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ABSTRACT

Ischaemia/Reperfusion Injury (IRI) is the most common cause of acute
kidney injury- a devastating clinical problem lacking any specific treatments
to promote renal recovery. Macrophages (Mφ) are pleiotropic cells of the
innate immune system, with roles spanning host defence, cytotoxicity,
clearance of apoptotic cells and promotion of tissue repair. Mφ are also
known to be important mediators of renal injury in other experimental models
of

renal

disease

including

transplantation,

obstruction

and

glomerulonephritis. This work sought to examine the role of Mφ in mediating
renal IRI.

Conditional renal Mφ and monocyte depletion prior to experimental IRI was
achieved by administering diphtheria toxin to the CD11b-DTR transgenic
animal. This had no impact on either renal function or structural injury. In
contrast liposomal clodronate mediated Mφ depletion provided functional and
structural protection from injury. Administration of exogenous apoptotic cells
also protected renal function if delivered 24h prior to IRI.

Immunodeficient SCID mice exhibited a protected injury phenotype after IRI,
however derived no additional protection from the administration of either
liposomal clodronate or i.v. apoptotic cells. These findings suggest that the
protective phenotype must involve either lymphocyte populations or
circulating antibody. Preliminary work demonstrates that SCID mice lack IgM
natural antibody which deposits in the kidney in the first 30 minutes after IRI.
3

It was also demonstrated that apoptotic cells bind IgM natural antibody
present within the circulation.

The potential for the key antioxidant enzyme Heme oxygenase-1 (HO-1) to
protect renal function was also examined in aged mice using hemearginate
(HA) - a potent HO-1 inducer. Echoing epidemiological studies in humans
aged mice had increased susceptibility to IRI, whilst failing to induce
medullary HO-1. The main site of medullary HO-1 induction by HA was in
medullary Mφ, and the protective phenotype was abolished by Mφ ablation,
implicating Mφ as the key mediators of HA induced protection in renal IRI.

Final studies employed adenoviral transduction to overexpress HO-1 within
bone marrow derived Mφ, leading to a modified phenotype with increased IL10 and phagocytosis, and reduced TNFα and NO production. When these
were introduced in vivo after IRI renal function was improved, potentially due
to accelerated clearance of renal platelet deposition.
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The proper Ischuria renalis is in general to be considered as an
inflammatory affection, and is to be treated according to the
circumstances of the particular case by bloodletting, large blisters,
warm bath, mild diuretics, especially digitalis given in pretty full doses
at short intervals, and perhaps sudorifics

From Observations on Ischuria Renalis by Dr John Abercrombie MD
Edinburgh, 1821
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1. INTRODUCTION

This thesis will examine the role of the macrophage in mediating injury in
renal ischaemia/reperfusion injury (IRI) – a devastating clinical entity for
which only supportive treatments are currently available.

1.1 Historical background
The recognition of the kidney as the site of urine production and blood
purification can be traced back to the writings of Galen in Roman times
(Eknoyan, 1989). Whilst Galen acknowledged ‘suppression of urine’ as a
disease entity, it was only after the focus of medical teaching moved to a
more anatomically based model in the aftermath of the Renaissance that a
classification was proposed for ‘ischuria’ or suppression or retention of the
urine.

In 1760 the anatomist Morgagni (1682-1772) suggested ischuria

vesicalis, ischuria ureterica, ischuria urethralis and ischuria renalis as the
four causes of an acute diminution in urine output (Eknoyan, 2002).

Whilst one of the earliest reports of what we now recognise as acute renal
failure (ARF) was provided by the physician William Heberden (Heberden,
1802)a, a more detailed description of ischuria renalis was provided by the
Edinburgh physician John Abercrombie (1780-1844) in 1821 : ‘The disease
a

‘A total suppression has lasted seven days, and yet the patient has recovered. It has been fatal as

early as the fourth day. But in general those patients, who could not be cured, have sunk under their
malady on the sixth or the seventh day’
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seems, in general to come suddenly. The peculiar symptom is a sudden
diminution of secretion of urine, which soon amounts to a complete
suspension of it. The affliction is probably first considered as retention; but
the catheter being employed, the bladder is found to be empty…after several
days, the patient begins to talk incoherently, and shows a tendency to stupor.
This increases gradually to perfect coma, which in a few days is fatal. The
occurrence of coma may be expected about the fourth or fifth day from the
time when the secretion of urine becomes suspended’. It is ischuria renalis
that we now recognise as corresponding to intrinsic ARF (Abercrombie,
1821).

Abercrombie lectured at Edinburgh University Medical School and was one
of the tutors of Richard Bright, who went on to publish the seminal
description of proteinuric chronic renal disease, leading to ARF being
labelled ‘Acute Bright’s Disease’ in the late 19th century. The histological
appearances of Acute Bright’s Disease were reported in 1888 by the
American physician and pathologist Francis Delafield (1841-1915) and are
now recognised as the first description of acute tubular necrosis (ATN). The
first half of the 20th century brought huge advances in the understanding of
renal pathology and pathophysiology, and the classical descriptions of ARF
in crush injury victims of the London blitz (Bywaters and Beall, 1941). The
adoption of the unifying term ‘acute renal failure’ can be dated to a special
issue of the Journal of Clinical Investigation in 1951 characterising the
current state of scientific knowledge of this devastating and at the time
untreatable condition (Oliver et al., 1951)
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1.2 Treatment and prognosis of ARF
Despite the advent of dialysis in the second half of the 20th century as a
treatment for acute renal failure (ARF), (now increasingly referred to as acute
kidney injury (AKI) to reflect the broad spectrum of possible functional
impairment present) the reported mortality for this condition remains
unacceptably high at >50% (Ali et al., 2007; Metcalfe et al., 2002). In the
large majority of such cases the aetiology of the kidney failure is not due to
primary renal disease, but rather a secondary insult, most commonly
transient hypoperfusion leading to ischaemia-reperfusion injury (IRI), with
resultant acute tubular necrosis (ATN) predominantly affecting the outer
stripe of the outer medulla (OSOM) (Thadhani et al., 1996).

Current

treatment is supportive in nature, and trials of agents aiming to modify renal
physiology and ameliorate ARF (e.g Frusemide and Dopamine) have been
unsuccessful (Friedrich et al., 2005; Ho and Sheridan, 2006).

1.3 Pathogenesis of acute kidney injury
The predominant aetiology of AKI relates to a preceding ischaemic and/or
toxic insult arising outside the kidney. A number of pathological processes
then occur resulting in the establishment of structural and functional renal
injury, which will be discussed below.
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1.3.1 Alteration in renal vascular regulation
In health the kidney is capable of auto-regulating its blood supply to maintain
perfusion and glomerular filtration in the face of altered circulating volume
and systemic perfusion pressure.

With sustained hypoperfusion these

mechanisms have been observed to be lost in experimental models of renal
injury (Conger et al., 1988). In experimental systems an inversion of these
physiological

mechanisms

has

been

observed,

with

paradoxical

vasoconstriction further exacerbating renal hypoperfusion (Conger et al.,
1991), potentially due to alterations in calcium concentrations within smooth
muscle.

1.3.2 Tubular injury and dysfunction
One of the first noted components of acute renal failure is that of tubular cell
detachment and sloughing into the tubular lumen (Bywaters and Beall, 1941).
Historical microdissection studies on human necropsy material demonstrated
obstructing casts within the distal tubule, potentially presenting a physical
barrier on ongoing excretion through the occluded nephron (Oliver et al.,
1951).

Whilst this was long thought to represent a process of primary

necrosis in fact viable tubular cells can be recovered from the urine of
patients with ARF and animals with experimental IRI (Racusen, 1998). Other
changes in the tubular epithelia include a loss of the brush border, and a
translocation of the Na+/K+-ATPase from the basolateral surface to the
cytoplasm, potentially contributing to the failure of sodium reabsorption which
accompanies ATN.
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1.3.3 Tubulo-glomerular feedback mechanisms
The failure of proximal sodium reabsorption results in increased sodium
delivery to the macula densa, potentially reducing GFR by up to 50% in
micropuncture studies (Schnermann, 2003). By reducing GFR and hence
further NaCl delivery, such a feedback mechanism may help to reduce the
subsequent ATP demands of the outer medullary tubular epithelia, limiting
further overt cellular injury.

1.3.4 Vascular congestion and dysfunction
Studies performed in human renal allografts (a model of obligate IRI)
demonstrate persistently reduced renal blood flow in the aftermath of
reperfusion (Alejandro et al., 1995). Work in models of experimental IRI
demonstrate that injury in IRI is not confined to the epithelial compartment,
with injury and activation of vascular endothelium also a feature, coupled to
generalised tissue oedema further impeding adequate perfusion via the
microvasculature (Sutton et al., 2002). This early vascular injury has been
documented to result in fibrin deposition within peritubular capillaries in rat
models of IRI, potentially further impeding restoration of adequate perfusion
(Enestrom et al., 1988).

The role of platelet deposition within the renal vasculature in the aftermath of
IRI is very poorly understood, but evidence from transplantation suggests this
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is a pro-inflammatory event associated with a worsened outcome (Morrell et
al., 2007).

Endothelial P-selectin facilitates platelet adhesion within the

vasculature, and its blockade is protective in experimental models of renal
IRI (Singbartl et al., 2000).

1.4 Ischaemia/Reperfusion Injury – An inflammatory disease?
There is a growing body of evidence suggesting that the disruption of renal
architecture and function seen in ATN may have a more prominent
inflammatory aetiology than initially believed (Bonventre and Zuk, 2004).
Renal IRI is associated with the production of numerous proinflammatory
cytokines and chemokines from the kidney which are chemotactic for
leukocytes, including macrophage inflammatory protein 1α (MIP-1α),
monocyte chemotactic protein-1 (MCP-1), regulated upon activation normal
T-cell expressed, and secreted (RANTES), interleukins 1 and 6, the C-X-C
cytokine CXCL1/Keratinocyte Chemoattractant (KC) and tumour necrosis
factor α (TNF-α) (Daemen et al., 2001; Dong et al., 2007; Furuichi et al.,
2008; Furuichi et al., 2006; Furuichi et al., 2003; Jang et al., 2009). Several
types of leukocyte have been implicated as potentially pathogenic.

