to be 
a potent stimulator of chemotaxis in human neutrophils and basophils, but no effects was 
seen on monocytes, however in this study T cells were not assayed and the affect of CXCL1 
on T cells is yet to be investigated (Geiser et al., 1993). Human endothelial cells have been 
identified as sources of CXCL1 production and under experimental conditions endothelial 
cells isolated from human umbilical vein appeared to stimulate angiogenesis through 
CXCL1 production (Miyake et al., 2013). Furthermore CXCL1 has been reported to be 
overexpressed in human tumours, including melanomas and colorectal carcinomas (Wang et 
al., 2006), suggesting an important role for microvasculature proliferation and tumour 
growth. In conclusion the function of B cell derived CXCL1 in the allograft kidney is 
unknown and merits further investigation. 
 

  



 162 

9.3 Clinical Aspects 

 

9.3.1 Findings in relation to previous studies 
B cells have been identified in biopsies of renal transplants with stable function (Mengel et 
al., 2007), in the context of acute rejection (Kayler et al., 2007, Zarkhin et al., 2008), and 
chronic damage (Adair et al., 2007). However other studies have not correlated the presence 
of B cells to be detrimental to the allograft (Doria et al., 2006), and B cells have been 
associated with the development of ectopic lymphoid tissue, or tertiary lymphoid tissue 
(TLT) within the human renal allograft (Thaunat et al., 2005). Some evidence supports the 
hypothesis that B cell depletion in late allograft failure may be beneficial beyond targeting 
antibody-mediated rejection. In small patient series and case studies Rituximab, in addition 
to other immune-modulatory therapies, has been administered to patients with late allograft 
failure with improvement or return of function without any change in circulating donor 
specific antibody (DSA) levels (Faguer et al., 2007, Billing et al., 2008, Tanriover et al., 2008, 
Fehr et al., 2009), therefore one might speculate intra-allograft B cells had been depleted and 
that DSA in these patients may not be the causative factor in the decline in allograft function. 

 

9.3.2 Future applications 
This study would advocate a role for administration of anti-CD20 in the late post-
transplantation period in order to target intra-allograft B cells, thereby reducing cytokine 
production and ameliorating interstitial fibrosis. More recent advances in medical therapy 
have been the delivery of drugs to organs by interventional radiology; for example in the 
field of oncology much higher doses of chemotherapy can be delivered to tumour lesions 
within the liver than when administered systemically (Vogl et al., 2009). Arteriography of 
the renal transplant is a well established procedure to investigate renal artery stenosis and 
perform interventions such as angioplasty (Gedroyc et al., 1987). As such it may be feasible 
to administer intra-allograft immunosuppression to allow targeted therapy to intra-allograft 
targets without the complications of systemically altering the immune system. 
 
In appendix 1 the preliminary results from MRI imaging of mouse CAD have been 
presented with positive results suggesting ultra-small particles of iron oxide (USPIO) can be 
used to identify macrophages in rejecting renal allograft. Given the encouraging result of 
this in vivo study the next step would be to trial human studies as a method to correlate 
changes in MRI signal to rejection. The drug containing USPIO (Ferumxytol, Rienso, Takeda; 
Feraheme, AMAG Pharmaceuticals) is already licensed for use in patients with renal failure 
for the treatment of iron deficiency anaemia; therefore it has a proven safety record for 
administration as a medicine and would not require extensive safety testing and licensing. A 
potential study protocol would be to identify patients requiring renal biopsies to investigate 
declining graft function and who were at least several months post transplant to exclude the 
effect of ischaemia reperfusion, this cohort could then be compared to patients with stable 
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function. An alternative study would be to recruit a cohort and perform a USPIO enhanced 
MRI study at a specific time point post transplantation, such as 2 years, and then follow-up 
this cohort to see MRI signals could predict those who go on to develop periods of biopsy 
proven rejection. 
 
An even more interesting field of study is molecular imaging, with the prospect of 
radiolabeling antibodies to allow targeted study of cells, the greatest advances being made 
in oncology where specific tumour markers have been targeted in immune-positron 
emission tomography (Knowles and Wu, 2012). This raises the possibility of specifically 
identifying B cells, or any other inflammatory target, within transplanted kidneys without 
the requirement of a biopsy, therefore negating the need for transplant biopsies, which are 
invasive and carry multiple risks. The advancement of medical technology gives great hope 
that new safer non-invasive means will be used to monitor and treat renal transplantation 
patients in the future. 
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9.4 Figures 

 

 
 
Figure 9.1 

Diagrammatic representation of proposed role of intra-allograft B cell. Hypothetical role 

of B cell derived cytokines in activating T cells, mononuclear cells and pericytes in the 

rejecting allograft kidney. 
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Figure 9.2 

Hypothetical altered antigen presentation by donor-derived cells by cell surface MHC 

class II molecules. Normal self antigens presented by recipient MHC class II molecules do 

not stimulate a response as self reactive T cells and other effector cells have been deleted 

by central regulation or through central tolerance. Donor C57BL/6BM12 MHC class II cells 

have a mutation in the β1-region which forms the peptide blinding cleft in comparison to 

C57BL/6. Normal self antigens presented by donor MHC class II molecules are capable of 

stimulating a response as deletion of the cells recognising these antigens, or these antigen 

MHC complexes, have not been deleted or subjected to tolerance. 
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Appendix 1. Assessment of inflammatory cell injury in chronic renal allograft rejection by 

USPIO MRI Scanning 

 

Introduction 
The optimal management of patients with end stage renal failure is a kidney transplant, despite 
significant reductions in acute rejection rates; chronic rejection remains a significant challenge.  
The pathogenesis of chronic allograft injury is yet to be fully discerned and we hypothesis that 
magnetic resonance imaging of a mouse model of renal transplantation may allow detection of 
rejection which may not be clinically apparent.  Furthermore this in vitro animal study would 
bridge translation to investigation in human renal transplantation 
 
Iron oxide particles can be used as a contrast medium in magnetic resonance imaging since they 
can alter the magnetic properties and relaxation of tissues after application of radiofrequency 
pulses.  Such contrast media consist of an iron oxide core within a dextran coat.  They can be 
classified as “ultrasmall superparamagnetic iron oxide particles” (USPIOs) which are under 30 
nm in diameter (Lawaczeck et al., 2004).  USPIOs are taken up by cells of the liver, spleen, bone 
marrow and lymph nodes. They have the capacity to extravasate through capillaries and be 
phagocytosed by tissue inflammatory cells of the reticuloendothelial system (Ruehm et al., 
2001).  In a pilot study we have established the potential of using USPIO to track inflammation 
post myocardial infarction using magnetic resonance imaging (MRI)(Alam et al., 2012). 
 
We now intend to establish if USPIO has the translational potential to assess cellular 
inflammation in 2 pre-clinical models of kidney injury. Firstly, inflammation associated with 
chronic renal allograft rejection using a mouse model.  Secondly, assessment of acute kidney 
injury associated with the systemic inflammatory response following acute myocardial 
infarction. We envisage that, if successful, UPSIOs could be used in the assessment of human 
renal allograft rejection as well as a research tool into the investigation of acute kidney injury 
following systemic inflammation such as occurs post surgery. 

 

Results 

MRI analysis with USPIO 
R2* maps were generated after MRI blood-oxygen-level dependent (BOLD) sequence scanning 
of mice recipients of a renal allograft or isograft four weeks after transplantation.  Mice then 
received USPIOs (Ferrumoxytol, 4mg/kg) and underwent repeat MRI 48 hours later.  An R2* 
map was generated from echo times post image acquisition (Figure A2.1).  Compared to 
baseline R2* values the renal allograft in the CAD mouse 4 weeks post transplantation resulted 
in a significantly higher increase compared to the naïve kidney (Figure A2.2) (Mann-Whitney 
<0.01).  Using the native kidney as a internal control for tissue perfusion and USIO affect the 
transplanted kidney R2* value was indexed over the internal control, the allograft kidney 
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exhibited a significantly great value compared to the isograft kidney (Figure A2.3)(Mann-
Whitney <0.01). 

 

F4/80+ cells in allograft 
Macrophages were identified on F4/80+ immunohistochemistry analysis in the allograft kidney 
at 4 weeks post-transplantation (Figure A2.4).  In addition on Perls prusiian blue stain iron 
particles were readily identified within the renal allograft (Figure A2.4), with no positive 
Prussian blue staining visible within the isograft kidney.  Internal control of Perls Prussian blue 
staining was confirmed by positive staining within the red pulp of naïve mouse spleen.  A 
significantly greater number of F4/80+ macrophages were identified within the renal allograft 
compared to isograft kidneys and naïve kidneys (Figure A2.5)(Mann-Whitney <0.05). 

 

Transmission electron microscopy 
Macrophages were identified throughout the renal parenchyma using immunohistochemistry 
for F4/80 (Figure 8.1) however on further interrogating macrophages were identified within 
renal tubules on transmission electron microscopy imaging (Figure A2.6).  In addition 
transmission electron microscopy confirmed that tubule injury was mediated by T cell invasion 
of renal tubules in this mode (Figure A2.7). 

 

Discussion 
The monitoring of renal transplants is a major area of interest as insidious injury and chronic 
rejection results in the patient returning to dialysis and requiring a subsequent kidney 
transplant.  Current best treatment is to monitor renal function and immunosuppression levels 
and if renal function deteriorates then ultrasound imaging and biopsy are the mainstays of 
investigation.  In many patients with apparent stable renal function protocol biopsies have 
confirmed inflammatory cell infiltrates (Mengel et al., 2007), hypothetically mediating chronic 
damage. 
 
This pilot study has confirmed that macrophages within the kidney may ingest USPIO particles 
and result in an alteration in a detectable MRI signal.  Further work must confirm if iron 
particles leak from the blood into the kidney to be ingested by macrophages or macrophages 
ingest iron prior to migration to the kidney.  Furthermore a human study should target those 
undergoing a transplant biopsy to confirm if USPIO can be used to monitor rejection. 
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Figures 

 

 
 

Figure A2.1 

MRI image capture and R2* map. Left panel shows native left kidney left in situ in transplant 

recipient.  Middle panel shows transplanted kidney in heterotpic position in right flank.  Right 

panel shows R2* map. 

 

 

 

 
 

Figure A2.2 

Increase in R2* value 48 hours after USPIO injection. Comparison between native kidney 

and transplanted kidney, Mann-Whitney **p<0.01. 
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Figure A1.3 

R2* value correction for perfusion. Comparison between isograft and allograft at 48 hours, 

R2* value in transplant indexed over R2* value in native kidney, Tukey plot, Mann-Whitney 

**p<0.01. 

 

 
 

Figure A1.4 

F4/80 immunohistochemistry and Perls stain.  Naïve spleen stained for F4/80+ (brown) 

monocytes and Perls Prussian blue stain to identify iron within the red pulp of the spleen.  

Similarly in the allograft kidneys macrophages and iron can be identified. 
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Figure A1.5 

Quantification of F4/80 in USPIO treated mice. Tukey plot, Mann-Whitney *p<0.05. 

 

 
 

Figure A1.6 

Transmission electron microscopy of allograft macrophage. Macrophage contaiing 

USPIOs can be identified within a renal tubule lumen. 
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Appendix 2. Control Experiments 

 

 
 

Figure A2.1 

Splenocyte flow cytometry.  Control isotype antibodies were used to ascertain background 

staining from non-specific anti-body fluorochromes, control antibodies in table 2.6 and 2.7. 
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Figure A2.2 

Whole blood flow cytometry.  Note compared to splenocyte flow cytometry (figure A3.1) a 

greater degree of background fluorescence was observed for some antibody-fluorochromes.  

This was due to the whole blood not being washed and resuspended in order to allow absolute 

counting of cell numbers, see methods for flow cytometry chapter 2.4.1 and table 2.6 and 2.7. 
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Figure A2.3 

Immunohistochemistry control 1. Naïve spleen to confirm antibody specificity and non-

specific staining for B220+ B cells, CD3+ T cells, GL7+ germinal centres, Foxp3+ regulatory T 

cells, see table 2.1, 2.2 and 2.3. 
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Figure A2.4 

Immunohistochemistry control 2. Naïve spleen and lymph node to confirm antibody 

specificity and non-specific staining for F4/80+ monocytes, Gr1+ neutrophils, LYVE1+ lymphatic 

vessels, PNAd+ high endothelial venules, see table 2.1, 2.2 and 2.3. 
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Figure A2.5 

Immunohistochemistry control 3. Naïve kidney to confirm antibody specificity and non-

specific staining for collagen type III, α-smooth muscle actin (α-SMA), Transgelin and PDGFR-β 

positive cells.  Picrosirius red histochemistry allows comparison of normal collagen kidney 

distribution, see table 2.1, 2.2 and 2.3. 
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Appendix 3. RNA integrity check and qPCR validation 

 

Summary 
RNA integrity was measured using an Agilent Bioanalyzer (Agilent Technologies, Berkshire, 
UK)(Figure A4.1) and only samples with RNA integrity Number (RNI) values greater than 5.0 
were converted to cDNA to be analysed by qRTPCR.  To ensure there was no carryover of 
inhibitors of PCR the efficiency of the samples was tested. Serial dilutions of RNA were 
converted to cDNA (Figure A4.2) and a standard curve over 5 orders of magnitude constructed 

(100ng/µl to 0.01ng/µl) using 18s primer probe sets.  The modeled regression line resulted in a 
slope of -3.142459 and correlation coefficient of R2 of 0.9879726 (Figure A4.3), this fell within the 
range of acceptable efficiency (100% efficiency slope = -3.32, 110-90% efficiency equates to slope 
between -3.1 to -3.6, with R2 needs to be >0.99).  Similarly the efficiency of qPCR was verified by 
serial dilutions of cDNA with a standard curve with a coefficient of R2 of 0.99720794 (Figure 
A4.4).  18s, Beta-2-microglobulin, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were 
assayed for suitability as reference genes between native kidney, rituximab treated and anti-
CD20 treated kidneys were performed (Cq grouped standard deviation <0.5).  Variation 
between native and treated transplanted kidneys did not differ confirming theirs suitability as a 
reference gene (Figure A4.5).  The standard curves for 18s, Beta-2-microglobulin, 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were with the acceptable range for 
assay efficiency for the cDNA concentrations over a 5 log range. 
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Figures 

 

 
 

Figure A3.1 

RNA integrity analysis. Total RNA samples run on an Agilent 2100 Bioanalyzer RNA 6000 

Nano LabChip. (L) ladder; (1-4) FACS purified B-cell; (5-12) Renal allograft. 18S and 28S 

ribosome RNA peaks easily identified in samples with intact RNA. 
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Figure A3.2 

Serial RNA dilutions amplification curves.  Serial dilutions of RNA were performed to ensure 

no inhibitors of qPCR were present that could interfere with quantitative analysis. 