1.4.1 Neutrophils
The neutrophil has been identified as infiltrating early into the post-ischaemic
kidney (Ysebaert et al., 2000), however studies have differed in the
therapeutic benefit attributable to anti-neutrophil strategies. Whilst blocking
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cytokines or integrins to reduce neutrophil ingress have demonstrated
functional protection (Kelly et al., 1994; Miura et al., 2001), two different
depleting antibody approaches have been unsuccessful (Paller, 1989;
Thornton et al., 1989). As such the neutrophil is not regarded as the major
effector of renal IRI (Friedewald and Rabb, 2004).

1.4.2 Lymphocytes
A number of studies have presented results demonstrating the involvement
of the cells of the classical adaptive immune system in the initiation of IRI.
Profound functional protection from IRI occurs in rodent models with either
genetic or pharmacologic depletion of T cells, (Burne et al., 2001a; BurneTaney et al., 2005; Rabb, 2002a; Rabb et al., 2000b; Yokota et al., 2002a),
with a similar magnitude of protection seen in µMT mice lacking B cells
(Burne-Taney et al., 2003b).

The actual effector mechanisms underlying the pathogenic role of
lymphocytes in IRI remains unclear, although IFNγ production by CD4+ cells
has been implicated (Burne et al., 2001a), whilst wild type serum but not cell
transfer into µMT animals restores the injury phenotype, suggesting a soluble
factor originating in B-cells (Burne-Taney et al., 2003b). The complexity of
the system is emphasised by the conflicting data relating to the RAG-1
knockout (KO) mouse, which whilst deficient in both T & B cells has no
protection from IRI (Park et al., 2002), but intriguingly injury is ameliorated by
adoptive transfer of wild type lymphocytes (Burne-Taney et al., 2005).
29

Recent work has reported the key role played by T regulatory cells (Tregs) in
determining the recovery from ischemic renal injury (Gandolfo et al., 2009).
Tregs are present in augmented numbers within the post ischaemic kidney at
both 3 and 10 days post injury. Furthermore, when anti-CD25 antibodies
were employed to deplete Tregs in vivo in the recovery phase of IRI, there
was a persistence of structural injury, and a reduction on tubular proliferation
in both cortical and medullary compartments

1.4.3 Macrophages in renal IRI
The macrophage (MΦ) is well characterised as a key effector cell in several
models of renal inflammation (Erwig et al., 2001; Jose et al., 2003; Kluth et
al., 2004).

Furthermore, it has been demonstrated that in a model of

lymphocyte mediated injury such as renal transplantation targeting MΦ for
depletion enhances allograft survival (Jose et al., 2003). It is known that MΦ
enter the kidney in aftermath of IRI (Ysebaert et al., 2000) and recent studies
have demonstrated that ablation of renal MΦ can improve outcome in models
of renal IRI (Day et al., 2005; Jo et al., 2006), glomerulonephritis (Duffield et
al., 2005), and fibrosis (Henderson et al., 2008).
The role of the MΦ in renal IRI remains incompletely understood with a report
of their depletion improving long term recovery after IRI (Ko et al., 2008),
standing in contrast to evidence from other models suggesting that MΦ
represent key contributors to the successful resolution of renal inflammation
(reviewed in (Ricardo et al., 2008)).

There is circumstantial evidence
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supporting a role for classically activated MΦ in the evolution of renal IRI. Tcell derived IFN-γ is of documented importance in IRI pathogenesis (Burne et
al., 2001a)- a cytokine associated with classical activation of MΦ. Classically
activated MΦ have been demonstrated by our group and others to be
pathogenic to renal cells both in vitro and in vivo (Duffield et al., 2000;
Ikezumi et al., 2003; Kipari et al., 2006; Qi et al., 2008). It is recognised that
MΦ phenotype is modified within a hypoxic microenvironment, such as found
in a tumour (Lewis and Murdoch, 2005), or an ischaemic organ (Murdoch et
al., 2005)

Previous work from our group has also demonstrated the pathogenic
significance of MΦ Nitric Oxide (NO) production as a death signal for resident
renal cells both in vitro and in vivo (Ikezumi et al., 2003; Kipari et al., 2006).
NO is implicated in the evolution of renal injury (Anders et al., 2003) and it is
interesting that inhibition of NO generation has also been shown to be
protective in models of IRI (Ling et al., 1999; Noiri et al., 1996; Walker et al.,
2000).

The leukocyte Fc receptor is an important mechanism for MΦ

interaction with deposited immunoglobulins, a key step in the initiation and
progression of renal inflammation (Tarzi et al., 2003; Tarzi et al., 2002), with
activating FcR knockout mice exhibiting reduced infarct size in models of
cerebral ischaemia (Komine-Kobayashi et al., 2004).
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1.4.4 Dendritic Cells
The nomenclature and function of the resident renal phagocytes remains
controversial (see below).

Studies in the CX3CR1-GFP mouse have

demonstrated a dense network of GFP+ interstitial cells throughout the
kidney, many of which co-express CD11c, the prototypic murine DC marker
(Soos et al., 2006). These cells appear to traffic to regional lymph nodes and
present renal antigens in the aftermath of renal IRI (Dong et al., 2005).

Resident CD11c+ renal cells have been demonstrated to produce an early
burst of TNFα in the first hour after IRI, acting as a key cue to further immune
activation and recruitment (Dong et al., 2007). Highlighting the difficulties in
identifying discrete populations – these populations were also F4/80+, and
effectively phagocytosed and were killed by the ‘macrophage specific’
depleting agent liposomal clodronate.

1.4.6 Nomenclature in the mononuclear phagocyte system
Until recently, a widely accepted view of the resident mononuclear phagocyte
system held MΦ and dendritic cells as clearly separated in terms of cellular
function while occupying overlapping anatomical sites in peripheral tissues
and the reticuloendothelial system. In practice, distinguishing between
macrophages and dendritic cells has relied on the use of cell-surface
markers thought to be specific to either cell. The progressive refinement and
increasing number of available markers have served to complicate rather
than simplify our understanding of the renal mononuclear phagocyte system.
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The increasing characterization of both the surface markers expressed by
MΦ and DC, and more importantly the further characterisation of the
functional capabilities and phenotypic plasticity of both cells has led to an
ongoing blurring of the previously accepted ‘unique’ characteristics of each
lineage (Ferenbach and Hughes, 2008). It is now recognised that activated
macrophages can demonstrate antigen presentation and co-stimulatory
capacity (Martinez-Pomares and Gordon, 2007), whilst DCs are capable of
NO production and cytotoxicity (Serbina et al., 2003; Stary et al., 2007)
(Figure 1.1). This has led to the emergence of an alternative conceptual view
where a common myeloid progenitor gives rise to a spectrum of mature cells
within tissues adapted to diverse roles with overlapping functions; rather than
two functionally distinct lineages (Auffray et al., 2009; Hume, 2008).

Similarly, increasing characterisation of the various functional states of tissue
MΦ has confounded attempts to subdivide these cells into quiescent,
classically and alternatively activated subgroups.

A recently proposed

revision to this classification schema again suggests a more fluid ‘spectrum’
of activation states based on cytokine profile (Mosser and Edwards, 2008),
summarised in Figure 1.2 and Table 1.1. Briefly, this schema allows for
macrophages to respond to various environmental and cytokine cues to
adopt features of ‘classical activation’, ‘regulatory’ and ‘wound healing’ MΦ
subsets, with provision for further alteration in the expressed characteristics
on the basis of subsequent interactions.
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Figure 1.1

Conventional and recently reported characteristics of

Macrophages and Dendritic Cells
The plasticity of function exhibited by the cells of the mononuclear phagocyte
system is a focus of ongoing research. Recent reports have demonstrated
that there are few functions or surface markers which differentiate
macrophages from dendritic cells.

Black lines indicate well recognised

features/markers of each cell type, with red lines indicating more recently
published associations.

34

Figure 1.2 Schema of potential outcomes of macrophage activation
This

diagram

summarises

the

recently

proposed

classification

of

macrophage phenotype proposed by Mosser and Edwards. Solid black
arrows indicate cellular/cytokine stimuli for each polarisation, and dotted lines
indicating the plasticity which exists between all activation states (adapted
from (Mosser and Edwards, 2008))
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Table 1.1 Expressed and secreted markers of Macrophage populations
(adapted from (Mosser and Edwards, 2008))
Mφ Phenotype

Marker

Reference

Classical Activation

IL-12

(Trinchieri, 2003)

iNOS

(MacMicking et al., 1997)

CCL15

(Martinez et al., 2006)

CCL20
CXCL9

Regulatory

“

CXCL11

“

IL-10

(Gerber and Mosser, 2001)

Sphingosine kinase 1

(Edwards et al., 2006)
“

CCL1

(Sironi et al., 2006)

CCL18

(Kodelja et al., 1998)

Ym1

(Raes et al., 2002)

Resistin-like molecule-α

Abbreviations used:

(Martinez et al., 2008)

CXCL10

LIGHT

Wound Healing

“

“

CCL17

(Wirnsberger et al., 2006)

IL-27Rα

(Ruckerl et al., 2006)

IGF1

(Wynes and Riches, 2003)

CCL22

(Mantovani et al., 2002)

DCIR

(Martinez et al., 2006)

Stabilin 1

(Goerdt and Orfanos, 1999)

Factor XIII-A

(Torocsik et al., 2005)

CCL, CC-chemokine ligand; CCR8; CXCL, CXC-chemokine ligand;

CXCR, CXC-chemokine receptor; DCIR, DC immunoreceptor; IGF1, insulin-like growth
factor 1; IL, interleukin; IL-27Rα, IL-27 receptor α-chain; NO, nitric oxide; LIGHT,
homologous to lymphotoxins, shows inducible expression and competes with herpes simplex
virus glycoprotein D for herpes virus entry mediator (HVEM)/TNF-related 2.
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For the purpose of this thesis the term macrophage (MΦ) will be used to
describe the resident and recruited F4/80+ cells of the kidney, whilst
acknowledging that a proportion of these cells co-express the CD11c marker
classically associated with dendritic cell phenotype (Soos et al., 2006)

1.5 Approaches to experimental macrophage depletion in vivo
A number of experimental approaches have been developed to facilitate in
vivo experiments in the absence of MΦ. Whilst the PU.1 -/- mouse has a
congenital complete absence of MΦ it exhibits an extreme immunodeficiency
which limits survival and its use in experimental surgery (Fisher and Scott,
1998; Martin et al., 2003).