 
Figure A3.3 

Serial RNA dilutions.  A standard curve was generated to ensure that no inhibitors of qPCR 

were carried over after RNA to cDNA conversion. 
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Figure A3.4 

Serial cDNA for qPCR validation. An acceptable standard curve was generated suggesting no 

inhibitors of qPCR were present and pipetting technique was accurate. 

 

 
Figure A3.5 

Reference gene assay. Reference genes were stable between native kidney and transplanted 

kidneys confirming their suitability as reference genes. 
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Appendix 4. Surgical instruments and consumables 
 

Instrument Company Catalogue 
Number Comments 

Blunt Dissecting Scissors Fine Science 
Tools 14072-10 For skin cutting 

Curved Castoviejo scissors Fine Science 
Tools 15017-10 For tissue cutting 

Spring Scissors – straight Fine Science 
Tools 15000-08 For suture cutting 

Toothed forceps 1x2 teeth Fine Science 
Tools 11021-12 Tissue handling 

2 x Fine Tip forceps 
(Dumont No.5) 

Fine Science 
Tools 11251-20 Suturing 

Angled Fine Tip forceps 
(Dumont No. 5/45) 

Fine Science 
Tools 11253-25 For blunt dissecting 

Curved Fine Tip forcep 
(Dumont No.7) 

Fine Science 
Tools 11273-22 Useful to pass around 

vessels 

Curved Crile Haemostat Fine Science 
Tools 1300-04 Retracting stomach 

Micro clip applicator with 
lock 

Fine Science 
Tools 18056-14 Wound closure 

2 x Micro serrefines spring 
width 2mm, jaw length 4mm 

Fine Science 
Tools 18055-04 Microvascular clamps 

2 x Colibri 3cm wire 
retractor 

Fine Science 
Tools 17000-03 Retractor 

Castroviejo needle holder 
with lock 

Fine Science 
Tools 120660-01 For suturing 

Wound clip applicator Fine Science 
Tools 12031-07 Wound closure 

7mm wound clips Fine Science 
Tools 12032-07 Remove 7 to 10 days 

after surgery 
 
Table A4.1 

Surgical instruments. 

 

Instrument Company Catalogue 
Number Comments 

OPMI pico microscope Carl Zeiss S100  
Thermal cautery unit 
with fine tip Geiger 150A  

Heat electronic pad Cozee Cumfort n/a  
Euroklav 23-S Melag n/a Autoclave 
 
Table A4.2 

Equipment. 
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Instrument Company Catalogue 
Number Comments 

7/O Silk braided suture Pearsall 30514  
10/O Dafilon (polyamide) 
suture B-Braun  G1118099  

6/O Vicryl (plygalectin) Ethicon W9537  

Regular bevel needle, 1 inch, 
21G 

Becton, 
Dickinson and 
Company 

305175 For ureteric anastamosis 

Regular bevel needle, 5/8 inch, 
25G 

Becton, 
Dickinson and 
Company 

305122  

Regular bevel needle, 1/2 inch, 
30G 

Becton, 
Dickinson and 
Company 

304000  

Insulin needle 1ml, 29G 
Becton, 
Dickinson and 
Company 

324827  

Insulin needle 0.3ml, 30G 
Becton, 
Dickinson and 
Company 

324826  

1 ml syringe slip tip 
Becton, 
Dickinson and 
Company 

300184  

5 ml syringe slip tip 
Becton, 
Dickinson and 
Company 

302187  

Wypall paper swabs Kimberley-Clark L40 sterilised by autoclave 

Cotton wool buds Johnson and 
Johnson n/a sterilised by autoclave 

Plain drapes Guardian CB03 sterilised by autoclave 
Cell culture dish 60mm x 
15mm 

Corning 
Incorporated 430166  

Dispensing Pin B-Braun DP3500L / 
413501 Used with NaCl 0.9% 

 
Table A4.3 

Disposable equipment. 
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Instrument Company Catalogue 
Number Comments 

(Lacri-Lube) White soft paraffin 
57.3%, mineral oil 42.5% and 
lanolin alcohols 0.2% 

Allergan Ltd 21956GB10X  

(Videne) Povidone-iodine 10% Ecolab Ltd PL 04509/0041  
(Vetalar V) Ketamine 
hydrochloride 

Pfizer Animal 
Health Vm 42058/4165 100mg/ml solution (dose 

200mg/kg) 
(Domitor) Medetomidine 
hydrochloride  Orion Pharma Vm 06043/4003 1mg/ml (dose 0.5mg/kg) 

(Vetergesic) Bupernorphine 
hydrochloride  

Alsto Animal 
Health Vm 00063/4002 0.3mg/ml (dose 

0.05mg/kg) 
(Antisedan) Atipamezole 
hydrochoride Orion Pharma Vm 06043/4004 5mg/ml (dose 2mg/kg) 

University of Wisconsin 
Solution 

Belzer Bridge to 
Life n/a dose approximately 500 

microlitres/mouse 
NaCl 0.9% Baxter FKE1323  

Heparin Sulphate non-proprietary n/a 5000units/ml (dose 
5units/mouse) 

 
Table A4.4 

Consumables. 
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Appendix 5. Monitoring sheet 

 

 
 

Figure A5.1 

Monitoring form. Example of monitoring form used for each individual mouse post-renal 

transplantation procedure. 
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Appendix 6. Presentations 

 

Oral Presentations 

Tse GH, Johnston C, Kluth D, Gray M, Gray D, Hughes J, Marson LP 

Depletion of B cells ameliorates renal chronic allograft damage through inhibition of intra-

allograft germinal centre formation 
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A Comparative Study of 2 Computer-assisted Methods of
Quantifying Brightfield Microscopy Images

George H. Tse, MSc, MRCSEd, MBChB, BSc (Hons) and Lorna P. Marson, MD, FRCS(Ed)

Abstract: Immunohistochemistry continues to be a powerful
tool for the detection of antigens. There are several commer-
cially available software packages that allow image analysis;
however, these can be complex, require relatively high level of
computer skills, and can be expensive. We compared 2 com-
monly available software packages, Adobe Photoshop CS6 and
ImageJ, in their ability to quantify percentage positive area after
picrosirius red (PSR) staining and 3,30-diaminobenzidine (DAB)
staining. On analysis of DAB-stained B cells in the mouse
spleen, with a biotinylated primary rat anti-mouse-B220 anti-
body, there was no significant difference on converting images
from brightfield microscopy to binary images to measure black
and white pixels using ImageJ compared with measuring a range
of brown pixels with Photoshop (Student t test, P=0.243,
correlation r=0.985). When analyzing mouse kidney allografts
stained with PSR, Photoshop achieved a greater interquartile
range while maintaining a lower 10th percentile value compared
with analysis with ImageJ. A lower 10% percentile reflects that
Photoshop analysis is better at analyzing tissues with low levels
of positive pixels; particularly relevant for control tissues or
negative controls, whereas after ImageJ analysis the same im-
ages would result in spuriously high levels of positivity. Fur-
thermore comparing the 2 methods by Bland-Altman plot
revealed that these 2 methodologies did not agree when meas-
uring images with a higher percentage of positive staining and
correlation was poor (r=0.804). We conclude that for com-
puter-assisted analysis of images of DAB-stained tissue there is
no difference between using Photoshop or ImageJ. However, for
analysis of color images where differentiation into a binary
pattern is not easy, such as with PSR, Photoshop is superior at
identifying higher levels of positivity while maintaining differ-
entiation of low levels of positive staining.

Key Words: imageJ, photoshop, immunohistochemistry, com-
puter-assisted image analysis, image quantification, picrosirius
red, diaminobenzidine

(Appl Immunohistochem Mol Morphol 2013;00:000–000)

Immunohistochemistry and histochemistry viewed under
brightfield microscopy continue to be powerful tools for

the detection of antigens, both of cell surface, intracellular
markers, and tissue-specific molecules. The use of indirect
immunohistochemistry and detection by avidin-biotin-
complex with horseradish peroxidase and 3,30-dia-
minobenzidine (DAB) development is a commonly used
method. DAB is heat resistant and can be permanently
mounted allowing repeated analysis with excellent pos-
itive to negative signal when viewed under brightfield
microscopy. Investigators seek not only to ascertain the
presence of an antigen but also to quantify its presence.
Immunofluorescence microscopy may be amenable to
similar quantification; however, fluorochromes may result
in higher noise to signal ratio due to autofluoresence of
tissue and all fluorochromes suffer from photo instability,
and this may affect repeated quantification and analysis.

There are several commercially available software
packages to allow image analysis, but these can be com-
plex, require relatively high level of computer skills, and
can be monetarily costly. However, it should be consid-
ered that commercial software packages can be used for
other advanced image-analysis methods as well as im-
prove efficiency in data procurement.1,2 There is a need
for easy methodology to allow high throughput of sam-
ples to generate robust data and allow statistical analysis
with adequate power by computer-assisted image anal-
ysis. ImageJ is distributed as freeware and readily acces-
sible to researchers around the world and there are
various online materials such as handbooks, wikis, and
plugins which have resulted in its widespread adoption
for research.3

We compare 2 commonly available software pack-
ages: Adobe Photoshop CS6, which is commercially avail-
able, and ImageJ, which is freely available in the public
domain. Using these 2 software packages we compared
their ability to quantify percentage positive area after pic-
rosirius red (PSR) staining and DAB staining.

METHODS

Mouse Kidney Transplant Model
We have previously described a model of chronic

allograft injury, which adopts the use of congenic murine
strains, characterized by a single class II mismatch: donor
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BM12 mice kidneys, (H-2bm12), transplanted into
C57BL/6 recipients (H-2b).4 To describe the surgical
technique briefly, after intraperitoneal administration of
anesthetic with ketamine and medetomidine in 0.9%
NaCl, the donor kidney was isolated and perfused with
cooled University of Wisconsin solution. After unilateral
nephrectomy in the recipient, the donor renal artery and
renal vein were anastomosed to recipient aorta and in-
ferior vena cava, respectively, with a mean warm ischemic
time of 30min. The donor ureter was anastomosed to
recipient bladder. All mice had a single intact native
kidney and so the model is not transplant dependent. All
experiments were performed in accordance with the UK
Government Home office regulations. Mice were culled at
8 weeks (n=5 per group). Whole kidneys and spleen
were fixed in methyl Carnoy’s solution (60% methanol,
30% chloroform, and 10% acetic acid).

DAB Staining
Methyl Carnoy’s solution fixed, paraffin-embedded

tissue was sectioned (6 mm) and fixed on to slides. Paraffin
was dissolved in xylene, rehydrated through graded
ethanol, and washed with 1% phosphate buffer solution.
Endogenous peroxidase activity was quenched by 20 mi-
nutes incubation with 2% hydrogen peroxide (Sigma-
Aldrich, UK), slides were then blocked against avidin and
biotin (Avidin/Biotin Blocking Kit; Vector Laboratories,
Burlingame, CA), and protein (Serum-free Protein Block;
DAKO, Denmark), before incubation overnight at 41C
with monoclonal rat anti-mouse anti-B220 biotinylated
antibody (clone RA3-6B2, dilution 1:300; BD Pharmingen,
Europe). After washings, a secondary antibody, biotinylated
goat anti-rat IgG (dilution 1:300; Vector Laboratories) was
applied at room temperature for 1 hour. Avidin and Bio-
tinylated horseradish peroxidase macromolecular complex
(Vectastain Ready-to-use Elite; Vector Laboratories) was
applied before applying DAB (DAKO, Denmark). Slides
were finally washed, dehydrated back into xylene, and
mounted with Pertex mounting medium (Leica Biosystems,
Europe).

PSR Staining
Paraffin-embedded tissue was prepared as described

above. Slides were incubated for 2 hours in PSR solution
[Direct Red 80, Fast Green, Picric Acid (Sigma-Aldrich,
Europe)] and washed, dehydrated back into xylene, and
mounted with Pertex mounting medium.