The most widely published method of Mφ

depletion is the administration of liposomally encapsulated clodronate first
described by Van Rooijen (Van Rooijen, 1989).

Intravenous (i.v.)

administration results in uptake by phagocytic cells, where the drug then
reaches toxic intracellular concentrations, causing loss of the mitochondrial
membrane potential via inhibition of mitochondrial adenosine triphosphate
(ATP)/adenosine diphosphate (ADP) translocase leading to apoptosis
(Green, 2003). Any free clodronate released from the dying cell has a short
half life and bystander toxicity is considered to be minimal (Van Rooijen and
Sanders, 1994). Such an approach has been used to deplete macrophages
in rodent models of IRI, which has been reported to be protective in both rats
(Jo et al., 2006) and mice (Day et al., 2005).
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An additional approach has utilised transgenic technology to generate mice
which express the human heparin-binding growth factor receptor (hbEGFR)
expressed under the control of the CD11b-promoter. This receptor is the
route by which diphtheria toxin (DT) enters and induces apoptosis in human
cells (Naglich et al., 1992), hence its alternative moniker as the Diphtheria
toxin receptor (DTR). Importantly DT binds to murine hbEGFR with <100th
the avidity of the human protein, allowing the selective induction of apoptosis
in particular cell lines transgenically expressing the human DTR. Such an
approach has allowed the generation of mice in which the hepatocytes, B
cells, T cells, macrophages, Langerhan’s cells and CD11c+ dendritic cells
can be depleted in vivo by the administration of nanomolar doses of DT
(Buch et al., 2005; Cailhier et al., 2005; Kissenpfennig et al., 2005; Saito et
al., 2001). The CD11b-DTR mouse permits conditional macrophage ablation
and has been used to probe the contribution of macrophages to experimental
glomerular disease (Duffield et al., 2005) and obstructive uropathy
(Henderson et al., 2008).

1.6 Apoptosis and immune modulation
First described nearly four decades ago (Kerr et al., 1972), apoptosis or
programmed cell death has proven to be a biological process of fundamental
importance.

The programmed death of cells is an essential feature of

embryogenesis, tissue renewal, the generation of the immune system and
defence against neoplasia. The triggers and effector pathways of apoptotic
cell death have been the subject of intense research over the last 30 years
and are now increasingly well characterised.
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Apoptosis is triggered by one of two main routes: one is via ligation and
activation of cell suface receptors of the TNF superfamily, the ‘death
receptor’ pathway. Alternatively, interactions between pro- and anti- apoptotic
signalling proteins of the BCL2 family triggered by cell stress, DNA damage
and growth factor withdrawal can initiate the mitochondrial pathway of
apoptosis. The common effector pathway of both pathways of apoptosis
results in caspase activation and a characteristic pattern of DNA
fragmentation (Wyllie, 1980). Associated with this is a loss of mitochondrial
membrane potential, release of calcium from the endoplasmic reticulum and
morphological changes with cell shrinkage, nuclear compaction (“pyknosis”)
and fragmentation (“karyorrhexis”) and blebbing of the plasma membrane
(Hotchkiss et al., 2009).

Apoptotic cells exhibit and release cues which prompt their phagocytosis in a
manner which does not result in subsequent inflammatory activation of the
phagocytosing cell (Savill et al., 1989). In contrast to necrotic cell death, Mφ
which have ingested apoptotic cells (AC) have augmented levels of TGFβ
and IL-10 which promote the resolution of inflammation and are relatively
resistant to subsequent classical activation (Fadok et al., 1998; Savill et al.,
2002; Voll et al., 1997).

As such, interventions resulting in significant

increases in levels of apoptosis within an organ or the circulation may result
in an indirect immunomodulatory effect,
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1.7 The biological role of heme oxygenase-1
Heme-oxygenases are the enzymes responsible for the catalysis of heme
molecules in mammalian cells.

They play a vital biological role in the

response to cellular injury, which can result in the denaturing of heme
containing compounds. These free heme molecules act as a potent source of
secondary oxidative stress if not promptly metabolised.

Whilst the constitutively expressed enzymes heme oxygenase-2 and -3
provide some basal metabolic activity, the predominant route of heme
metabolism is via the inducible enzyme heme oxygenase-1 (HO-1).

In

addition to removing a source of oxidative stress and generating free iron
(Fe2+), the other downstream products of heme metabolism bilirubin and
carbon monoxide (CO) are recognised to possess immunomodulatory, antiapoptotic and in the case of CO vasoactive properties (Akagi et al., 2005; Lai
et al., 2004; Vera et al., 2005; Wagener et al., 2003) (Figure 1.3). HO-1
induction is also coupled to increased availability of ferritin, leading to prompt
conjugation and removal of free iron – another source of potential oxidative
stress.

As such HO-1 has a range of effects on both the intrinisic ability of a tissue to
survive IRI, and on the behaviour of both the immune system and the
microcirculation. Accordingly, both the role of HO-1 in the renal response to
IRI, and its potential therapeutic manipulation are the subject of ongoing
research interest.
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Figure 1.3 The Heme – Heme oxygenase-1 pathway
Schematic diagram of the pathway of heme metabolism to its three
metabolites after catabolism by heme oxgenase-1.
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1.8 Heme oxygenase-1 and the kidney
Our current knowledge of the role of HO-1 in renal disease is largely based
on experience of animal models of kidney disease, with additional insights
from limited studies performed in human renal biopsy material. Heme
molecules are generated ubiquitously by all nucleated cells in the body
including those of the kidney, resulting in the need for a similarly widespread
availablility of HO-1 for heme metabolism. Such human data would support
HO-1 as being a component of the response of the tubulo-intersitial
compartment to injury, with tubular induction of HO-1 in response to injury
correlating with reduced markers of oxidative stress (Morimoto et al., 2001).
These findings would be consistent with the one reported case of human HO1 deficiency, which was characterised by systemic inflammation, haemolysis
and a nephropathy with progressive tubulo-interstitial inflammation (Koizumi,
2007).

The kidney can be subject to additional heme loads after tissue injury via the
circulation - with experimental models demonstrating the key role for HO-1 in
the successful metabolism of otherwise cytotoxic quantities of myoglobin
after induction of rhabdomyolysis (Nath et al., 1992). Consistent with this,
the HO-1 -/- mouse demonstrates exaggerated iron accumulation in the
kidney under physiologic conditions with heightened susceptibility to acute
kidney injury following models of IRI, rhabdomyolysis and cisplatin induced
AKI (Nath et al., 2000; Pittock et al., 2005; Shiraishi et al., 2000).
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1.8.1 Heme oxygenase-1 and renal ischaemia/reperfusion injury
As the principal route of free heme conjugation in the event of tissue injury,
HO-1 is induced in a range of organs in response to IRI. Such upregulation
has been demonstrated in the rodent kidney in response to experimental IRI
(Maines et al., 1993), and data from pre- and post-implantation biopsies of
human renal allografts demonstrates HO-1 induction in post-implantation
specimens, maximal in organs subject to delayed graft function (Ollinger et
al., 2008). Renal HO-1 can be induced by diverse noxious stimuli including
hypoxia, LPS administration and bile duct ligation, all of which result in
protection against a subsequent, more severe experimental IRI insultimplicating HO-1 induction as a potential mediator of the phenomena of
ischaemic pre-conditioning (reviewed in (Nath, 2006))

1.8.2 HO-1 upregulation as therapy in renal IRI
The upstream regulation of HO-1 at a cellular level is influenced by pleotropic
signals including heme itself, heat shock, hypoxia, and inflammatory
cytokines (a comprehensive review of this was performed by Sikorski and
collegues (Sikorski et al., 2004)). Much of our understanding of the potential
of HO-1 as a therapeutic target in renal IRI has arisen from studies
examining the administration of pharmacological agents to either induce or
inhibit HO-1 as a strategy to modulate outcome in experimental renal IRI
(reviewed in (Nath, 2006)).
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In general, chemical upregulation of HO-1 prior to the induction of renal injury
results in functional and structural protection against IRI, whilst inhibition of
HO-1 activity results in an abolition of protected phenotype and often an
augmented pattern of injury. Such approaches are not without caveats, as
the widely used HO-1 inducer hemin is itself a pro-oxidant and the HO-1
inhibiting protoporphyrin compounds almost ubiquitously impact on the
activity of inducible nitric oxide synthase (Appleton et al., 1999), which is also
involved in ischaemic injury.

1.9 Putative mechanisms mediating HO-1 protection in IRI
Given that HO-1 activity results in both the removal of a potent cell stressor
and the production of biologically active metabolites, the mechanisms
underlying the protected phenotypes reproducibly seen by HO-1 induction
are complex and likely multi-factorial (Figure 1.4). With the development of
novel carbon monoxide (CO) releasing molecules (CORMs) that can act as
CO donors in vivo probing of the relative contribution of the downstream
products of HO-1 activity has now become possible.
administration

of

CORMs

have

demonstrated

Studies with pre-

functional

protection

comparable to HO-1 induction in IRI, implicating CO as a key component of
the renal phenotype associated with HO-1 induction (Vera et al., 2005)

44

Figure 1.4 Current working hypothesis of putative actions of HO-1 in
acute kidney injury
HO-1 and the downstream metabolites of heme exhibit pleiotropic effects on
the inflammatory response, cell survival and the microcirculation, all of which
are of potential importance in mediating its potential protective effects after
IRI (dotted arrows).
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1.9.1 Renal blood flow and the microcirculation
Chemical inhibition of HO activity results in reduced medullary blood flow,
supporting a role for HO-1 in the maintenance of medullary perfusion (Zou et
al., 2000). Further weight has been added to this hypothesis by studies in
renal transplantation in rats.

When donors received pre-treatment with

hemin to induce HO-1, then the subsequent transplants had both preserved
function, increased capillary flow and diameter of intra-renal vessels when
assessed by intravital microscopy (Holzen et al., 2008). Carbon monoxide is
now recognised as having important effects on the circulation – both via its
potent vasodilatory effects and also potentially via the inhibition of platelet
aggregation (Chlopicki et al., 2006).

Recent micropuncture studies have

demonstrated that HO-1 blockade via stannous mesoporphyrin resulted in an
exaggeration of tubulo-glomerular feedback induced afferent arteriolar
vasoconstriction, with the effect antagonised by the administration of either a
CORM or exogenous biliverdin- implicating both heme metabolites in the
mediation of renal vasodilatation (Ren et al., 2008a).

Studies combining

inhaled CO with infused bilirubin in rat renal transplantation demonstrated
synergistic effects on both graft survival and on GFR and blood flow rates
(Nakao et al., 2005).

1.9.2 Cell apoptosis and survival
In keeping with the cytoprotectant role of HO-1 there is a consistent pattern
of reduced cell death present throughout studies of HO-1 upregulation whilst
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conversely HO-1 inhibition or constitutive absence results in increased levels
of apoptosis/necrosis. The pleotropic effects of HO-1 make the dissection of
the exact mechanism of this survival benefit problematic. It remains possible
that it is a secondary phenomenon due to improved perfusion and reduced
immune activation. However, there is a considerable evidence from other
organ systems implicating CO as an anti-apoptotic signal when present in
physiologic concentrations (Brouard et al., 2000). Additional in vitro evidence
from studies of tubular epithelial cell culture has implicated HO-1 as
promoting cell survival by induction of the cyclin dependent kinase inhibitor
p21 (Inguaggiato et al., 2001).

1.9.3 Modulation of local or systemic immune phenotype
The role of HO-1 in the modulation of immune responses is a rapidly evolving
field in immunology, with an increasing recognition that HO-1 may act as a
‘molecular brake’ on the activation, recruitment and amplification of immune
responses (reviewed in (Wagener et al., 2003)). Increased levels of HO-1
results in reduced expression of leukocyte adhesion molecules, and reduced
activity of the NF-κB pathway whilst constitutively HO-1 deficient animals
exhibit increased levels of monocyte chemoattractant protein (MCP-1)
(Pittock et al., 2005). HO-1 induction in organ resident macrophages has
been demonstrated to be of benefit in hepatic IRI (Devey et al., 2009), and
HO-1 is induced within renal macrophages by statin therapy, an intervention
associated with a protected phenotype in IRI (Gueler et al., 2007). Recently
published work has implicated HO-1 as a target antigen for CD8+ regulatory
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T cells, resulting in profound immunomodulation of cellular immune
responses (Andersen, 2009).

Given the recognised role of lymphocyte

populations in determining susceptibility to IRI, this adds an additional ‘extraenzymatic’ arm to the immunomodulatory properties of HO-1.

1.10 HO-1 – A target for translatable therapies?
Understanding the mechanisms mediating the initiation and propagation of
renal IRI remains the focus of intense research worldwide, however the
challenge remains to generate therapies that can be translated successfully
‘from bench to bedside’ to improve outcome in what remains a devastating
clinical problem.

As with many agents showing therapeutic promise in

animal studies, the utility of HO-1 based interventions are currently limited by
the apparent need to administer therapy prior to the onset of the renal insult.

There are however a number of clinical settings such as major cardiac or
vascular surgery, and admissions into critical care environments where AKI
may be probable, or in the case of renal transplantation, inevitable.
Additionally, with the advent of better identification of individuals at ‘renal risk’
or in incipient AKI using criteria such as RIFLE, then windows of therapeutic
opportunity may be identified to allow timely intervention.
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1.10.1 Candidate pharmacological inducers of HO-1
There is clearly a need for HO-1 inducing agents licenced for use in humansor indeed novel interventions such as CORM administration or inhaled low
concentration CO during surgery. The documented HO-1 inducing effects of
statins coupled to their established safety profile make them intriguing
candidates, although it is of note that the multi-centre ALERT study looking at
statin administration in transplantation showed no positive impact on acute or
chronic rejection or graft function over 5+ years, in contrast to their promising
immunomodulatory effects on animal models (Fellstrom et al., 2004).
Similarly, the unrelated lipid lowering agent probucol has been shown to
have HO-1 inducing activity in animal models (Wu et al., 2006), however the
likely clinical utility has been curtailed by its undesired effect of lowering HDL
levels.

The heme containing compound hemin is widely utilised for its HO-1 inducing
properties in vitro and in animal models, however the lack of pharmaceutical
grade reagent, and issues with stability and solubility at neutral pH levels
currently preclude clinical administration.

A related heme containing

compound heme arginate (HA) with HO-1 inducing properties (Kubulus et al.,
2005) has overcome many of these caveats, being significantly more stable
at injectable pH (Tenhunen et al., 1987) and is licenced and available for the
treatment of acute porphyria (Ventura et al., 2009)
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1.11 The aging kidney and acute kidney injury
The elderly exhibit both markedly increased susceptibility to AKI (Xue et al.,
2006), and higher rates of death and progression to end stage renal disease
(Ishani et al., 2009; Schmitt et al., 2008). This heightened vulnerability to
renal injury in the older population is conventionally thought to be
multifactorial in aetiology, with increased use of potentially nephrotoxic drugs
superimposed on conditions such as arteriosclerosis resulting in an impaired
ability to maintain adequate renal perfusion in response to other systemic
insults.

There is a small but emerging field of research exploring the molecular
effects of aging on a cellular level.

Recent work examining telomerase

deficient mice who experience progressive shortening of their telomere
length in successive generations demonstrate that ‘generation four’ animals
have reduced ability to mount a proliferative and regenerative response after
IRI (Westhoff et al., 2010). There is a scant but intriguing data set in models
of liver, lung and brain injury in older animals, suggesting that they may have
a reduced capacity to upregulate HO-1 expression in response to injury, and
a worsened outcome (Bloomer et al., 2009; Ewing and Maines, 2006; Ito et
al., 2009). The ‘master regulator’ of the cellular response to hypoxia, hypoxia
inducible factor-1α (HIF-1α) may also have a reduced ability to stabilise and
mediate adaption to hypoxic stress, via an increase in levels of the
hydroxylase PHD3 with aging (Rohrbach et al., 2005).
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1.12 Gene therapy for the treatment of renal disease
The first successful correction of disease in man by the delivery of
exogenous genetic material fifteen years ago heralded the start of the ‘Gene
Therapy Era’ (Blaese et al., 1995). However, with the exception of Phase I/II
trials in advanced renal cell carcinoma (Daniels and Galanis, 2001), kidney
diseases in man remain untouched by the progress made in other organ
systems.

A recent review of the progress made in translating these

technologies from bench to bedside reveal that of the 200+ registered clinical
gene therapy trials currently ongoing, the majority focus on monogenetic
inherited defects and the treatment of neoplastic disease (Alton et al., 2007).

Understandably, such therapies have been more difficult to implement in the
clinic for conditions where the prognosis is variable and the causative factors
polygenic or unknown- as is the case in many inflammatory conditions
including those of the kidney. Encouraging results of gene therapy for the
treatments of several animal models of GN have however been reported.
Additionally, the selective knockdown or overexpression of candidate genes
in experimental models of disease has allowed mechanistic insights into the
molecular pathways underlying both the disease and the injury response of
the kidney.

1.13 Obstacles to the delivery of successful renal gene therapy
The kidney is an anatomically complex organ with a large spectrum of
functionally distinct cell types. As many of the resident cells of interest are in
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a state of terminal differentiation, this limits the application of methods of
gene delivery reliant on cells undergoing active division. In contrast to the
early success stories of correction of genetic abnormalities such as ADASCID by modification of haematopoietic stem cells ex vivo (Blaese et al.,
1995) the accessibility, identification and indeed existence of the stem cell
populations of the kidney remains uncertain. This represents a significant
obstacle to sustainable long-term transgene expression. Additionally, cells of
the kidney implicated in disease processes e.g the podocyte, may have
anatomical barriers such as the glomerular basement membrane rendering
them less accessible to systemically administered gene therapies.

1.14 Strategies to deliver therapeutic gene therapy to the kidney
In the light of the various issues discussed above, a number of different
approaches have been used to try and target the therapeutic gene as
specifically as possible to the organ and cell of choice (Figure 1.5).