Adobe Photoshop Software
Images were analyzed in Adobe Photoshop CS6

(Adobe Systems Incorporated, San Jose, CA). A “color
range” was selected by sampling the most positively
stained area, correlating to the pixels with the greatest
degree of red in PSR red staining and brown in DAB
staining, the fuzziness value was then altered. The fuzzi-
ness value alters how wide a range of colors are in the
selection, increasing or decreasing this value will alter the
amount of partially selected pixels including gray pixels,
thus a high value increases the range of color and there-

fore the number of pixels selected. The number of selected
pixels was then recorded in a spreadsheet (Microsoft
Excel; Microsoft, Redmond, WA) and divided by the
total number of pixels in the image thus giving a per-
centage positive area. The action of selecting the color
range to be measured can be automated and batches of
images were processed. Twenty brightfield images per
mouse were obtained for slides stained with DAB
(n=100) and PSR (n=100) and analyzed with different
degrees of fuzziness from 80% to 200% in increments
of 20.

ImageJ Software
ImageJ (Image processing and analysis in Java,

http://rsb.info.nih.gov/ij/) is a Java application that is
distributed in the public domain as free software. Meas-
urement of DAB staining was performed by opening the
Tagged Image File Format file and converting the image
into 3 colors through the red-green-blue stack function in
separate channels by a color deconvolution method.5 The
ImageJ plugin for color deconvolution has a built in
predetermined vector values for separating hematoxylin,
DAB staining, and a third complimentary channel.

Measurement of PSR staining was performed by
converting the image into three 8-bit grey-scale images by
using the red-green-blue stack function and then analyzing
through the green channel where contrast is greatest be-
tween PSR and counterstaining. The threshold tool then
allows a lower and upper value to segment the grey-scale
image into areas of interest, such as PSR positive tissue,
and to exclude background. The area included within the
threshold was then calculated through ImageJ’s measure

TABLE 1. ImageJ Macro to Automate Calculation of PSR
Percentage Positive Area Staining (Adapted From http://
rsb.info.nih.gov/ij/)

//select the green channel, which has the best contrast
run(“RGB Stack”);
setSlice(2);
setBackgroundColor(255, 255, 255);
makeRectangle(1019, 906, 320, 44);
run(“Clear”, “slice”);
run(“Select None”);
//set threshold
setAutoThreshold();
getThreshold(min, max)
setThreshold(0, max);
//measure area and area fraction
run(“Set Measurements.”, “area area_fraction limit display
redirect=None decimal=3’);

run(“Measure”);
selectWindow(“Results”);

Color range selected was altered by changing the percentage of the
automated threshold, this was achieved by altering the script as below.

setThreshold(0, max/2); 50% Threshold
setThreshold(0, max/1.67); 60% Threshold
setThreshold(0, max/1.43); 70% Threshold
setThreshold(0, max/1.25); 80% Threshold
setThreshold(0, max/1.11); 90% Threshold
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tool. For measurement of PSR the process was converted
into a macro (Table 1), this was adapted from a macro
available from ImageJ tutorials (website as above). The
threshold was altered from 50% to 100%, in increments of
10, of the automated threshold, again slides with DAB
(n=100) and PSR (n=100) were then analyzed.

Image Acquisition and Statistics
Images were captured under brightfield microscopy

(Axioskop 40; Zeiss), at !200 magnification, with a
mounted digital camera (Micropublisher 3.3 RTV; QI-
maging, Canada), white balancing and autoexposure was
performed with the software’s predetermined settings
(QCapturePro Ver 5.1; Qimaging, Canada). Images were
saved as a Tagged Image File Format file for analysis.
Statistical analysis was performed on GraphPad Prism (Ver
5.0b; GraphPad Software Inc., LaJolla, CA). Mean±
SEM and Student t test of paired data was performed
where appropriate, and to compare methodology of ImageJ
versus Photoshop a relation was calculated by Pearson
product-moment correlation coefficient (r-value) and to
analyze correlation a Bland-Altman plot was created, data
were reported to 3 significant figures unless stated.

RESULTS

Analysis of DAB Staining
Images of mouse spleen stained with anti-B220 and

developed with DAB were analyzed and percentage area of
positive staining calculated by ImageJ or by Photoshop
(Fig. 1). There was no significant difference on deconvolut-
ing images and converting the brown-channel images to bi-
nary pixels and measuring using ImageJ compared with
measuring a range of brown pixels with Photoshop, ImageJ
versus Photoshop, 35%±1.127% versus 37.06%±
1.357%, respectively (P=0.243, Fig. 2). There was a sig-
nificant correlation between the 2 methods (Pearson
r=0.985, P<0.0001, Fig. 3), and furthermore there was a
uniform distribution of outliers on Bland-Altman plot
(bias= "2.064, SD of bias=3.131) these outliers were
distributed throughout the average (Fig. 4).

Analysis of PSR Staining
Images of mouse kidney allografts were stained with

PSR and analyzed by calculating percentage area of
positive staining by ImageJ with different threshold values
or by Photoshop with different fuzziness values (Fig. 5).
For both ImageJ and Photoshop analysis, increasing the
range of pixels selected by altering fuzziness or threshold
increases the percentage area of positive staining. How-
ever, analysis by Photoshop achieved a greater inter-
quartile range while achieving lower 10% percentile value
compared with analysis with ImageJ (Table 2). Increasing
the color range selected towards its maximum resulted in
significantly different values; comparing Photoshop at a
fuzziness of 200% and ImageJ at 150% of the automated
threshold gave mean positive percentage areas of 65.37%
and 99%. Overlaying Photoshop and ImageJ by com-
paring mean values shows a greater 10% percentile to
90% percentile range when analyzing by Photoshop
(Fig. 6).

On the basis of overlaying the mean PSR staining it
appeared adequate to compare Photoshop fuzziness of
120% (mean=7.222) and ImageJ threshold of 77%
(mean=7.161). Subjectively these parameters reflected
the apparent positive fraction of staining on the bright-
field images. With these parameters there was no differ-
ence in means (unpaired student t test, P=0.902), there
was significant correlation between the 2 methods (Fig. 7)
(Pearson r=0.804, P<0.0001). The 2 methods were
then compared in a Bland-Altman plot (bias=2.284, SD
of bias=3.202), which showed that when analyzing im-
ages with higher PSR percentage area staining measure-
ment by Photoshop resulted in a greater area than
ImageJ, as evidenced by outliers above 2 SDs from the
mean (Fig. 8).

DISCUSSION
Immunohistochemistry is one of the most widely

performed techniques in experimental and clinical labo-
ratories. However it can be difficult to truly define a
positive result as assessment of degrees of positivity may
be subjective. Therefore it is of importance to objectively
quantify immunohistochemistry for research and clinical

FIGURE 1. Original brightfield image of mouse spleen anti-B220 DAB staining and transformed images with Photoshop and with
ImageJ. Photoshop analysis resulted in 46.1% positive area staining and ImageJ resulted in 47.4% positive area staining. DAB
indicates 3,3’-diaminobenzidine.
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means. Two commonly used and easily accessible soft-
ware packages are Adobe Photoshop and ImageJ.

ImageJ benefits from being a free software and
written in Java thus allowing researchers around the
world to share macros, a set of instructions in computer

code that allows data transformation and analysis. Adobe
Photoshop is a commercial software and benefits from
constant development and updates, furthermore its in-
terface is more intuitive due to its presence as a main-
stream photo-editing program.

In this study we used images with obvious DAB
positivity after anti-B220 staining with low levels of
counterstaining through brief exposure to hematoxylin.
This is important in the case where background staining,
or counter-staining, is moderate or high, where con-
version to a binary image for analysis in ImageJ may
result in false positivity and a spuriously high value.
However, a well-described methodology to separate and
quantify colors by deconvolution has resulted in the
ability to differentiate true positivity from false pos-
itivity.5 This process can be achieved by a freely available
“plug-in” to the ImageJ software allowing separation and
selection of DAB positive areas from hematoxylin-stained
areas. The method of deconvolution is based on ortho-
normal transformation of the original image and allows
determination of density and area of multiple stains,
however, we have not compared the program’s ability to
discern density characteristics in this study.

The problem of differentiating between truly brown
pixels and dark areas incorrectly converted to black in a
binary manner can be avoided when using Photoshop as
only pixels in the brown color range are selected and blue
color range. However, when the problem of background
staining and counterstaining is avoided, conversion to bi-
nary in ImageJ was equivalent to measuring brown colr
range in Photoshop. Both these methods showed correla-
tion based on linear regression and agreement when ana-
lyzed by Bland-Altman plot. The Bland-Altman method
calculates the mean difference between the 2 methods of
measurement, reported as the bias, and the 95% limits of
agreement as the mean difference with 2 SDs.6

FIGURE 2. Scatter plot of comparing ImageJ and Photoshop
analysis of percentage positive area of staining for anti-B220
with 3,3’-diaminobenzidine (DAB) of spleen images at (n = 100,
ImageJ vs. Photoshop, 35%± 1.127% vs. 37.06% ± 1.357%,
respectively, P = 0.243). HF indicate high-powered field.

FIGURE 3. Paired-data plot with linear regression comparing
ImageJ and Photoshop analysis of percentage positive area of
staining for anti-B220 with 3,3’-diaminobenzidine (DAB) of
spleen images at (n = 100).

FIGURE 4. Bland-Altman plot of the difference between per-
centage positive area staining with anti-B220 with 3,3’-dia-
minobenzidine (DAB) in mouse spleen analyzed by ImageJ or
Photoshop against the mean of the paired ImageJ and Pho-
toshop measurements (n = 100).
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Comparing images that are not readily converted into
black and white images can prove difficult. We aimed to
detect collagen through direct staining with PSR, a well-
characterized method that stains all types of collagen.7

ImageJ has been used to quantify PSR positivity in several
studies including cardiac tissue and renal biopsies.8,9 We
have reported the use of Photoshop to measure PSR pos-
itivity in a model of renal fibrosis and renal transplants and
shown that using this method discernable differences be-
tween experimental groups are observed.10,11

Both of the softwares analyzed require the user to
input a choice, this being the fuzziness or threshold value,
to define the range of positive pixels to be measured. This
in itself may lead to selection bias, however, this process
cannot be completely automated or blinded. The pa-
rameters can be saved and repeated, therefore, analysis
between images is repeatable and free from error. For
both softwares, using the saved parameters a negative
section should be analyzed. The result should be near zero
if the antigen is not found in that tissue, or the expected
value for background positivity for endogenously ex-

pressed antigens. Hence it is important to test the de-
termined parameter, threshold in ImageJ and fuzziness in
Photoshop, on both positive and negative controls.

Analyzing PSR staining with Photoshop initially
appeared to be comparable with ImageJ when measuring
percentage positive area with a low fuzziness or threshold
value, respectively. As the threshold and fuzziness were
increased a difference between the 2 methods becomes
apparent. With Photoshop analysis of PSR the inter-
quartile range was maintained as the color range selected
reached its maximal value as the fuzziness increases, in

FIGURE 5. Original brightfield image of mouse kidney allograft with picrosirius red staining and transformed images with
Photoshop and with ImageJ. Top row shows Photoshop transformation after selection of red color and altering fuzziness values.
Bottom row shows ImageJ transformation by converting to red-green-blue and viewing in green channel and altering thresholds.

TABLE 2. Comparison of Photoshop Versus ImageJ Analysis of
Percentage Area Positive With Picrosirius Red Staining of
Mouse Allograft Kidney

Photoshop: Fuzziness ImageJ: Threshold

80% 140% 200% 60% 100% 150%

10% percentile 0.28 6.86 57.19 0.63 27.48 97.82
Mean 1.63 13.55 65.37 2.01 35.14 99.00
90% percentile 3.17 21.17 73.99 3.65 41.83 100.00
Interquartile range 1.64 7.61 9.59 1.87 7.15 0.95

FIGURE 6. Overlay of Photoshop and ImageJ analysis of per-
centage area positive with picrosirius red (PSR) staining of
mouse allograft kidney. HF indicate high-powered field.
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comparison when the threshold value neared maximal in
ImageJ all pixels eventually became positive and the
statistical range approached zero.

It was appropriate to compare the 2 software
packages with color ranges which resulted in similar mean
values and also where they reflected the subjective positive
staining of the brightfield images. Therefore we analyzed
ImageJ with a threshold value of 77% and a fuzziness
value of 120% in Photoshop and it became apparent that
the distribution of individual measurements was different.
The selection of renal allograft images contained some

with low levels of collagen and thus we would expect to
obtain low values of positive PSR staining. The results
from the Photoshop software analysis show that with a
fuzziness value of 120% this was achieved, and at higher
levels of fuzziness the lowest scoring images started to
appear more positive reflected by an increase in the 10%
percentile. Having a lower 10% percentile reflects that
Photoshop analysis is better at analyzing tissues with low
levels of positive pixels, that is to say control tissues or
negative controls, whereas after ImageJ analysis the same
images would result in spuriously high levels of positivity.
The 2 softwares showed correlation between their ability
to measure PSR positivity, however, on Bland-Altman
plot there was an obvious difference in agreement between
measurements. When comparing images with higher
percentage area staining, Photoshop measured greater
values compared with ImageJ. This was reflected by val-
ues approaching and exceeding 2 SDs above the mean on
Bland-Altman plot. Therefore Photoshop may be better
to discern differences between images of PSR staining
because of a greater ability to measure a wider range
without spuriously measuring background staining.

Adobe Photoshop is indeed a powerful tool and can be
used to quantify fluorescently labeled cells in culture.12

Similarly ImageJ has been described to effectively quantify
immunofluorescent images,13 in this study we have not
compared the efficacy of Photoshop against this. ImageJ
remains a versatile tool among many research groups and
has been used to quantify nuclear and cytoplasmic staining,
however this method required the initial use of Photoshop
thereby adding additional steps.14 A major limitation to
computer-assisted analysis is that it may be difficult to
completely exclude all sampling bias using computer-assisted
programs that require the user to input a choice, in this study
this being the requirement to input the color measured
through altering the threshold or fuzziness values.