A

number of groups have employed direct injection into the renal vasculature of
DNA (Fujii et al., 2006), virus (Heikkila et al., 2001) or modified cells (Kluth et
al., 2001). Another approach has been the use of techniques such as
doxycycline inducibility (Hou et al., 2005; Lan et al., 2003) or the Cre-Lox
system to activate gene product only within inflamed environments e.g under
the IL-2 promoter (Yokoo, 2002). The various animal models targeted with
gene therapy strategies are summarised in Table 1.2. There may also be
lessons to be learned from research in other fields of autoimmune disease
such as experimental arthritis, where local delivery gene therapies have been
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used to inhibit potentially deleterious factors such as TNFα, NFκB or
overexpress beneficial factors such as IL-10, with therapeutic benefits
(Adriaansen et al., 2006).
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Figure 1.5 Potential routes of gene administration in renal disease
This figure summarises the various routes by which therapeutic gene therapy
has been delivered in an attempt to alter gene expression in renal disease.
In the case of muscle injection this resulted in local production but systemic
delivery of erythropoietin.
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Table 1.2 Applications of gene therapy in experimental models of renal
disease

Model

Intervention

Results

Anti Thy1 GN

i) TGFβ antisense ODN via HVJ

ECM expansion reduced

liposomes (Akagi et al., 1996)
ii) E2F ODN via liposomes

Reduced mesangial

(Maeshima et al., 1998; Tomita

proliferation

et al., 2004)
iii) cytosensor mesangial cells

Selective transgene

(Kitamura and Kawachi, 1997)

activation with inflammation

iv) PDGFR-Ig fusion protein to

Reduced mitosis and

skeletal muscle (Nakamura et

glomerular cell number

al., 2001)
v) siRNA to TGFβ (Takabatake

⇓matrix expansion

et al., 2005)
Alports (proof of
principle)

Adeno expressing human

Human Coll4 detected

COL4ia (Heikkila et al., 2001)

Mouse Anti-GBM

Macrophages expressing IL-1ra

Preservation of function and

antibody

(Yokoo et al., 1999) (pre-

reduced albuminuria

injected)
Nephrotoxic Nephritis

i.a. Macrophages expressing

Improved function, reduced

IL4 (Kluth et al., 2001), IL10

albumin excretion

(Wilson et al., 2002) or dom
neg NFkB (Wilson et al., 2005)
Murine AR PKD

Adenoviral delivery of EPO

Improvement in renal

(2FG-pcy mouse)

gene to peritoneal mesothelium

anaemia

(Osada et al., 1999)
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1.14.1 Adenovirus
Whilst adenovirus is a widely used tool for the transduction of susceptible cell
types, there have been conficting reports as to the ability of such approaches
to target the glomerulus. Proof of principle work in pigs in vivo demonstrated
that adenovirus directly injected in the renal artery can deliver the Type IV
collagen subunit missing in human Alport’s syndrome and result in protein
expression (Heikkila et al., 2001). As genetic material carried by adenovirus
does not integrate into host DNA such an approach would not be suitable for
long term correction of genetic defects. Conversely, adenoviral approaches
allow short-term gene expression without the concerns of insertional
mutagenesis associated with host DNA integration.

A variety of approaches have been taken to deliver adenovirus to the kidney,
successfully delivering LacZ to the cortical vasculature (Zhu et al., 1996),
whilst direct parenchymal injection of virus resulted in high levels of
expression of GFP around the injection site (Ortiz et al., 2003a). Further
refinement of the tropism of adenovirus to particular sections of the tubule
has been achieved by the use of promoter sequences of various
anatomically restricted tubular ion channels to limit transgene expression to
anatomical sites of interest- an example being the use of the Na/K/2Cl
cotransporter to deliver eNOS expression to the thick ascending loop of
Henle in eNOS -/- mice (Ortiz et al., 2003b). Adenovirus has been used to
deliver the EPO gene to the mesothelial cells of the peritoneum- with
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correction of anaemia in a mouse model of polycystic kidney disease (Osada
et al., 1999).

1.14.2 Recombinant Adeno-Associated viruses (rAAV)
These viruses, modified members of the parvovirus family, have the
advantages of low immunogenicity, replication incompetence, and the ability
to infect and integrate into a predictable site of human genomic DNA in
quiescent cells. Whilst considered a promising vector for the above reasons,
there is scant experience of their use in the kidney (Kapturczak et al., 2005).
The various subclasses of AAV differ in their cell tropism, with groups
demonstrating the ability of rAAV to infect both murine tubular and mesangial
cell lines in vitro (Lipkowitz et al., 1999), and tubular cells in vivo (Takeda et
al., 2004).

Attempts were then made to introduce rAAV directly into the

kidney by subcapsular injection, which resulted in prolonged tubular but
absent glomerular expression along the needle tract (Lipkowitz et al., 1999).
The lack of rAAV transduction of glomerular and interstitial cells types has
been confirmed by another group using an intra-arterial injection approach,
again demonstrating expression of reporter genes confined to tubular
structures (Chen et al., 2003). Given the role of the immune system in GN,
Begnini & colleagues’ use of rAAV to deliver sustained release of the
immunomodulatory protein CTLA4Ig in a rat renal transplant model (Benigni
et al., 2006), resulting in reduction of both proteinuria and glomerulosclerosis,
raised the exciting prospect of organ-specific and limited immunosuppressive
therapies.
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1.14.3 Naked DNA
Whilst enjoying the benefit of simplicity, naked plasmid DNA is very poorly
taken up into cells in vivo. Hydrodynamic effects have been employed in an
effort to improve transfection efficiency- in the kidney via a large volume
injection into the renal vein- delivering either a reporter gene or an
erythropoietin construct into interstitial fibroblasts (Maruyama et al., 2002).
The renal fibroblast has also been targeted in proof of priniciple studies using
direct injection of DNA into the renal parenchyma with whole organ
electroporation following venous and arterial clamping (Fujii et al., 2006)

1.14.4 Retrovirus
The requirement for cells to be undergoing cell division for successful
transduction with retrovirus has limited its utility in the kidney. An additional
caveat has been added by reports of leukaemia in several patients treated
with retroviral gene therapy for X-SCID, and the demonstration that retroviral
gene insertion occurs preferentially around transcriptionally active areas of
the genome (Deichmann et al., 2007; Hacein-Bey-Abina et al., 2003).
Attempts have been made to increase the efficiency of renal transduction by
the prior induction of tubular injury and regeneration, which was successful in
increasing tubular epithelial but not glomerular expression of reporter genes
(Bosch et al., 1993).
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1.14.5 Lentivirus
The use of lentiviruses, typically derived from the Human Immunodeficiency
Virus has the ability to transduce cells that are not actively dividing. Typically
the viral envelope is modified to maximise viral tropism to the cell type of
interest. There is scant experience of lentiviral gene delivery to the kidney,
with

one

group

reporting

negligible

expression

following

systemic

administration of a LacZ reporter gene construct, but some tubular
expression of the transgene following direct parenchymal or ureteral
administration in mice (Gusella et al., 2002)

1.14.6 Oligodeoxynucleotides
Oligodeoxynucleotides (ODN) are short nucleic acid sequences which when
introduced to a cell can interact with either DNA or DNA binding proteins to
selectively modulate gene expression (Tomita et al., 2007). Whilst such
sequences are subject to endonuclease activity and degradation new
technologies such as chemical modification and covalent linking is increasing
the efficacy and half life of such approaches (Osako et al., 2007; Tomita et
al., 2003).

Akagi and colleagues demonstrated the efficacy of gene

knockdown using ODNs packaged in hemagglutinating virus of Japan (HVJ)
modified liposomes and injected down the renal artery, resulting in TGF-β
knockdown and subsequent reduction in glomerular ECM expansion in the
anti-Thy1 model (Akagi et al., 1996). HVJ-Liposomes have also been used
in Thy1 nephritis to deliver ODN sequences inhibiting the E2F transcription
factor responsible for cell cycle progression (Tomita et al., 2004). The aim
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was to suppress the cellular proliferation noted in many human
glomerulonephritides- with delivery of the ODN associated with reduced
glomerular injury scoring and reduced proportion of glomerular cells in Sphase. Naked ODNs have successfully transfected glomerular cells, with
75% efficiency of expression of a reporter construct 4 days following direct
intra-arterial injection into the kidney and whole organ electroporation using a
set of tweezer electrodes (Tsujie et al., 2001).

1.14.7 RNA Interference
First described in 2001 (Elbashir et al., 2001), this approach utilises small
synthetic double stranded RNA sequences which are converted within the
cell cytoplasm to sequences capable of interacting with complementary
sequences to knock down genes of interest. Such gene interference
techniques stretch the definitions of gene therapy beyond the introduction of
beneficial genes, by allowing the selective downregulation of gene
expression. Takabatake and collegues have extensive experience of this
approach,

utilising

intra-arterial

injection

followed

by

whole

organ

electroporation. In this way they have knocked down endogenous EGFP
expression in the EGFP transgenic rat, and inhibited matrix expansion in the
Thy1.1 model of GN, by TGFβ knockdown (Takabatake et al., 2008;
Takabatake et al., 2005). Hamar and colleagues injected siRNA sequences
retrogradely via the renal vein antagonising Fas, significantly reducing
tubular apoptosis and creatinine following ischaemia/reperfusion injury
(Hamar et al., 2004).
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1.14.8 Liposomes / hemagglutinating virus of Japan
This approach utilises inactivated HVJ particles fused with liposomes
encompasing plasmid DNA containing the gene of interest.

The HVJ

particles within the lipid layer promote fusion with plasma membranes.
Added renal tropism has been obtained by utilising direct renal artery
injection- with such an approach allowing interesting mechanistic studies in
which TGF-β and platelet derived growth factor (PDGF) were delivered into
the

rat

glomerulus,

promoting

ECM

expansion

and

mesenchymal

proliferation respectively (Isaka et al., 1993). HVJ-liposomes have also been
successfully injected via a retrograde ureteric approach in rats, resulting in
reporter transgene expression in interstitial fibroblasts for over two weeks
after administration (Tsujie et al., 2000).