It is important to state several assumptions re-
garding stereology that are made when analyzing 2-di-
mensional images for area measurement; primarily that
the image is representative of a 3-dimensional structure of
cells within the tissue, and therefore distribution of sur-
face antigens are assumed to be dispersed evenly and that
the surface imaged by the microscope mounted camera,
that is to say the superior surface, is representative of the
surfaces not imaged, those being the lateral and inferior
surfaces. In this study of lymphocytes we know that the
cells are broadly spherical in structure, therefore, ori-
entation of the cell will not affect the area measured in
2-dimension, however, error may occur when quantifying
structures that have significant differences in their shape
depending on orientation. We would not suggest that
these methods be used to extrapolate data on volume,
length, or surface, and is merely a method to quantify in
terms of number of structures.

CONCLUSIONS
We conclude that for computer-assisted analysis of

images that can be easily converted into binary black and

FIGURE 7. Paired-data plot with linear regression comparing
ImageJ and Photoshop analysis of percentage positive area of
staining with picrosirius red (PSR) in mouse renal allograft
images (n = 100).

FIGURE 8. Bland-Altman plot of the difference between per-
centage positive area staining with picrosirius red (PSR) in the
mouse renal allograft analyzed by ImageJ or Photoshop
against the mean of the paired ImageJ and Photoshop meas-
urements (n = 100).

Tse and Marson Appl Immunohistochem Mol Morphol ! Volume 00, Number 00, ’’ 2013

6 | www.appliedimmunohist.com r 2013 Lippincott Williams & Wilkins



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

white images there is no difference between analysis using
Photoshop or ImageJ. However, for analysis of color im-
ages where differentiation into a binary pattern is not easy,
such as with PSR, Photoshop is superior at identifying
higher levels of positivity while maintaining differentiation
of low levels of positive staining, but before data analysis is
performed appropriate parameters for scoring must be as-
certained. Computer-assisted image analysis remains a
powerful tool for quantification of brightfield microscopy
and can be readily performed by simple methodology.

REFERENCES
1. Choudhury KR, Yagle KJ, Swanson PE, et al. A robust automated

measure of average antibody staining in immunohistochemistry
images. J Histochem Cytochem. 2010;58:95–107.

2. Prasad K, Prabhu G. Image analysis tools for evaluation of
microscopic views of immunohistochemically stained specimen in
medical research—a review. J Med Syst. 2012;36:2621–2631.

3. Papadopulos F, Spinelli M, Valente S, et al. Common tasks in
microscopic and ultrastructural image analysis using ImageJ.
Ultrastruct Pathol. 2007;31:401–407.

4. Dang Z, Mackinnon A, Marson LP, et al. Tubular atrophy and
interstitial fibrosis after renal transplantation is dependent on
galectin-3. Transplantation. 2012;93:477–484.

5. Ruifrok AC, Johnston DA. Quantification of histochemical staining
by color deconvolution. Anal Quant Cytol Histol. 2001;23:291–299.

6. Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet. 1986;1:
307–310.

7. Junqueira L, Bignolas G, Brentani R. Picrosirius staining plus
polarization microscopy, a specific method for collagen detection in
tissue sections. Histochem J. 1979;11:447–455.

8. Farris AB, Adams CD, Brousaides N, et al. Morphometric and
visual evaluation of fibrosis in renal biopsies. J Am Soc Nephrol.
2011;22:176–186.

9. Reini SA, Dutta G, Wood CE, et al. Cardiac corticosteroid
receptors mediate the enlargement of the ovine fetal heart induced
by chronic increases in maternal cortisol. J Endocrinol. 2008;
198:419–427.

10. Lutz J, Lu R, Strobl M, et al. ICOS/B7RP-1 Interference in mouse
kidney transplantation. Transplantation. 2007;84:223–230.

11. Ferenbach DA, Nkejabega NCJ, McKay J, et al. The induction of
macrophage hemeoxygenase-1 is protective during acute kidney
injury in aging mice. Kidney Int. 2011;79:966–976.

12. Agley CC, Velloso CP, Lazarus NR, et al. An image analysis
method for the precise selection and quantitation of fluorescently
labeled cellular constituents. J Histochem Cytochem. 2012;60:
428–438.

13. Carmona R, Macı́as D, Guadix JA, et al. A simple technique of
image analysis for specific nuclear immunolocalization of proteins.
J Microsc. 2007;225:96–99.

14. Vrekoussis T, Chaniotis V, Navrozoglou I, et al. Image analysis of
breast cancer immunohistochemistry-stained sections using imageJ:
an RGB-based model. Anticancer Res. 2009;29:4995–4998.

Appl Immunohistochem Mol Morphol ! Volume 00, Number 00, ’’ 2013 Quantifying Brightfield Microscopy Images

r 2013 Lippincott Williams & Wilkins www.appliedimmunohist.com | 7

George Tse
cv



REVIEW

Systematic review of mouse kidney transplantation
George Hondag Tse, Jeremy Hughes and Lorna Palmer Marson

MRC Centre for Inflammation Research, University of Edinburgh, Edinburgh, UK

Keywords

animal models, B cells, experimental

transplantation, immunobiology,

macrophages, T cells.

Correspondence

George Hondag Tse, The University of

Edinburgh, MRC Centre for Inflammation

Research, The Queen’s Medical Research

Institute, 47 Little France Crescent (Room

W2.29), Edinburgh, EH16 4TJ, UK.

Tel.: +44131 242 6671;

fax: +44131 242 6578;

e-mail: gtse@staffmail.ed.ac.uk

Conflict of interest

No conflict of interest

Received: 4 April 2013

Revision requested: 29 April 2013

Accepted: 13 May 2013

Published online: 20 June 2013

doi:10.1111/tri.12129

Abstract

A mouse model of kidney transplantation was first described in 1973 by Sko-
skiewicz et al. Although the mouse model is technically difficult, it is attractive
for several reasons: the mouse genome has been characterized and in many
aspects is similar to man and there is a greater diversity of experimental reagents
and techniques available for mouse studies than other experimental models. We
reviewed the literature on all studies of mouse kidney transplantation to report
the donor and recipient strain combinations that have been investigated and the
resultant survival and histological outcomes. Some models of kidney transplanta-
tion have used the transplanted kidney as a life-supporting organ, however, in
many studies the recipient mouse’s native kidney has been left in situ. Several dif-
ferent combinations of inbred mouse strains have been reported, with varying
degrees of injury, survival or tolerance because of haplotype differences. This
model has been exceptionally useful as an investigational tool to understand mul-
tiple aspects of transplantation including acute rejection, cellular and humoral
rejection mechanisms and their treatment. Furthermore, this model has been used
to investigate disease mechanisms beyond transplant rejection including intrinsic
renal disease and infection-associated pathology.

Introduction

A rodent model of kidney transplantation was first
described in rat (Rattus norvegicus) in 1965 by Lee et al.
[1], and this was followed in 1973 when Skoskiewicz et al.
reported experimental kidney transplantation in mouse
(mus musculus) [2]. The model is significantly different
from human transplantation; however, the physiological
outcome for the kidney is the same. A functioning kidney
transplant requires establishment of vascular flow through
arterial and venous anastomoses between donor vessels and
recipient systemic circulation, with urinary tract drainage
either via anastomosis to the recipient urinary tract or
other excretory outlet.

Technical aspects inevitably vary and have been devel-
oped to overcome the small size of the vessels. In human
transplantation, the site of kidney implantation is most
commonly heterotopic with extra-peritoneal placement of
the kidney in the iliac fossa. The donor renal artery on a
patch of aorta, often called a ‘Carrel patch’, is anastomosed

to the external iliac artery and donor renal vein to the
external iliac vein [3]. The donor ureter is then anastomo-
sed to the native bladder. The most common experimental
method in the mouse is to create an arterial anastomosis by
end-to-side anastomosis of the donor aorta to the intra-
abdominal recipient aorta, such that the donor aorta acts as
a conduit to the renal artery [4]. The donor renal vein is
anastomosed end-to-side to the recipient vena cava. How-
ever, some believe an easier technique is to use more acces-
sible vessels and in rodents the common carotid artery has
been used as the source of inflow [5,6]. Use of both right
and left kidneys from a single donor to two recipients has
been described [7]. The urinary tract anastomosis can be
performed between donor and recipient bladder or donor
ureter to recipient bladder, in the rat model uretero-cuta-
neous drainage has been described, although this carries
inherent risk of infection [5]. A novel method to investigate
the rejection process in the kidney without undertaking the
complex heterotopic transplantation has been described
where nonvascularized cortical fragments of donor kidney
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tissue are implanted under the recipient kidney capsule
[8]. Furthermore simultaneous kidney and cardiac trans-
plantation has been described in mice as a method to
mirror simultaneous transplantation in patients with car-
diomyopathy and renal disease [9].

During the process of organ transplantation the cells are
subjected to ischaemia. The longer the ischaemia the
greater the injury it receives, with a spectrum from repara-
ble damage to ultimate cell death caused by ischaemia rep-
erfusion injury. In mouse studies, warm ischaemic time less
than 35 minutes results in survival, dependent on the
transplant, of 70–80% at 3 days [10]. However, survival as
low as 50% at 1 week have been reported [11]. Further-
more histological tubular injury becomes severe as cold
ischemia reaches 4 hours in the mouse model [12]. The
benefits of using a true transplantation model of ischaemia
reperfusion injury compared with in situ clamping of the
renal artery and vein as a model is that the entire process of
transplantation is recreated.

A rodent model of kidney transplantation has been use-
ful as an investigational method to understand multiple
aspects of transplantation including ischaemia reperfusion
injury, acute rejection, cellular and humoral rejection
mechanisms and the treatment of these. Although the
mouse model is technically difficult and estimated to take
over 40 procedures before an acceptable operative time is
achieved [13], it is attractive for several reasons. The mouse
genome has been characterized and in many aspects is simi-
lar to man [14]. In addition, there is greater diversity of
experimental reagents and techniques available for mouse
experiments making this an excellent experimental system.
We reviewed the literature on all studies of mouse kidney
transplantation to report the donor and recipient strain
combinations that have been investigated and the resultant
survival and histological outcomes.

Methods

A review of the literature was performed in accordance with
methodology defined by the Cochrane Collaboration for
identifying scientific articles [15]. Search of MEDLINE
(1946 to present) and EMBASE (1980–2013 week 01) data-
bases was performed in January 2013 using Ovid SP inter-
face (Ovid Technologies, Inc., Wolters Kluwer Health) by
employing an optimally sensitive strategy [16]. The search
terms, such as ‘renal transplant’, ‘kidney transplant’,
‘mouse’, ‘murine’, ‘animal model’, were used in combina-
tions using Boolean search terms. Duplicate reports were
filtered using OVIDSP search function. Article titles in Eng-
lish and European foreign languages were considered; how-
ever, there were no manuscripts that required translation.
Additional references were obtained by visually scanning
reference lists from studies, hand-searching key journals

and conference proceedings and by citation searching. All
abstracts were obtained and assessed for relevancy to the
systematic review topic; for articles relevant to the system-
atic review, complete manuscripts were obtained in hard or
electronic copy. Review articles and un-published or ongo-
ing studies were not included.

Results

The transplant model
Following systematic review, there were 62 articles describ-
ing studies into rejection and the basic science of kidney
injury [2,8,10–12,17–73], a further eight studies reported
technical surgical aspects of mouse kidney transplantation
[7,13,74–79]. The original study described an initial
nephrectomy at the time of transplantation followed by a
second nephrectomy before closure of the abdomen. How-
ever, many reported removing the second kidney from 3 to
7 days after transplantation to create a truly transplant
dependent model [2,10–12,17,18,20,22–50]. This avoids an
initial period of acute renal failure. In other studies, the
contralateral kidney was left in situ such that the mouse
was not dependent on the transplant for survival
[8,19,21,51–73]. The benefit is that the mouse undergoes a
single procedure and reduces the morbidity and the risk of
death from a second surgical procedure. In addition, the
mouse does not suffer from the adverse affects of gradual
renal failure. Importantly histological outcomes at an early
time-point have been compared between mice dependent
on the allograft and those with a single native kidney and
no difference was observed [62]. However a transplant
dependent model allows functional assessment, serum urea
or creatinine and survival as an outcome (Table 1)
[2,10,11,17,20,22–37,39,41,42,45,46,48]. For studies using
the model that is not dependent on the transplanted kid-
ney, a time-point for histological analysis was used
[8,19,21,51–73]. Older studies are largely descriptive of the
histological outcome describing abnormalities in the
glomeruli, tubules, vasculature and infiltration of inflam-
matory cells with parenchymal changes such as oedema
and fibrosis [2,10,17–21,51–53,58,73]. Semi-quantitative
histology scores have been used by some authors to mea-
sure changes such as degree of tubulitis, glomerulitis and
arteritis [55,57,59–63,65,66,69–72].

Strain combination

Inbred mice are considered syngeneic with specific geno-
types being homozygous at virtually all loci, with pheno-
types that are identical. Nomenclature of inbred strains is
designated by the parent strain consisting of capital letters
and combinations of letters and numbers, or numbers only.
Related inbred strains, strains that have a common origin
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Table 1. MHC mismatch and mouse survival in transplant-dependent studies. Where two strains are denoted a F1 hybrid progeny was the recipient

or donor, haplotype given in brackets.

Author Donor strain Recipient strain Survival

Skoskiewicz 1973 [2] B10.BR

(H-2k)

C57BL/6J 9 A/Jax

(H-2b 9 H-2a)

Chronic rejection with survival 59–336 days.

C57BL/6

(H-2b)

C3H 9 DBA/2

(H-2k 9 H-2d)

Survival 26–130 days.

Russell 1978 [10, 17] B10.D2N

(H-2d)

C57BL/6J 9 A/Jax

(H-2b 9 H-2a)

Survival 42–390 days, ‘spontaneous acceptance’

in some. 30% died in 30 days. 20% died

between 30–100 days.

C57BL/6 -H(zl)

(H-2ba)

C57BL/6J 9 A/J

(H-2b 9 H-2a)

Survival similar to B10.D2N donor.

Benson 1985 [18] B10.BR

(H-2k)

C57BL/6J

(H-2b)

‘High percentage survived for many weeks’.

Inoue 1991 [20] NZW

(H-2z)

NZW 9 NZB

(H-2z 9 H-2b)

All mice died within 10 months regardless of

transplant.

Jevnikar 1993 [11] C57BL/6

(Ins I-Eb)

(H-2b)

C57BL/6 9 C3H

(H-2b 9 H-2k)

8.3 month mean survival.

C57BL/6

(H-2b)

C57BL/6 9 C3H

(H-2b 9 H-2k)

11.4 months mean survival.

Ogasa 1995 [22]

Zhang 1995 [24]

Lazarovits

1996 [26], 1996 [27]

C57BL/6

(H-2b)

BALB/c

(H-2d)

20% accepted >100 days. Some rejected within 20 days.

Reversal of acute rejection with anti-CD45RB therapy on

day 4 with survival >60 days.

Zhang 1996 [25] BALB/c

(H-2d)

CBA

(H-2k)

33% accepted >100 days

C57BL/6

(H-2b)

C3H/HeN

(H-2k)

50% accepted >100 days

Qi 1999 [28] BALB/c

(H-2d)

C57BL/6

(H-2b)

Mean survival 7.4 ! 0.8 days. Survival improved by

cyclosporine 37.5 ! 6.6 days or rapamycin

37.9 ! 3.7 days.

Gorczynski

2000 [29]

BALB/c

(H-2d)

C3H

(H-2k)

14–20 day survival. Portal vein injection of dendritic cells

expressing Il-10 and TGF-beta increased survival up to 50 days.

Bickerstaff 2001 [30] 2008 [33]

Cook 2008 [34]

DBA/2

(H-2d)

C57BL/6

(H-2b)

80% survival over 60 days with some survival

up to 200 days. Pre-sensitized rejection within

19 days, mean survival

8.6 ! 4.3 days.

Lin 2006 [36] C57BL/6

(H-2b)

B10.BR

(H-2k)

100% graft loss by day 9.

B10.BR

(H-2k)

C57BL/6

(H-2b)

Approximately 90% lost allograft at day 8.

C57BL/6

(H-2b)

BALB/c

(H-2d)

100% graft loss by 9 days. Cell-mediated rejection

C57BL/6

(H-2b)

C3H/HeN

(H-2k)

100% graft loss by 9 days

C3H/HeN

(H-2k)

C57BL/6

(H-2b)

Approximately 80% graft loss by 9 days, one survivor

greater than 30 days

Han Lee 2006 [35] C3H/HeJ

(H-2k)

C57BL/6

(H-2b)

Survival over 60 days. Death within 14 days

if infected with polymavirus in transplant kidney.

Brown 2007 [37]

2008 [38]

DBA/2

(H-2d)

C57BL/6

(H-2b)

Long-term acceptance with median survival 100.5 days.

BALB/c

(H-2d)

C57BL/6

(H-2b)

Acute rejection with median survival 8 days.

Lutz 2007 [39] BALB/c

(H-2d)

C57BL/6

(H-2b)

Survival up to 100 days. Reduced survival

with blockade of the inducible co-stimulatory

molecule pathway.
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and separated before the twentieth generation are given
symbols that indicate this relationship. Mouse major
histocompatibility molecules (MHC) are similar to man
with corresponding allelic sets within each MHC polypep-
tide molecule (Table 2).

Several inbred mouse strains have been used in kidney
transplantation studies, including C57/BL6, BALB/C, CBA/
J, C3H and DBA/2 mice. The alloimmune response
between donor and recipient occurs as a result of differ-
ences at MHC class I and II loci. Subsequently, the rejection
of allografts between mouse strains is variable, with toler-
ance believed to occur between some strains (Fig. 1). Out-
bred mice have not been reported in transplantation
studies reflecting their genetic variability, unknown haplo-
type expression and hence the contribution to the rejection
response. It is of note that there is disparity between

survival results reported by different groups, specifically
BALB/C kidney transplantation into C57/BL6 recipients
has been described to result in rapid rejection with mouse
survival as low as 7.4 days [28], compared with some mice
surviving over 100 days [39]. Whether this is a phenome-
non because of sub-strain difference is not apparent and it
may represent an opportunity to study the genomic basis
of rejection; alternatively, in those with short survival, sur-
gical factors may have been involved.

Recognition of alloantigens

Various aspects in the alloimmune response have been elu-
cidated using mouse studies. Recognition of allograft anti-
gens have been described to occur via three mechanisms;
the direct, semi-direct and indirect pathway.

Table 1. continued

Author Donor strain Recipient strain Survival

Bickerstaff 2008 [32] A/J

(H-2a)

C57BL/6

(H-2b)

Survival 60–120 days.

A/J

(H-2a)

C57BL/6

[CCR5–/–]

(H-2b)

Rejection within 21 days with a mean survival of

13.29 ! 4 days.

A/J

(H-2a)

C57BL/6

[CCR5–/– / lMT–/–]

(H-2b)

70% of the recipient’s accepted allograft beyond 60 days.

Gueler 2008 [40] C57BL/6

(H-2b)

BALB/c

(H-2d)

Vehicle treatment 100% mortality in 11 days. Recipient

pre-treatment with antibody against C5aR resulted in

75% survival over 12 weeks.

Meng 2008 [41] BALB/c

(H-2d)

C57BL/6

(H-2b)

Mean survival time 52 days. Anti-CD154

prolonged graft mean survival time >100 days.

DiLillo 2011 [42] DBA/2

(H-2d)

C57/BL6

[huCD19Tg]

(H-2b)

Mean survival 54 ! 8 days with 20%

surviving >100 days. Survival better after

anti-CD19 84 ! 9 days and 67% surviving >
100 days, but not anti-CD20

Wang 2011 [45] C57BL/6

(H-2b)

B10.BR

(H-2k)

Six of the seven kidney allograft recipients

survived >150 days.

C57BL/6

[RAG-/-]

(H-2b)

B10.BR

(H-2k)

No difference in median survival time

compared to control donor mice.

Albrecht 2012 [46] C3H/HeJ

(H-2k)

C57BL/6

(H-2b)

Survival greater than 60 days.

C3H/HeJ 9 C57BL/6

(H-2k 9 H-2b)

C57BL/6

(H-2b)

Less MHC disparity no affect on rejection or survival with

concomitant mouse-polyomavirus infection.

C57BL/6

[KbDbb2 m-/-] or

(H-2b)

C57BL/6

(H-2b)

MHC class I-deficient donor kidneys did not

affect rejection by mouse-polyomavirus infected recipients.

C3H/HeJ 9 C57BL/6

(H-2k 9 H-2b)

C57BL/6

[aly/aly]

(H-2b)

Loss of adaptive immunity resulted in 100%

survival of allograft >60 days with concomitant

mouse-polyomavirus infection.

Li 2012 [47] BALB/c

(H-2d)

NOD.Cg-Prkdcscid

IL2rgtm1Wjl/Szj (H-2 g7)

CMV reactivation following transplant. Eleven

of fifty recipients died between 9–40 days

after transplant.

Zarjou 2012 [48] BALB/c

(H-2d)

C57BL/6

(H-2b)

Approximate 78% survival up to 60 days.
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The direct pathway describes presentation of donor pep-
tide associated with MHC molecules on the surface of donor
cells to recipient effector cells, such as to the recipient T-cell
receptor. This process may evolve during the initial ischaemia
reperfusion phase when perivascular lymphocytic infiltration
occurs, and recipient lymphocytes may interact with donor
antigen-presenting cells, these being resident dendritic cells,
‘passenger’ leukocytes or nonlymphoid cells such as tubular
epithelium [80]. Alternatively, the direct pathway may result
from migration of donor dendritic cells from the allograft to
the recipient spleen and this has been observed in a mouse
cardiac transplantation model and following mouse kidney
transplantation [38,81]. Other studies have failed to identify
dendritic cell migration from kidney to spleen [45]. Whether
this is specific to immunological response in this strain com-
bination is unknown, alternatively it may reflect temporal
differences. The semi-direct pathway describes recipient’s
antigen-presenting cells acquiring intact donor MHC mole-
cules and presenting these to the recipient’s responder cells.
Evidence of this has been shown in vivo following mouse kid-
ney transplantation where donor MHC class II was identified
within the recipient spleen and expressed by the recipient’s
own dendritic cells, in addition the recipient’s B cells and
macrophages appeared to acquire donor MHC [38]. In the
indirect pathway, donor MHC alloantigen is processed and
presented to effector cells as peptides by recipient antigen-
presenting cells. The potential importance of this was demon-
strated where donor kidneys deficient in MHC class I

induced a lower number of CD8+ T cells to infiltrate the allo-
graft compared with wild type kidneys [57].

Acute rejection

Mononuclear cell infiltration and active cellular rejection
appear as early as 3 days following transplantation in mul-
tiple strain combinations and reported in a broad range of
studies (Fig. 2) [2,8,10,17–19,21–24,26,27,30–35,37–42,44–
46,48,52–58,62–66,68–70]. Investigating a strain combina-
tion that develops T cell mediated rejection has revealed
that infiltrating effector T cells exhibit RNA transcription
of perforin 1, granzyme A and B, interferon-c and lympho-
toxin-B [64]. However, the rejection involving cytotoxic T
cells did not appear to be dependent on contact-mediated
mechanisms as selective gene disruption in the recipients of
perforin or granzymes-A or B did not affect rejection [66],
furthermore injury did not appear to occur through Fas–
Fas ligand cytotoxic mechanisms as knockout of Fas
expression in the donor kidney had no effect [63,69].

Humoral rejection: antibody

The original study by Skoswiewicz et al. identified the pro-
duction of cytotoxic antibodies between fully MHC mis-
matched mice, where the incubation of recipient serum
with donor-strain splenocytes induced cell death [2]. How-
ever, as in human transplantation, the contribution of the
different MHC classes is unlikely to be the same as no cyto-
toxic antibodies have been identified with some combina-
tions despite complete MHC class I and partial MHC class
II mismatch [2,10,17,61].
Donor-specific antibody determination by flow cytome-

try is a commonly described method of identifying surface
bound immunoglobulin on donor-derived cells, usually
splenocytes or thymocytes, when incubated with recipient
serum [30,32,33,44,52]. Both MHC class I and class II
appear to be targets for allospecific IgG [52]. MHC class I
deficient mice are able to generate allospecific antibodies
against MHC class II [53]. The presence of circulating
donor-reactive alloantibody has also been reported to occur
in mice that accept kidney allografts, indeed secondary
challenge with subcutaneous injection with donor spleno-
cytes failed to stimulate a delayed-type hypersensitivity
response [30]. Not only IgG but IgM has been noted to be

Figure 1 Summary of relevant histological studies. Studies have reported histological changes in the mouse kidney allograft that mirror the Banff

classification system [86].

Table 2. Allelic Designations for haplotype (H-2) complex of mice used

in transplantation studies. Pure strain mice are homozygous for the H-2

region and for a particular set of alleles that occur in a strain a super-

script letter has been given, e.g. for C57/BL6 mice the haplotype is H-

2b. Thus for each of the nucleotide sequences for each individual MHC

allele a similar superscript is used, however some of these overlap

between strains.

Haplotype

MHC Class I MHC Class II

H-2K H-2D H-2L I-Aa I-Ab I-Ea I-Eb

H-2a k d d k k k k

H-2b b b b b b b –

H-2d d d d d d d d

H-2k k k – k k k k

H-2z u z z u u u u

H-2 g7 d b – d g7 – –

– Null; no allele expressed at this MHC loci.
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deposited in glomeruli by 30 days after transplantation
[21]. Acute antibody-mediated rejection can be induced by
presensitization of the recipient with donor strain skin
graft, this resulted in development of rejection within
19 days, compared with 75% of nonsensitized recipients
surviving over 60 days [33].