1.14.9 Systemic gene delivery via muscle transfection
Skeletal muscle cells have the advantage of accessibility to injection, and are
relatively easily transfected, even by naked DNA plasmid administration, with
prolonged expression. Such an approach can result in biologically significant
levels of transgene product being released systemically. One such example
is the introduction of a gene for a fusion protein which blocked PDGF by
injection and pulse electroporation. In the Thy1 model of GN in the rat this
approach reduced glomerular hypercellularity and proliferation 5 days after
treatment (Nakamura et al., 2001). Similar approaches have been used to
express erythropoietin (EPO) in rodents and non-human primates (Fattori et
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al., 2005; Rizzuto et al., 2000), whilst another group induced EPO gene
expression in muscle using lentiviruses (Seppen et al., 2001)

1.14.10 Bone marrow transplantation
Yokoo and colleagues have reported a series of intriguing experiments
examining the potential for bone marrow transplantation to deliver
therapeutic genes in renal disease. In initial studies bone marrow cells were
retrovirally transduced with IL-1 receptor antagonist, then transfused into
sublethally irradiated animals.

The cells engrafted, and transgene

expressing cells homed to the inflamed glomerulus in subsequent NTN,
which followed a retarded course (Yokoo et al., 2001). In further work the
immune system of a severely immunodeficient mouse (NOD-SCID) was
reconstituted with CD34+ cells derived from human umbilical cord blood.
Prior to the peripheral injection of the cells they were transduced with a
reporter gene (B-glucuronidase) using a retrovirus and demonstrated
persistence of the xenograft & recruitment of monocyte-like cells expressing
the transgene to the glomerulus following LPS injection (Yokoo et al., 2003).

Bone marrow transplantation has traditionally carried a morbidity and
mortality which precluded its use in chronic renal disease, however recent
advances have permitted the introduction of non-myeloablative regimes as
part of apparently successful tolerogenic induction for renal transplants
(Kawai et al., 2008).

Such approaches raise the prospect of ex vivo
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manipulation of cell populations which are then re-introduced to achieve long
term engraftment and gene expression.

1.14.11 Cell based delivery systems
Cell based approaches where genetic manipulation is performed ex vivo on
cells such as leukocytes offer several features that make them attractive
candidates for the treatment of renal disease (reviewed in (Yokoo et al.,
2001)).

The various applications of cell delivered gene therapy to

experimental renal disease are summarised in Table 1.3. Monocyte/MΦ are
recruited to the glomerulus and contribute to the pathogenesis of GN in both
animals and man (Kluth et al., 2004). MΦ can adopt an ‘anti-inflammatory’ or
‘pro-repair’ phenotype after therapeutic manipulation (Yokoo et al., 1998).
Indeed manipulations as simple as the administration of cytokines IL-4 and
IL-13 or IL-10 and TGF-β to splenic MΦ ex vivo prior to systemic injection
has resulted in amelioration of disease in the adriamycin nephropathy model
in mice, potentially via the generation of a population of regulatory Tlymphocytes (Cao et al., 2010; Wang et al., 2007). Conversely the classical
activation of MΦ by their exposure to CpG DNA ex vivo prior to injection
resulted in a worsening of injury in the adriamycin model (Wang et al., 2008),
highlighting the deleterious potential of the activated MΦ in renal disease. It
was striking that in the last of these experiments, numbers as low as 1 x 104
injected activated cells exerted biologically significant effects, whilst a 100x
greater number of quiescent MΦ had no effect.
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BMDMφ

CD34+ stem cells

UUO (murine)

Murine NTN

Reduced creatinine
and albuminuria

IL-1ra

Cells present at d6

fibrosis

infiltration and

Decreased Mφ

functional injury

and worsened

transduction with

IV injection

irradiation

transduction

Retroviral

IV injection post

Ad-IL-1ra

stimulation

Localisation at 28d

IV injection

CpG DNA

Splenic Mφ

functional injury

and reduced

Localisation at 28d

activation

IV injection

SCID mice

IL-4/IL-13 activation
IL-10/TGF-β

Splenic Mφ

proteinuria and

injection

repressor

histological injury

Reduced

Renal Artery

Ad-IκB super-

histological injury

proteinuria and

ininjuryinjury
Reduced

nephropathy in

Adriamycin

injection

transduction

BMDMφ

Renal Artery

Ad-IL10

BMDMφ

Reduced injury and

injection
proteinuria

Localisation at d 7.

Results

Renal Artery

Ad-IL4 transduction

NR8383 cell line

Route of delivery

Rat NTN

Modification

Cell used

Model

2001)

(Yokoo et al.,

al., 2001)

(Yamagishi et

2008),

(Wang et al.,

2007)

Wang et al.,

(Cao et al.;

2005)

(Wilson et al.,

2002)

(Wilson et al.,

2001)

(Kluth et al.,

Study

Table 1.3 Mφ cell therapy in experimental renal disease

64

Early studies demonstrated the feasibility of utilising MΦ to home to the
inflamed glomerulus (Yokoo et al., 1998), and modify renal disease by the
delivery of exogenous anti-inflammatory genes such as IL-1ra (Yokoo et al.,
1999). Furthermore, safety issues relating to the direct in vivo administration
of viral vectors are avoided, whilst the effective gene dose applied to the cells
can be assayed prior to delivery of cells.

Kluth and co-workers have successfully applied this approach to the
treatment of rat nephrotoxic nephritis - delivering macrophages, via renal
artery injection, that have been programmed to behave in an anti
inflammatory manner following adenoviral transfection with IL4, IL-10 or a
dominant negative IκB construct inhibiting the NFκB pathway respectively
(Kluth et al., 2001; Wilson et al., 2005; Wilson et al., 2002). This approach
has also been employed to target diseases of the tubulo-interstitium with IL-1
receptor antagonist (IL-1ra) expressing MΦ reducing fibrosis in unilateral
ureteric obstruction (Yamagishi et al., 2001).

Mesangial cells transfected ex vivo to express β-gal have also been utilised
as a vehicle for cell based gene delivery into the glomerulus by intra-arterial
injection. The cells and the reporter gene product persisted for 4 weeks, with
cells present within the glomerular capillaries, and in some cases having
migrated into the mesangium (Kitamura et al., 1994). One area of concern
with this approach was that the cell injected animals had reduced renal
function on the side of intervention compared to control injection, hinting at a
deleterious

effect

of

exogenous

cells

stuck

within

the

glomerular
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microcirculation (Kitamura et al., 1994). The same group went on to create
an engineered construct where transgene expression was under the control
of a promoter (CArG box) activated by mesangial cells in response to
glomerular inflammation. This resulted in selective transgene expression in
cells located within the inflamed glomeruli in the rat anti-Thy1 nephritis model
(Kitamura and Kawachi, 1997).

As both technological expertise and our understanding both of the genes of
importance in renal disease and IRI and the key regulators of their
expression expands, so new targets for potential genetic intervention will
become known and accessible to therapy.
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1.15 Hypothesis
This thesis will examine the hypothesis that the macrophage is a key effector
of injury in renal IRI. Furthermore, manipulation of macrophage number and
phenotype should therefore permit modulation and potential amelioration of
renal injury and dysfunction.

1.16 Aims
1) A model of murine IRI will be established in the FVB mouse strain to
provide clinically significant renal injury and dysfunction
2) The CD11b-DTR mouse will be used to permit in vivo depletion of
monocyte/MΦ prior to IRI, and characterisation of its effect on
outcome after IRI.
3) The expression of the putative cytoprotective gene HO-1 will be
assessed within the injured kidneys of young and old animals, and
studies undertaken using pharmacological inducers of HO-1 prior to
IRI
4) To permit further elucidation of the role of MΦ expressed HO-1 in IRI,
ex vivo upregulation of HO-1 prior to MΦ administration as cell therapy
will be undertaken and the effects characterised.
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2. MATERIALS AND METHODS

2.1 Materials and reagents
Tissue culture reagents were purchased from Life Technologies (Paisley,
UK). Tissue culture plastics were obtained from Costar (Loughborough, UK)
and Falcon (Runcorn, UK). Conjugated and unconjugated antibodies used
for flow cytometry and immunohistochemistry are summarized in Tables 2.1
and 2.2 respectively. All other reagents were from Sigma-Aldrich Co. Ltd.
(Poole, UK) unless otherwise stated.

2.2 Preparation and characterisation of primary Bone Marrow Derived
MΦ
Bone marrow derived MΦ (BMDM) were prepared from FVB/n mice (Duffield
et al., 2000). Young (8 week old) animals were killed by cervical dislocation,
cleaned with 70% ethanol and the femors dissected out en bloc without
breach of the periosteum. The femurs were stored in ice cold Dulbecco’s
modified eagle’s medium (DMEM) supplemented with penicillin and
streptomycin, and transported back to a tissue culture hood. Under aseptic
conditions all soft tissues were dissected from the femur, and both ends of
the bone removed using a scalpel. Bone marrow was then obtained from the
femurs by irrigation of the marrow space with 10mls of sterile media into
Teflon coated pots. Culture was then performed in 50mls of DMEM with 10%
heat inactivated fetal calf serum (FCS), penicillin (100U/ml),
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Table 2.1 Conjugated antibodies used in flow cytometric analysis
This table summarises the various conjugated antibodies utilised to analyse
in vitro MΦ, blood leukocyte populations, and cells obtained by whole organ
digestion and dissocation, along with their cellular targets and the isotypes
used.

Antigen / Ig class

Target Cell

Flurochrome

Manufacturer

Rat anti-mouse

Monocytes

FITC

Invitrogen, UK

CD11b

Neutrophils

PE

IgG2b

(+some B-cells)

Rat anti-mouse

Macrophages

FITC

F4/80

PE

IgG2b

PerCP-Cy5.5

Invitrogen, UK

APC
Hamster anti-mouse

Macrophages

FITC

Invitrogen, UK

CD11c

Dendritic Cells

APC

B Lymphocytes

PE

Invitrogen, UK

Rat anti-mouse

Neutrophils

PE

eBioscience, UK

Gr1 (Ly6c/g)

Ly6c+ Monocytes

APC

Rat anti-human

CD4+

FITC

AbD Serotec, UK

CD4

T Lymphocytes
APC

Invitrogen, UK

FITC

eBioscience, UK

Polyclonal IgG
Rat anti-mouse
B220 (CD45R)
IgG2a

IgG2b

IgG2a
Rat anti-mouse

CD8+

CD8a

T Lymphocytes

IgG2a
Rat anti mouse

Antigen presenting

MHC Class II

cells

IgG2b
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Table 2.2 Antibodies used for immunohistochemistry
This table summarises the various antibodies utilised to analyse both frozen
and paraffin embedded tissue sections, along with their cellular targets,
working concentrations and the isotypes used. Either conjugated fluorescent
secondary antibodies or DAB based detection systems were used for
immunofluorescent and immunohistochemical protocols respectively.
Host species

Target Cell

Antigen

Working

Manufacturer

concentration

Ig class/Isotype
Rat anti-mouse

Macrophages

1:250

Invitrogen, UK

Endothelial cells

1:100

BD Biosciences, UK

various

1:250

Stressgen, UK

B Lymphocytes

1:50

Invitrogen, UK

Neutrophils

1:250

Cambridge

F4/80
IgG2b
Rat anti-mouse
CD31
IgG2a
Rabbit anti-mouse
HO-1
Polyclonal IgG
Rat anti-mouse
B220-Biotin
IgG2a
Rat anti-mouse
Gr1 (Ly6c/g)

Biotechnology, UK

IgG2b
Rat anti-human

T Lymphocytes

1:100

AbD Serotec, UK

Apoptotic cells

1:100

Abcam, UK

various

1:100

MP Biomedical, UK

Platelets

1:250

AbD Serotec, UK

CD3
IgG1
Rabbit anti-mouse
Active caspase-3
Polyclonal IgG
Goat anti-mouse
Complement C3
Polyclonal
Rat anti-mouse
CD41
IgG1
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streptomycin (100µg/ml) and 20% L929 cell-conditioned medium containing
macrophage colony stimulating factor (M-CSF) for 7 days. The top 10mL of
media was aspirated and replaced with fresh media on alternate days.

MΦ differentiation was confirmed by staining with F4/80-PerCP and CD11bFITC antibodies (both BD Biosciences, UK) prior to analysis by flow
cytometry (Figure 2.1), demonstrating that greater than 80% of cells retrieved
at day 7 co-expressed the prototypic MΦ markers F4/80 and CD11b.

2.3 Recombinant adenoviruses and transfection
Ad-HO-1 was constructed, amplified and purified on a caesium chloride
gradient by Mr Vasudev Ramdas as previously described (Chauveau et al.,
2002) with control adenovirus provided by β-galactosidase expressing vector
(Ad-βgal), Both adenoviruses were produced in 293 cells with subsequent
purification on caesium chloride gradient, dialysis against 10mM Tris (pH 7.4)
buffer with 10% (v/v) glycerol, and storage at -70°C. Viral titer was
determined by plaque assay on 293 cells and expressed as PFUs, while the
absence of replication competent virus was confirmed by plaque assay on
HeLa cells.

2.4

Activation of BMDM and measurement of nitrite and cytokine

production
Following transfection MΦ were plated and selected groups activated with
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Figure 2.1 Flow cytometric analysis of bone marrow derived MΦ
Bone marrow derived MΦ co-express high levels of the classical
macrophage markers CD11b and F4/80 by flow cytometry after 7 days
culture in vitro, with greater than 95% CD11b+ and more than 80%
CD11b+F4/80+.
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lipopolysaccharide (LPS) (1 µg/ml) and murine interferon-γ (IFN-γ) (100
U/ml). Media was collected and analyzed by specific ELISA for IL-10 and
TNF-α (both R&D Systems, Abingdon, UK), see below for full ELISA
protocol. The Greiss Assay was employed to measure nitrite as a marker of
nitric oxide production using a kit supplied by Promega, UK, and used as per
manufacturer’s instructions. Briefly, a standard curve was generated with
serial dilutions of a 0.1M nitrite standard solution added in triplicate to a 96
well plate.

50µL samples of the experimental solution were pipetted in

duplicate into wells, prior to the addition of 50µL of the supplied
sulphanilamide solution using a multichannel pipette. Following a 10 minute
incubation

in

the

dark,

a

further

50µL

of

the

supplied

N-1-

napthylethylenediamine dihydrochloride solution was added and a further 10
minutes incubation performed. Absorbance was then measured in a BioTek
Synergy HT plate reader (BioTek, Potton, UK). All results were normalized
and expressed as units per million MΦ.

2.5 Preparation of apoptotic thymocytes
Thymi were removed from 5-8 week old mice following culling by cervical
dislocation. Thymi were stored promptly in ice-cold RPMI1640 media
supplemented with 1% penicillin/streptomycin (P/S) (penicillin – 10 units/ml,
streptomycin – 10mg/ml).

On return to the lab, the tissue was carefully

dissociated within a level 2 tissue culture hood, by gentle grinding between
two sterile glass microscope slides, allowing liberated cells to be released
into a RPMI1640 filled dish. This cell suspension was made up to 100mls of
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total volume, then stored in a 75cm2 tissue culture flask in the presence of
1% P/S, 1% FCS and the addition of dexamethasone at a final concentration
of 1 µM. For in vivo experiments examining cell trafficking, 10µL of Cell
Tracker Green CMFDA dye (Invitrogen, UK) was added to produce green
membrane fluorescence, prior to excess dye quenching by the addition of the
FCS. Incubation was performed for 20 hours in a standard tissue culture
incubator. Cells were then centrifuged at 220g for 5 minutes, and washed
twice in Dulbecco’s PBS. Final cell counts were determined using a
haemocytometer.

2.5.1 Assessment of thymocyte apoptosis by flow cytometry
To assess levels of apoptosis present after various culture conditions
thymocyte preparations were stained with Annexin V-FITC and Propidium
Iodide (PI) (Annexin V staining kit, AbD Serotec, Oxford) following washing
and suspension in 1x Annexin V binding buffer as per manufacturer’s
instructions. Cells were incubated in the dark for 15 minutes prior to analysis
by flow cytometry. Presence of Annexin V positivity was taken to represent
cells

undergoing

programmed

cell

death,

with

co-positivity

for

PI

demonstrating membrane leak due to secondary necrotic changes.

2.6 Preparation of plasma for serum transfer and in vitro experiments
Male mice on the Balb/c and SCID strain backgrounds were exsanguinated
via cannulation of the inferior vena cava under terminal anaesthesia. Blood
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was stored overnight at 4°C to allow clotting to occur, and following
centrifugation at 300g for 5 minutes the serum fraction was aspirated,
alliquoted and frozen for use in subsequent experiments. For serum transfer
experiments 400µL of serum from the desired mouse strain was injected i.p 4
hours prior to initiation of experimental IRI, as described previously by Dr
Burne-Taney and colleagues (Burne-Taney et al., 2003b).

2.7 Detection of serum IgM binding to apoptotic cells
Apoptotic cells were prepared as previously described, counted and 5x104
cells added to cytometer tubes. Incubation at room temperature was then
performed with 50µL of either PBS, SCID mouse serum, or Balb/c serum at
increasing dilutions with PBS.

Following 30 minutes incubation the cells

were spun at 220g for 5 minutes, washed with PBS then respun and washed
a further 2 times. Samples were then incubated for 30 minutes with an antimouse IgM antibody conjugated to either PE or APC flurochromes (BD
Biosciences, UK), diluted 1:100 in a solution of PBS with 10% SCID serum
(used in preference to normal mouse serum to ensure no inadvertent
addition of further nAb to the experiment). Subsequent to this samples were
analysed immediately on the FACSCaliber cytometer.

2.8 Phagocytosis Assays
Strain matched thymi were homogenized and the liberated thymocytes
stained with Cell Tracker Green CMFDA dye (Invitrogen, UK). Cells were
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suspended in 100mls RPMI, and rendered apoptotic by overnight culture with
the addition of 1µM dexamethasone. Apoptosis was confirmed by staining
with the dyes Trypan Blue and Hoescht 33342 (both Invitrogen, UK). BMDM
were fed the apoptotic thymocytes at a ratio of 10:1 apoptotic cells to BMDM.
After 1 hour the wells were washed x3 with ice cold PBS, and Lysotracker
Red (Invitrogen, UK) was added to identify phagolysosomes. Fluorescent
images were taken and co-localisation between the red phagolysosome and
green apoptotic cells taken to represent phagocytosis. Results were
expressed as number of BMDM ingesting apoptotic cells as a proportion of
total BMDMs (% phagocytosis), and the mean number of apoptotic cells
ingested by each phagocytic BMDM (phagocytic index).

2.9 Western Blotting of HO-1 protein
MΦ were suspended in lysis buffer (20mM Tris-HCl, 1mM EDTA (pH 8.0),
150mM NaCl and 1% (v/v) Triton-X) supplemented with commercially
available antiprotease tablets (Amersham, UK) and spun at 18,000g for 15
minutes, after which the liquid phase was mixed with equal volumes of 2x
laemmli buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004%
bromphenol blue and 0.125 M Tris HCl) prior to heating to 95°C for 5
minutes.

Protein concentrations were estimated by the Bio-Rad protein

assay reagent (Bio-Rad Laboratories, Hercules, CA). Western Blotting for
HO-1 protein was performed as previously described by Datta et al (Datta et
al.,

1999).

Following

electrophoresis

onto

Hybond-P

membranes

(Amersham, Arlington Heights, IL), the membranes were blocked with 5%
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dried milk then incubated overnight at 4°C with polyclonal rabbit anti-HO-1
antibody (1:5000 dilution; Stressgen Biotechnologies, Vancouver, Canada).
After washing in TBS+0.1%Tween the blots were incubated with secondary
antibody (HRP conjugated goat anti rabbit, Sigma) for 1h.