Humoral rejection: complement

The importance of systemic and locally produced comple-
ment in rejection has been probed using this model. Com-
plement activation by antibody within the kidney has been

identified by C3d deposition in peritubular capillaries,
glomeruli and mesangium [32,33]. C3d is the final degrada-
tion product of the third complement component and
directly binds to the antigen. C4 has also been observed on
peritubular capillary walls [6,35]. Similarly C4d, which is a
well-recognized marker of antibody mediated rejection in
humans, has been identified in peritubular capillaries [44].
Using several transgenic strain combinations, individual

components of the complement system have been
knocked-out. Blockade of endothelial C5a receptor, using a
monoclonal antibody, significantly improved survival in a
donor–recipient strain combination that results in acute

(a) (b)

(c) (d)

(e) (f)

Figure 2 Histology of the transplanted kidney (9200 magnification, Periodic acid-Schiff unless stated otherwise). (a) Syngeneic kidney transplant at

2 weeks showing viable glomeruli and tubules with normal kidney histology. (b) Ischaemia and reperfusion of the kidney results in acute tubular injury

which resolves over three to 5 days. Dilated tubules with intra-luminal casts (hollow arrow ⇧) are easily identified along with epithelial flattening

(block arrow ). (c) Acute rejection is characterized by interstitial mononuclear cell infiltrate (hollow arrow ⇧) and inflammatory changes such as tubu-

litis (block arrow ), occurring in combinations such as BALB/C ? FVB/NJ by 2 weeks [70]. (d) Chronic damage to the allograft results in tubular atro-

phy (hollow arrow ⇧) with evidence of glomerulosclerosis (block arrow ), occurring in combinations such as C57/BL6BM12 ? C57/BL6 [72]. (e)

Deposition of collagen as a marker of interstitial fibrosis can be identified by picrosirius red staining, which identifies fibrillar collagen (hollow arrow

⇧). This is easily observed in an allograft over 8 weeks after transplantation in the strain combination C57/BL6BM12 ? C57/BL6 [72]. (f) Chronic dam-

age to the allograft may be associated with intimal hyperplasia and vasculopathy (block arrow ) and associated with perivascular mononuclear cell

infiltration (hollow arrow ⇧), occurring in combinations such as C57/BL6BM12 ? C57/BL6 at 8 weeks following transplantation [72].
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rejection [40]. Furthermore knockout of C3 synthesis in
donor kidney cells resulted in a weakened response to
donor antigens and rejection was less vigorous with defec-
tive T-cell priming [31]. However, loss of C4 expression in
the donor or recipient did not affect rejection suggesting
that in multiple strain combinations complement activa-
tion occurs through a C4-independent pathway [36].

Chronic allograft damage

The first studies in mice showed variable rejection, with
some reporting acceptance in allografts; however, it was
observed that ‘glomerular damage seems to be slowly pro-
gressive over the duration of survival of the allografts’ and
the mechanism for this was unknown [10]. Skin grafts fol-
lowing kidney transplantation strengthened the evidence
for regulation of the rejection response where secondary
skin grafts developed slow rejection and scarring compared
with skin transplanted to na€ıve mice resulting in acute
rejection [2,10,17]. In human kidney transplantation,
chronic damage is characterized by interstitial fibrosis and
tubular atrophy, similarly in a mouse model with minimal
MHC class II disparity, this pathology develops and can be
easily identified and quantified (Fig. 2) [72,82]. Chronic
damage of the renal allograft is also characterized by
transplant arteriosclosis with fibrointimal hyperplasia
affecting intrarenal blood vessels [48,65]. Furthermore in
this model of transplant vasculopathy, a perivascular infiltrate
of macorphages and cytotoxic T cells was found [48,57].

Tolerance

There is a recent evidence that infiltrating inflammatory
cells may not necessarily be destructive to the allograft and
may be subjected to regulation or tolerance. Following
transplantation, a perivascular infiltration of mononuclear
cells has been identified in several strain combinations
[30,33,34,44,72]. Furthermore cuffs of leukocytes around
vessels and small aggregates of mononuclear cells within
the cortex have been associated with accepted kidney allo-
grafts [32]. In MHC disparate allografts that have been
described to spontaneously develop rejection or tolerance,
the number of graft-infiltrating Foxp3+ regulatory T cell
was shown to strongly correlate with renal function [37]. In
the accepted allografts prominent lymphoid sheaths around
arteries contained CD3+ Foxp3+ cells, CD4+ cells, den-
dritic cells and B cells [34,44]. Furthermore depletion of
Foxp3+ cells using a transgenic model resulted in wide-
spread CD8+ interstitial mononuclear inflammation, tubu-
litis and endarteritis [44].

Further evidence of tolerance is suggested in experiments
that measure donor skin tumour growth on a recipient
mouse. When skin is transplanted with a donor strain

kidney, the tumour grew to a larger size with delayed rejec-
tion, and indeed without rejection in some mice, compared
with those who had not received a kidney transplant [19].
Inhibition of all T cells accessing the allograft may be detri-
mental as demonstrated in a strain combination that has
been reported to support long-term acceptance. In this
model, acute rejection can be induced by transplantation in
to the same strain recipient with C-C chemokine receptor-5
(CCR5) knockout, CCR5 is an important receptor for T cell
attraction [32]. Compared with control mice the knockout
T-cell infiltration was similar 10 days after transplantation;
however, a possible explanation could be that the regulatory
T cells that are dependent on this signalling pathway were
unable to enter the allograft. Furthermore CCR5 knockouts
developed higher titres of donor-specific antibody suggesting
T-cell attraction into the graft may be required to abrogate
the generation of an antibody response. In addition, blockade
of T-cell activation by inhibiting the inducible co-stimulatory
molecule pathway resulted in worse graft function and sur-
vival compared with control kidneys [39].

Key mechanisms: cellular components

Various experiments have been performed that elucidate
the key roles played by specific cells of the immune system.
In mismatched donor and recipients, the presence of CD4+
and CD8+ T cells in the transplanted kidney have been
identified in several studies [44,52,56]. In long-surviving
allografts, CD8+ T cells have been shown to down-regulate
their T-cell receptors, which can be reversed ex vivo, sug-
gesting an in vivo regulatory process within the allograft
[56]. Transplantation of MHC mismatched kidneys into
hosts lacking mature B cells and an inability to produce
immunoglobulin did not appear to alter cellular infiltration
and tubulitis, however, the allografts did have reduced
arteritis, venulitis and oedema [62]. Furthermore nude
mice, that have a greatly impaired immune system because
of absent T cells, do not mount a rejection response against
a MHC mismatched kidney allograft [62].
In mouse, donor–recipient strain combinations where

rejection is acute, inhibition of the alloimmune response by
manipulation of MHC expression has been attempted.
MHC class I deficient donors resulted in better renal func-
tion but no difference in histological injury compared to
those with intact MHC class I molecules, whereas MHC
class I deficient recipients had no difference in function or
histological rejection [52,53,57]. In addition, the cellular
rejection response characterized by infiltration of T cells
and macrophages was not influenced by MHC class I defi-
ciency in the donor kidney [53]. Kidney allograft rejection
may be associated with de novo expression of MHC class II
molecules in tubular cells [18], as well as in the perivascular
areas and glomeruli [52]. Using scintigraphy the peak
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MHC class II expression has been shown to occur at 6 days
following transplantation in rejecting allografts [55]. Spe-
cifically, donor MHC class I and II appear to be localized to
the basolateral aspect of the epithelium [59,60,63]. How-
ever, when tubular epithelial cells are induced to express
high levels of MHC class II by gene insertion, the rejection
process did not appear to be worsened [11]. The normal
mouse kidney contains considerably fewer MHC class II
cells, such as dendritic cells, than are seen in the human
[83], however, following transplantation there is marked
up-regulation of MHC class II molecules [18]. The mouse
allograft also mirrors findings in human transplantation
where older donor kidneys have been associated with worse
function [84]. Transplantation of old donors aged
18 months compared with young 3 month old donors
resulted in a more rapid emergence of epithelial changes
and markers of senescence, however, there was no differ-
ence in MHC class I or II expression following transplanta-
tion [71].

Our own studies have focused on the importance of
monocytes and particularly the contribution of renal mac-
rophages to the rejection process. Following transplanta-
tion diphtheria toxin induced knockout of recipient
macrophages reduced arteritis, tubulitis and micro-vascular
injury [70]. Furthermore in a mouse model of interstitial
fibrosis and tubular atrophy it appears that macrophage
mediated fibrosis in the allograft acts through galectin-3, a
beta-galactoside-binding lectin, as galectin-3 knockout
recipients have reduced fibrosis [72].

Key mechanisms: cytokines

The importance of cytokines in mediating processes of
rejection has been investigated using mouse kidney trans-
plantation. Particularly interferon-c has been identified as a
key component by acting through the transcription factor
IRF-1 [61]. MHC-induction by donor kidney cells appears
to be dependent on interferon-c and associated with
inflammatory cell infiltration, however, in interferon-c
receptor knockout donors the allograft succumbs to early
thrombosis, congestion and necrosis suggesting interferon-
c may also have a protective role [59]. Furthermore inter-
feron-c induces transcription of mRNA associated with
MHC function, factors in antigen presentation and com-
plement components [67].

Development of therapeutic agents

The model has allowed the study of novel immuno-sup-
pressive agents. Indeed administration of rapayamcin and
cyclosporine increased mouse survival in a strain combina-
tion characterized by acute rejection [28]. Although the
majority of studies using the mouse model of kidney trans-

plantation have been to investigate the rejection process
induced by allograft disparity syngeneic-grafts have also
been utilized as a model of ischaemia reperfusion in trans-
plantation [49]. For example, the pretreatment of donor
mice with an antibody against Toll-like receptor 2 prior to
syngeneic transplantation improved graft function [49].
Targeting specific cells for depletion in the mouse has

allowed testing of potential therapeutic monoclonal anti-
bodies. B cell depletion by CD19 monoclonal antibody
treatment significantly reduced kidney allograft rejection
and abrogated allograft specific IgG development, whereas
CD20 monoclonal antibody treatment did not [42]. Rever-
sal of acute rejection with an antibody against CD45RB, an
isoform of CD45 expressed by multiple leukocytes, also
improved survival in a transplant dependent model and
this was associated with a reduction in TNF-a expression
[22–24, 26,27]. Rejection has also been shown to be modu-
lated by monoclonal antibody blockade of CD154, a co-
stimulatory molecule, by differentially targeting T-effector
and T-regulatory cell subsets this resulted in a regulated
intra-graft induction of chemokines and was associated
with improved survival and graft histology [41]. Therefore,
it is apparent that the mouse models are a useful testing
ground for drugs and therapeutic molecules as well as to
dissect rejection mechanisms.

Difference between kidney and other transplantation
models

The seminal work by Billingham et al. first investigated
transplantation and rejection through skin grafts in mice
[85], however, there is gathering evidence that this experi-
mental model may not adequately reflect the immune
response to vascularized solid organs. Transplantation of
other solid organs been described in addition to the kidney
transplant model and the kinetic and severity of the rejec-
tion response are different in all these organs. In an exten-
sive study by Zhang et al. the rejection pattern after liver,
kidney, heart and small bowel transplantation in three dif-
ferent mouse strain combinations was investigated [25].
The majority of liver allografts were spontaneously
accepted, defined by survival greater than 100 days despite
complete MHC disparity, whereas a mixed pattern of acute
rejection and acceptance occurred in kidney recipients. In
this study, all the cardiac and intestinal allografts were rap-
idly rejected within a mean time of less than 10 days and
no spontaneous acceptance [25]. Several separate groups
have directly compared heart transplantation with kidney
transplantation in the same strain combination and found
that kidney allografts have a significantly prolonged sur-
vival compared with a heart allograft [30,45]. An example
is the combination of a DBA/2 donor into C57/BL6 recipi-
ent where kidney transplantation led to 80% survival over
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60 days whereas cardiac transplantation resulted in rejec-
tion within 7–10 days and skin rejection in 15–17 days
[30]. Furthermore in a donor-recipient strain combination
where rejection occurs, 84.4% of CD8+ T cells isolated
from cardiac allografts were a/bTCR+ compared with 44%
in the kidney allografts suggesting a down regulation of this
receptor in the latter model [56]. An explanation for the
differences between the rejection process elicited by kidney
or cardiac transplantation is likely to be explained by the
different antigen recognition pathway by the recipient as
following kidney transplantation there appeared to be a
greater migration of donor MHC class II cells to the spleen
compared with the following cardiac transplantation [38].

Other applications of kidney transplantation

This model has been utilized for studies other than those
investigating rejection such as to explore disease models by
separating intrinsic renal abnormalities from that that of
circulating factors. For example, in a mouse model of
X-linked hypophosphatemic rickets, a genetic metabolic
disturbance, kidney transplantation was performed with
wild-type mice as both kidney recipient and donor with the
phenotype strain. This allowed the exclusion of an intrinsic
renal abnormality to be the reason for the phenotype and
the identification of a humoral factor to be causative, as a
wild type kidney did not correct the hypophosphataemia
[73]. Similarly, to dissect the contribution of circulating
humoral factors to the kidney phenotype in a model of glo-
merulonephritis New Zealand White mice kidneys, which
do not develop an abnormal kidney phenotype, were trans-
planted into F1-hybrid New Zealand White and Black mice,
which spontaneously develop glomerulonephritis; this
experiment resulted in the native kidney and the allograft-
developing glomerulonephritis [20].

The model has also been used as a means to develop in
vivo imaging techniques. To examine the ischaemia
reperfusion injury in syngeneic grafts real-time immunoflu-
orescence-based microscopy has been trialled, allowing
imaging of functional and structural changes within the
kidney caused by inflammation [50]. Potentially, this may
lead to novel techniques to monitor rejection in human
transplantation.

Three studies have used the mouse kidney transplant
model to investigate the effect of transplant-associated viral
infections [35,46,47]. In mice infected with polyomavirus
the allograft developed worse histological injury with
increased numbers of CD8+ T cells compared with virus-
free recipients [35]. Similarly, acute infection of the donor
with BK virus worsened rejection between MHC disparate
allografts, and acute infection of the recipient on day 1
resulting in 100% mortality [46]. A model of a donor-
derived viraemia has shown latent cytomegalovirus can be

reactivated following transplantation resulting in dissemi-
nated primary infection when transplanted in to mice that
are deficient in T cells, B cells and natural killer cells [47].

Conclusion

We have reviewed all the current studies that have
described a mouse kidney transplant and documented the
strain combinations and the resultant survival and histol-
ogy where available. We believe this review will serve as a
reference point for all researchers interested in developing a
mouse kidney transplant model and identify which strain
combinations have been examined previously. The strength
of this mouse model of intra-abdominal kidney transplan-
tation is that it directly mirrors that of human transplanta-
tion, therefore the rejection dynamics are analogous and
findings translatable. This model will continue to reveal
important facets to transplantation and allow the develop-
ment of novel treatments for ischaemia reperfusion injury
and rejection, with potentially the keys to understanding
and inducing immunological tolerance.
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Macrophages and Transplant Rejection:
A Novel Future Target?

George H. Tse and Jeremy Hughes

In this issue of Transplantation, Ma et al. describe the protective effect of administering the c-fms kinase inhibitor
upon cellular rejection, suggesting an important pathogenic role for macrophages. In contrast, no effect upon the
development of humerol rejection was evident. The role of macrophages in rejection is discussed.

Keywords: Macrophage, Rejection, Kidney.

(Transplantation 2013;00: 00Y00)

A llograft rejection remains a significant challenge in re-
nal transplantation with T and B lymphocytes of the

adaptive immune system playing a key role in cellular and
humoral rejection. Macrophages are multifunctional cells of
the innate immune system and are involved in the initiation,
progression, and resolution of renal injury (1). In vitro studies
have defined both proinflammatory and anti-inflammatory
macrophage phenotypes designated M1 and M2, respectively,
and markers of the M1 phenotype (e.g., inducible nitric oxide
synthase) or M2 phenotype (mannose receptor expression)
have been demonstrated in vivo (2). Previous studies probed
the contribution of monocytes and macrophages to acute renal
allograft injury in rats or mice by depletion studies using
liposomal clodronate or diphtheria toxin administration and
demonstrated that macrophages contributed significantly to
tissue injury (reviewed in (3)). This area has been extended by the
work of Ma et al. (4) described in this issue of Transplantation.

Instead of adopting a cell ablation strategy, Ma et al.
targeted the colony-stimulating factor-1 (CSF-1)/c-fms sig-
naling pathway and used a c-fms kinase inhibitor (fms-I)
previously used to inhibit macrophage accumulation in the
ureteric obstruction and nephrotoxic nephritis models (5, 6).
The authors administered fms-I to Lewis rats given an ortho-
topic Dark Agouti kidney allograft after bilateral nephrectomy,
a model with a major histocompatibility complex class I and II
mismatch that develops acute cellular rejection.

Animals received control vehicle or fms-I treatment 1 hr
before surgery and twice daily thereafter with all rats sacrificed
at day 5. Control animals developed a marked infiltrate with
macrophages and activated T cells associated with renal failure
and severe tissue injury. Treatment with fms-I dramatically
reduced allograft macrophage accumulation and expression of
M1/M2 macrophage activation markers together with a mod-
erate circulating monocytopenia. Rats treated with fms-I
exhibited preserved renal function, less tissue injury, and re-
duced numbers of presumably monocyte-derived CD11c+

dendritic cells. Treatment with fms-I also reduced multiple
parameters of T-cell activation (interleukin [IL]-2 receptor,
T-bet, IL-17A, and granzyme mRNA expression) within the
allograft, although overall CD3+ T-cell infiltration was similar
between experimental groups and splenic T-cell activation was
unaffected. Additional experiments were then undertaken to
examine whether fms-I treatment resulted in prolonged allo-
graft protection, but these studies were prevented by the de-
velopment of severe C4d+ antibody-mediated rejection (AMR)
with allograft failure secondary to profound vascular injury.
The authors conclude that macrophages play a key role in cell-
mediated rejection but are not required for the development of
acute AMR (Fig. 1) and this undoubtedly adds to our under-
standing of macrophage function in allograft rejection.

This important work confirms the importance of
macrophages in allograft rejection (7) and the effectiveness
of inhibiting the CSF-1/c-fms signaling pathway to limit ex-
perimental renal injury (5, 6). Although transplant recipients
may well receive cell-depleting antibodies such as antithymocyte
globulin or alemtuzumab, the inhibition of signaling pathways
such as CSF-1/c-fms signaling (8) or the spleen tyrosine kinase
pathway (9) is of undoubted translational interest.

Manipulation of monocyte/macrophage numbers or
function is, however, complicated by their multifunctional
nature (Table 1). Renal allograft recipients may develop delayed
graft function secondary to preservation injury and ischemia-
reperfusion injury (IRI), and although a pathogenic role for
monocytes and M1 macrophages has been shown in native
kidney IRI, M2 macrophages are key to the renal regeneration
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that follows IRI (10) by scavenging and clearing cell debris,
generating mediators that either support tubular survival (11)
or promote tubular proliferation to restore tubular integrity
(12). Indeed, Ma et al. (4) noted that fms-I treatment resulted
in reduced mRNA expression of markers of both pro-
inflammatory M1 macrophages and anti-inflammatory, pro-
resolution M2 macrophages, suggesting that both macrophage
phenotypes may be affected. Although M2 macrophages are
also associated with the long-term development of renal

fibrosis, it is possible that their loss may be detrimental in the
short term and may, for example, adversely affect renal re-
covery from delayed graft function. It can thus be appreciated
that the timing of any treatment would be key. Ma et al. (4)
initiated fms-I treatment before transplant surgery being
performed and this approach would not be ideal for patients
especially the recipients of allografts with an increased risk of
delayed graft function such as donation after cardiac death
kidneys. Further studies will be required to determine whether

FIGURE 1. Administration of a c-fms kinase inhibitor (fms-I) ameliorates cell-mediated rejection but has no impact upon
AMR. Ma et al. (4) treated Lewis rats receiving a Dark Agouti renal allograft with a c-fms kinase inhibitor (fms-I). Treatment
with fms-I induces a peripheral monocytopenia and reduced macrophage infiltration. Although treatment reduced
intragraft T-cell activation and preserved allograft function and structure at 5 days, it did not prevent the development of
acute AMR and eventual graft destruction.

TABLE 1. Potential beneficial and deleterious actions of macrophages in the context of renal transplantation

Beneficial macrophage actions Detrimental macrophage actions

& Participation in renal regeneration and repair
(e.g., after preservation injury and IRI)

& Antigen presentation, expression of costimulatory
molecules and T-cell activation

& Inhibition of T-cell proliferation and
activation (regulatory macrophages)

& Production of proinflammatory cytokines
(e.g., TNF->, IL-1, and IL-18),
chemokines, and cytotoxic free radicals (ROS and NO)

& Induction of regulatory T cells & Promotion of growth factors (PDGF and TGF-A) for myofibroblast
accumulation and subsequent renal fibrosis

NO, nitric oxide; PDGF, platelet-derived growth factor; ROS, reactive oxygen species; TGF, transforming growth factor; TNF, tumor necrosis factor.
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fms-I treatment is of benefit if administered after the diagnosis
of rejection has been made.

Other macrophage-based approaches are also possible.
Several investigators have attempted to harness the un-
doubted beneficial actions of macrophages by using them as
‘‘cell therapy.’’ Indeed, the efficacy of administering mac-
rophages modified in vitro to adopt an anti-inflammatory
phenotype has been shown in several rodent models of
renal inflammation (13). In addition, albeit limited proof-of-
concept studies have involved the administration of regula-
tory macrophages generated ex vivo to two patients before
receiving a renal transplant from a living donor (14).

In conclusion, the manipulation of monocyte/macrophage
biology in transplant patients is becoming possible but will
require care, as macrophages may be injurious or reparative
with mixed tissue populations of M1 and M2 macrophages
often found during disease. Ideal future interventions would
be able to target subsets of macrophages and act to limit
the action of cytotoxic proinflammatory M1 macrophages
but support and foster regenerative, anti-inflammatory M2
macrophages. This challenging goal may require a multifac-
eted approach.
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Objectives. We investigated whether ultrasmall paramagnetic particles of iron oxide- (USPIO-) enhanced magnetic resonance
imaging (MRI) can detect experimental chronic allograft damage in a murine renal allograft model. Materials and Methods. Two
cohorts of mice underwent renal transplantation with either a syngeneic isograft or allograft kidney. MRI scanning was performed
prior to and 48 hours after USPIO infusion using T2∗-weighted protocols. R2∗ values were calculated to indicate the degree of
USPIO uptake. Native kidneys and skeletal muscle were imaged as reference tissues and renal explants analysed by histology and
electron microscopy. Results. R2∗ values in the allograft group were higher compared to the isograft group when indexed to native
kidney (median 1.24 (interquartile range: 1.12 to 1.36) versus 0.96 (0.92 to 1.04), " < 0.01). R2∗ values were also higher in the
allograft transplant when indexed to skeletal muscle (6.24 (5.63 to 13.51)) compared to native kidney (2.91 (1.11 to 6.46) " < 0.05).
Increased R2∗ signal in kidney allograft was associated with macrophage and iron staining on histology. USPIO were identified
within tissue resident macrophages on electron microscopy. Conclusion. USPIO-enhanced MRI identifies macrophage.

1. Introduction

Chronic allograft damage (CAD), characterised by interstitial
fibrosis and tubular atrophy (IFTA), is the commonest cause
of transplant failure following surgery [1]. The demand for
organ transplantation is expanding and waiting lists for a
kidney are likely to increase in coming years [2]. Early iden-
tification of chronic allograft damage remains challenging
but is crucial to allow intervention with immunosuppressive
therapy. Renal biopsy remains the gold-standard for detecting
allograft rejection but is associated with significant morbidity
and mortality. The average complication rate is 7.4% with a
life-threatening complication occurring in 1% [3, 4]. It would

be advantageous to have a noninvasive imaging approach
for the detection of acute rejection and IFTA. This would
provide an alternative or adjunctive clinical assessment that
may reduce the number of biopsies.

Current imaging techniques for monitoring allograft
function involve the use of ultrasound to exclude ureteric
obstruction or vascular compromise in the failing kidney.
Measurement of vascular resistive index or the use of
contrast-enhanced ultrasonography has been advocated but
has not been clinically validated [5–7]. There is no imaging
modality available to measure the development of graft fibro-
sis and current practice involves a biopsywhen renal function
deteriorates [8]. The role of monocytes and macrophages in
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chronic renal allograft damage has been well established [9].
Monocytes and macrophages are known to play a role in
chronic renal allograft damage [10] and are key promoters
of fibrosis in other organs, such as the liver [11, 12]. Several
animal models of allograft rejection exhibit monocyte and
macrophage infiltration in allograft tissue [13–17], and these
cells have a central role in human chronic allograft damage
[18, 19]. We have developed a model of chronic allograft
damage: characterised by a single class II mismatch a kidney
from C57BL/6BM12 (H-2BBM12) donor is transplanted into a
C57BL/6 (H-2B) recipient and leads to the progressive devel-
opment of interstitial fibrosis and tubular atrophy (IFTA)
over 4 to 8 weeks.The key role of macrophages in this model
has been demonstrated when transplants were performed
into galectin-3 knockout recipients on aC57Bl/6 background.
This led to an alteration in macrophage phenotype with
reduced numbers of YM1-expressing macrophages in the
knockout group and protection from IFTA [10].

Magnetic resonance imaging (MRI) offers detailed char-
acterization of the kidney structure without using ioniz-
ing radiation and is suitable for monitoring renal allograft
damage with repeated scanning. Iron oxide particles have
been used as a contrast medium for MRI as they alter the!2∗ relaxation time of tissues in which they accumulate
[20]. Ultrasmall (approximately 30 nm), superparamagnetic
particles of iron oxide (USPIO) extravasate freely through
capillaries and are taken up by tissue-resident inflammatory
cells of the reticuloendothelial system [21]. Available USPIO
include ferumoxytol (Rienso, Takeda; Feraheme, AMAG
Pharmaceuticals), which is licensed for the treatment of
anaemia caused by iron deficiency in patients with chronic
kidney disease rather than as a contrast agent for MRI.
Together with other groups, we have used USPIO as MRI
contrast in clinical studies [20, 22–24].

Monocytes, macrophages, and to a lesser extent neu-
trophils take up USPIO, and accumulation in allograft
rejection can be identified [25, 26]. MRI detected USPIO
accumulation within the outer renal medulla in a model
of renal ischaemia and this correlated histologically with
USPIO uptake by macrophages [27]. USPIO have been used
to investigate acute renal transplant rejection in preclini-
cal models; however, these effects may have been due to
ischaemia reperfusion injury [28, 29]. We hypothesized that
they could be used to identify inflammation and fibrosis in a
model of chronic renal allograft damage.

2. Materials and Methods

2.1. Murine Model of Renal Transplantation. Two cohorts of
C57BL/6 mice underwent renal transplantation. Syngeneic
renal transplants (" = 8) were performed between litter
mates and allograft renal transplants from C57BL/6BM12
donors into C57Bl/6 recipients (" = 10). Characterised by a
single class II mHCmismatch, such kidneys develop chronic
allograft damage over a progressive twelve-week period.
The model is not transplant-dependent as the contralateral
kidney is left in situ. The isograft transplanted kidney and
the native nontransplanted kidney were available as controls

for comparison with the allograft kidney. Mice were bred
in-house in the Biomedical Research Resources, University
of Edinburgh, or purchased from Charles River. All animal
experiments were performed under a project licence and
in accordance with legislation in the Home Office Animal
(Scientific Procedures) Act of 1986. Baseline MRI scanning
was performed 4weeks after transplant followed immediately
by an infusion of USPIO by tail vein injection (4mg/kg
ferumoxytol; Rienso, Takeda). Repeat MRI scanning was
performed 48 hours after infusion.

2.2. MR Imaging Protocols. All MRI experiments were per-
formed using a 7-Tesla horizontal bore NMR spectrometer
(Agilent Technologies, Yarnton, UK), equipped with a high-
performance gradient insert (60-mm inner diameter), maxi-
mum gradient strength 1000mT/m. Mice were anaesthetised
with 1.5% isoflurane in oxygen/air (50/50, 1 L/min) and
placed in a cradle (Rapid Biomedical GmbH, Rimpar, Ger-
many).The rectal temperature and respiration rateweremon-
itored throughout the experiments, and body temperature
was maintained at 37∘C with a heat fan. A 33-mm diameter
birdcage volume coil (Rapid Biomedical GmbH, Rimpar,
Germany) was used for radio frequency transmission and
signal reception. For anatomical assessment and to aid place-
ment of the slice for the !2∗ mapping sequence, respiration-
gated !2-weighted fast spin echo images (echo train length
of 8) of 1-mm slice thickness in a coronal orientation were
collected with the following parameters: repetition time (TR)≈ 3000ms depending on the respiration rate; effective echo
time = 36ms; 16 slices, field of view = 35mm × 35mm;
matrix = 192 × 128, 2 signal averages. For !2∗ mapping and
calculation of !2∗ relaxation times, image acquisition used
a gradient-echo, respiratory-gated pulse sequence (dummy
pulses during respiratorymovement) of 7 images weighted in!2∗ acquired consecutively: TE = 1.83, 3, 5, 7, 10, 12, and 15ms
and a TR of 60ms.The field of view was 35 × 35mm and the
acquisition matrix 192 × 128 (in-plane resolution = 0.182 ×
0.273mm). Slice thickness was 1-mm with 2 signal averages.

USPIO imaging was performed with !2∗-weighted
gradient-echo sequences using a 7T MRI scanner. Quantita-
tive analysis of USPIO accumulation was achieved by calcu-
lation of!2∗ relaxation times before and after administration
of USPIO [20]. In order to optimise image analysis and
prevent degradation due to “!2∗-blooming” artefacts, images
were quantitatively analysed using a susceptibility gradient
mapping postprocessing technique previously used in SPIO
imaging to quantitate USPIO accumulation using changes in
calculated !2∗ relaxation times [30].

2.3. Image Analysis. The seven echoes in the multiecho!2∗-weighted sequence were combined to generate a !2∗
map, in which the data represented the !2∗ value (%(&) =%(0) exp(−&/!2∗)) for each voxel.This was achieved using in-
house software developed in Matlab (Mathworks, USA).The!2∗ value is the decay constant for the exponential decay
of signal intensity with time. In the presence of USPIO, the
signal decays more rapidly due to local field inhomogeneities
and the !2∗ value is reduced. By minimising the sum of
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Figure 1: (a) Transplanted kidney (white arrows) compared to native kidney (yellow arrows) for allograft. (b) Transplanted kidney (white
arrows) compared to native kidney (yellow arrows) for isograft.

the squares of errors between the data and an exponential
function, the decay constant (i.e., !2∗ in ms) was obtained.
An experimentally determined threshold for the coefficient
of determination ("2 > 0.85) was used to exclude data
that did not have an acceptable exponential decay when
SI was plotted against echo time. The inverse of !2∗, #2∗,
was then calculated to assess USPIO uptake. The greater the
accumulation of USPIO in tissues, the greater the #2∗ value.#2∗ values were obtained from baseline and 48-
hour scans using ANALYZE software (AnalyzeDirect
Software, United States). Regions of interest were drawn
on parenchyma, and pre-USPIO scans compared to post-
USPIO scans. A semiquantitative analysis was made from the
increase in#2∗ value. To correct for differences in blood pool
USPIO concentration, due to infusion errors or difference
in blood volume, the transplanted kidney #2∗ increase was
indexed to the native kidney #2∗ increase. To provide a value
of translational value to clinical medicine, where a normal
healthy native kidney will not be present, the renal #2∗
increase was also indexed to skeletal muscle #2∗ increase.

2.4. Allograft Injury: Histology. Kidneys were divided and
fixed fresh frozen or in methyl Carnoy’s solution and
embedded in paraffin. Tissue sections were stained with
haematoxylin-eosin to allow histological analysis and reveal
presence of inflammatory infiltrate [31, 32].

2.5. Allograft Injury: Cellular Infiltrate. Macrophage infil-
tration was identified by F4/80+ (Abcam, Cambridge, UK)
staining by immunohistochemistry using paraffin embedded
tissue sections. Light microscopy was performed and images
were obtained and quantified by computer-assisted image
analysis of 10 sequentially selected nonoverlapping fields of
renal cortex and medulla and expressed as the percentage of
tissue surface area positive for staining.

2.6. Electron Microscopy. For transmission electron
microscopy, samples were fixed in 3% glutaraldehyde
in 0.1M sodium cacodylate buffer, pH 7.3, for 2 h and then
postfixed in 1%osmium tetroxide in 0.1Msodium cacodylate
for 45min. Samples were then dehydrated and embedded
in araldite resin. Ultrathin 60-nm sections were cut from
selected areas, stained in uranyl acetate and lead citrate
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Figure 2: Increase in !2∗ value from baseline to 48 hours for transplanted kidney indexed to native kidney (a) and skeletal muscle (b).

and then viewed in a Philips CM120 transmission electron
microscope, images obtained with a Gatan Orius CCD
camera.

2.7. Statistical Analysis. Statistical analysis was performed
with GraphPad Prism version 4.00 (GraphPad Software,
San Diego, California, USA). Grafts were compared with
native kidneys using paired two-tailed nonparametric "-
tests (Wilcoxon matched-pairs signed rank test). Isograft
and allograft kidneys were compared using nonpaired two-
tailed nonparametric "-tests (Mann-Whitney test). Statistical
significance was taken as a two-sided # < 0.05.
3. Results

One allograft and 2 isograft recipients sustained infarction
of the transplanted kidney. This left 9 allograft mice and 6
isograftmice for analysis.

3.1. Change in !2∗ Values in Allograft and Isograft Kidneys.
IllustrativeMRI scans with!2∗ signal derived colourmaps of
USPIO uptake in allograft and isograft kidneys are shown in
Figures 1(a) and 1(b). Increased!2∗ signal andUSPIO uptake
are indicated by green and red colour.

Baseline !2∗ values were similar in native (median
(interquartile range), 42.8 (38.5 to 50.5)ms−1) and allograft
kidneys (44.2 (39.6 to 52.8)ms−1). USPIO administration
increased !2∗ values in both isograft and allograft kidneys
(Figure 1). The increase in !2∗ value at 48 h was greater
in allograft kidneys (30.15 (14.0 to 68.0)ms−1) compared

to native kidney (15.7 (4.5 to 26.8)ms−1), # < 0.01. In
contrast, the increased !2∗ signal in isograft kidneys at 48 h
(23.24ms−1 (7.53 to 71.2)ms−1) was not different to native
kidney (26.4ms−1 (3.71 to 86.9)ms−1), # = 0.58.!2∗ value increases indexed for changes in native kidney
and skeletal muscle are shown in Figure 2. Median increase
(interquartile range), indexed for native kidney, was greater
in allografts 1.24 (1.12 to 1.36) compared to isografts 0.96
(0.92 to 1.04), # < 0.01, Figure 2(a). A similar result was
obtained following indexing for skeletal muscle !2∗ increase
(Figure 2(b)). The median increase in !2∗ value indexed to
skeletal muscle was greater in the allograft kidney 6.24 (5.63
to 13.51) compared to native kidney 2.91 (1.11 to 6.46), # <0.05.The corresponding skeletal muscle indexed signals were
similar in isograft 3.83 (0.78 to 6.24) and native kidneys 3.63
(1.00 to 5.33) and significantly lower than the allograft signal,# < 0.05.
3.2. Histology and Electron Microscopy. F4/80 staining con-
firmed heavy macrophage resident cells in the allograft kid-
neys (2.70±0.84 percentage area staining) with very few cells
in the isograft kidneys (0.52 ± 0.44 percentage area staining)
(Figures 3(a) and 3(b)). Iron staining with Prussian blue
demonstrated deposition in allograft tissue with none in the
isograft tissue.The reticuloendothelial tissue of the spleenwas
also rich inmonocyte and iron staining. Electronmicroscopy
confirmed monocyte/macrophage USPIO uptake within the
renal tissue (Figure 3(c)).
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Figure 3: (a) F4/80 staining (top panel) for monocyte derived macrophages in the spleen and allograft and isograft (hollow arrows). Prussian
blue staining (bottom panel) comparing iron deposition in the spleen, allograft tissue, and isograft (sold black arrows). (b) Histological
monocyte count in allograft, isograft, and nontransplanted native kidneys. (c) Electron microscopy of macrophages in renal allograft tissue.
The inlay (top right, magnification from black box) demonstrates USPIO within lysosomes.

4. Discussion

We have shown for the first time that USPIO-enhanced MRI
can detect macrophage infiltration in a model of chronic
inflammatory allograft damage.The prospect of noninvasive

detection and monitoring of CAD, without resorting to renal
biopsy, would be a significant advance in the management of
renal transplant patients.
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In this study the allograft USPIO signal was significantly
increased compared to the native kidney. This direct com-
parison would be not feasible in a clinical study where the
native kidney would be diseased or absent. Additionally
human pathological factorsmay impact on theUSPIO related
signal. USPIO has a circulating half-life of 18–30 hours and
persistence of particles in the circulation will affect the tissue!2∗ value due to perfusion [33]. In this study, differences
in blood volume and organ perfusion, due to surgical blood
loss or physiological variation related to inflammation and
rejection, may contribute to the blood pool related signal in
each animal. To address this problem, we indexed USPIO
signal to skeletal muscle and native kidney.These findings on
noninvasive imaging were associated with greatly increased
macrophage infiltration andUSPIO iron staining in allografts
compared to isografts. We were able to further demonstrate
macrophage USPIO uptake on scanning electronmicroscopy
confirming that the USPIO signal on MRI was related to the
macrophage infiltration in CAD.

It was not possible to be certain about the mechanism
of cell labeling and distribution of USPIO within renal
tissue. As a result of their smaller size, USPIO are less
readily recognized by phagocytic cells and persist in the
circulation for longer than other iron particles (plasma half-
life 14–30 h in humans) [33, 34]. They are capable of passing
through capillary walls, to be taken up through pinocytosis
by tissue-resident macrophages and neutrophils [21, 25, 26].
ExtravasatedUSPIOmay remain in the interstitial space or be
taken up by resident macrophages. Circulating USPIO may
also be taken up by monocytes that subsequently infiltrate
the kidney.These processes (monocyte uptake, USPIO blood
extravasation, and resident macrophage uptake) may have
different kinetics and could all contribute to the increased
USPIO signal in allografts. The study aim was to provide
proof of principle that allograft rejection can be detected
noninvasively with contrast MRI but this approach could be
used to further dissect out CAD mechanisms.

Significant advances have been made in the management
of acute rejection as modern immunosuppressive agents tar-
get primarily T lymphocytes. However, the rate of CAD char-
acterized by interstitial fibrosis remains relatively constant,
giving rise to the loss of 4% renal transplants per year. Work
from our own group has demonstrated that modification
of macrophage biology can protect against fibrosis in this
model of CAD and the role of macrophages in renal and liver
fibrosis has been well established [10–12, 35]. Examination of
macrophage phenotype was beyond the remit of this study,
which focused primarily on imaging, but would be of interest
to determine whether the macrophages were predominantly
YM1-expressing profibrotic phenotype.

One limitation of the study is that imagingwas performed
at 4 weeks after transplant, when there was already histolog-
ical evidence of fibrosis and, as the model is not transplant-
dependent, it is not possible to ascertain whether deteriora-
tion in renal function had already occurred. However this is a
proof of principle investigation to determine the feasibility of
such an approach, and subsequent work will require imaging
at earlier time points and correlating with renal function.

Blooming artefact associated with "2∗/!2∗ imaging with
MRI is another potential limitation. These distortions can
be erroneously included in the region of interest covering
the renal tissue leading to falsely high !2∗ readings. In our
study, this was particularly evident when the spleen laden
with USPIO could distort the values in the neighbouring
transplanted kidney. Care was taken to avoid drawing regions
of interest over such areas. In addition, "2∗/!2∗ imaging
identifies areas or tissue edema or hemorrhage in other
organs, and as such the differing !2∗ values of baseline scans
may have been due to differing amounts of edema [36].
Finally, the relationship between !2∗ value and iron accu-
mulation is nonlinear, and so absolute increase in !2∗ value
may not be directly proportional to increased inflammation
[37]. The technique is semiquantitative and so increasing
values do indicate an increase in the number of monocytes or
macrophages in a tissue or an increase in activity.There was a
range of values in the allograft group, suggesting a differing
amount of inflammation in the different allografts. As the
mechanism of rejection in this model of CAD is multifaceted
a single measurement at 4weeks is expected to have variation
given that this model develops gradual histological injury up
to 12 weeks and beyond [38].

The USPIO agent, ferumoxytol, is used as an intravenous
iron supplementation agent for patients with end-stage renal
failure. It has a good safety profile and is an ideal agent for
investigation of transplant rejection in patients [39]. Further
translational studies are needed to identify if there is a !2∗
threshold value which would identify a level of excessive
inflammation requiring alteration of therapy.

In conclusion, we have developed an MRI technique
for detecting inflammation in a model of chronic renal
allograft damage.The protocol employs USPIO contrast that
is compatible with patients who have renal dysfunction.This
noninvasive approach for the detection of changes of CAD
offers the possibility of avoiding renal biopsy in somepatients.
Translational studies are required to assess its applicability in
clinical practice.
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