Blots were

visualized using the ECL Plus system (Amersham biosciences). Protein
loading was confirmed by reprobing the membranes with anti β-actin
antibody (Sigma).

2.10 Heme oxygenase bioactivity assay
Due to the logistical difficulties in measuring carbon monoxide, the rate of
generation of bilirubin as a metabolite of HO-1 catalysed biliverdin generation
is an accepted assay for HO-1 bioactivity. This reaction requires both a
source of heme moieties for metabolism and sufficient biliverdin reductase
(from liver cytosol) to ensure that the subsequent metabolism of biliverdin to
bilirubin is not the rate limiting step in bilirubin generation.

24hrs after transfection MΦ were harvested and HO activity assays using the
method published by Steven McNally and collegues (McNally et al., 2004).
Cells were harvested into 100mM potassium phosphate and 2mM MgCl2
containing buffer by scraping, then pelleted and lysed. A reaction mixture
was then created containing 500µg of cell derived protein; 1.5mg rat liver
cytosol; 0.8mM NADPH; 2mM glucose; 6 mM phosphate; 0.2 units glucose 6
phosphate dehydrogenase; and 20µg hemin, incubated at 37°C for 1h then
terminated by adding 400µL of chloroform and vortexing for 20 seconds,
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followed by centrifugation at 10,000g for one minute. Bilirubin content was
measured by spectrophotometry. Results were expressed as pg of bilirubin
formed per mg protein per hour.

2.11 Cytokine quantification
Analysis of levels of cytokines from either tissue culture supernatants or from
serum samples from experimental animals was undertaken using the
enzyme-linked immunosorbant assay (ELISA).

DuoSet ELISA kits were

purchased from R&D Systems, (Abingdon, UK) for TNF-α, TGF-β and IL-10,
and assays were performed according to manufacturer’s instructions. Briefly,
Acid activation of latent TGF-β1 to immunoreactive TGF-β1 was achieved by
the addition of 1N HCl to cell supernatants and 2.5N acetic acid/10M urea
prior to neutralization with 1.2N NaOH/0.5M HEPES and 2.7N NaOH/1M
HEPES respectively. Following administration of biotinylated detection
antibody, a 1:1 ratio of H202 and tetramethylbenzidine was used as substrate
prior to optical density analysis on a BioTek Synergy HT plate reader
(BioTek, Potton, UK).

2.12 Purification and preparation of IL-10R blocking antibody
Media supernatants were collected from both hybridoma clone 1B1.2, which
has documented IL-10R receptor blocking properties (Leech et al., 2007),
and a clone producing a matched isotype.

The initial volume of the

supernatants were reduced by repeated dialysis against polyethylene glycol
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(Fisons, UK). After centrifugation and 0.42micron filtration, the pH of the
supernatants was titrated to 7.0. Protein G beads from Sigma were washed
in 20mM Sodium Phosphate buffer and then added to the hybridoma
supernatant, prior to 4h incubation at 4°C on a rotating mixer. The mix was
then spun, the supernatant removed and the beads washed with 50mL of
20mM Phosphate buffer. To elute the antibody, 2mL of 0.1M Glycine was
added to the beads, mixed for 2 minutes at room temperature then collected
into 0.2mL of 1M Tris neutralising buffer. The antibody containing solution
was then dialysed against a 100x greater volume of PBS for three
repetitions.

Protein concentration was then determined as described in

Section 2.9, prior to alliquoting and storage at -20°C. For in vivo experiments
500µg of antibody was administered ip 4 hours prior to experimental IRI.

2.13 Murine model of ischaemia/reperfusion injury
Initial experiments were performed on young male mice (aged 6-8 weeks old)
with further experiments utilising female mice aged either 6-8 weeks old
(Young) or 52-60 weeks old (Old), from in-house colonies of CD11b-DTR
animals on inbred FVB/n strain backround. Male animals were on either
FVB/n, Balb/c, or Balb/c-SCID strain background (all purchased from Harlan
(UK)) or CD11b-DTR animals bred in house on the FVB/n strain backround.
Animals were housed with free access to food and water in accordance with
Home Office and local guidelines.
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Table 2.3 Summary of mouse strains used for IRI experiments

Strain

Key features

Th1/Th2

Health problems

MHC

Known to be
predisposed to
tumor formation
with aging (55%
males, 66%
females at 2
years)
As FVB/n

H2q

Th2

Predisposed to
lung and renal
tumours with age

H2d

Th2

Severe combined H2d
immunodeficienc
y requiring
housing in
isolators- highly
susceptible to vial
and bacterial
infections

polarisation
FVB/n

CD11b-DTR
(FVB/n
background)

Balb/c

SCID
(Balb/c
background)

Widely used for
generation of
transgenic lines
due to large
litters and
prominent
oocyte pronuclei
Transgenic for
hbEGF-R under
control of
CD11b promotor
which allows
conditional
Macrophage
depletion by DT
Albino, widely
used mouse
strain. Docile,
good breeding
performance
Mouse carries
spontaneously
occurring
PkdcSCID
mutation
resulting in
maturation block
for both B and T
Lymphocytes –
some
breakthough of
mature cells
occasionally
seen with aging

Th2

Th2

H2q
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For the experimental IRI model, ketamine and metatomidine anaesthesia
was induced via the intraperitoneal route, with buprenorphine analgesia
subcutaneously. A right nephrectomy was performed and the left renal
pedicle identified and occluded by atraumatic clamp for 20 minutes. Body
temperature was maintained at either 33.5°C, 35.5°C or 37.5°C using a
homeostatically controlled blanket (Harvard Apparatus, Boston MA).
Following reperfusion the peritoneum was closed with 5/0 suture and the skin
with clips, and anaesthesia reversed using atipamazole. 1ml sterile saline
was administered subcutaneously prior to and post surgery and the animals
were maintained in an incubator overnight. Blood and tissue samples were
obtained at 1h, 24h, 3 or 7 days post surgery under terminal anaesthesia.

2.14 Induction of Hemeoxyenase-1 Protein
Heme

arginate

(Orphan

Europe,

Paris,

France)

was

administered

intravenously to selected animals at a dose of 30mg/kg 24h prior to induction
of IRI. Paired control animals received equal volumes of PBS.

2.15 Administration of Liposomal Clodronate
Clodronate liposomes were obtained from Professor Nico van Rooijen of
Vrije University, the Netherlands (www.clodronateliposomes.org).

These

were prepared as previously described (Van Rooijen and Sanders, 1994).
After warming and resuspension of the liposomes a dose of 200µL was
administered i.v. to induce macrophage depletion as recommended by Prof
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Van Rooijen.

Subsequent surgery was performed 24h after the

administration of liposomes.

2.16 Administration of Diphtheria Toxin
For experiments examining ablation of macrophages, CD11b-DTR animals
on the FVB background expressing the human receptor for Diphtheria toxin
under the control of the CD11b promotor were used as previously described
(Cailhier et al., 2005). Based on previous work a dose of 25ng/g body weight
of Diphtheria Toxin was administered to CD11b-DTR or wild type controls
24h prior to IRI in all initial depletion experiments to induce renal and
circulating monocyte/ MΦ ablation at the time of surgery. Subsequent work
performed by our group demonstrated the equivalence of a dose of 10ng/g
body weight, which was employed in the experiments in aged mice.

2.17 Collection and staining of whole blood for leukocyte populations
A method was developed to permit the flow cytometric analysis of a known
blood volume of blood. Animals were restrained and 25µL of whole blood
was venesected via a tail vein nick. To ensure consistent sample volumes,
25µL blood was collected from the tail nick using a P200 pipette which
already

held

25µL

4.5%

citrate

solution,

resulting

in

immediate

anticoagulation of the collected blood prior to storage on ice.
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2x25µL of the blood samples were pipetted into FACS tubes and stained for
30 minutes on ice with either:
Mix A : 0.5µL CD11b-FITC, 0.5µL Gr1-PE, 0.5µL F4/80-APC, 5µL mouse
serum, and 43.5µL PBS -/Mix B : 0.5µL CD4-FITC, 0.5µL B220-PE, 0.5µL CD8a-APC, 5µL mouse
serum, and 43.5µL PBS -/-.

Red blood cell lysis was performed using BD FACSLyse™ solution (BD
Biosciences, UK) as per manufacturer’s instructions. Following spinning at
300g for 5 minutes the pellet was resuspended in PBS -/- for immediate
analysis, or fixed using 10% formalin and stored in the dark at 4°C for later
flow cytometry.

Flow cytometry was performed on a BD FACSCaliber™

cytometer. Immediately prior to sample acquisition, 50µL of BD Flowcheck
bead suspension (equating to ~50,000 FL3 bright beads) was added to each
sample tube, followed by brief agitation. Sample acquisition was terminated
after 5,000 bead events had been counted, equating to 1/10th of the total
experimental volume.

2.18 Analysis of cell populations observed by flow cytometry
FlowJo software (Treestar Inc. Oregon, USA) was used to analyse data files
from flow cytometry.
collected,

When whole blood leukocyte populations were

mononuclear

and

polymorphonuclear

populations

were

differentiated based on forward and side scattering characteristics. Further
criteria were applied before a cell was definitively identified as belonging to a
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distinct lineage. In each case the cell was provisionally identified on the basis
of appropriate forward and side scattering characteristics. Surface markers
were then examined- in the case of neutrophils cells were also CD11b
mid/high and Gr1 high, monocytes were CD11b high and Gr1 high or low, B
lymphocytes B220 high and T lymphocytes either CD4 or CD8 high.

Given that each cytometer tube contained 12.5µL of whole blood (diluted with
an equal volume of citrate), any cell counts obtained during cytometer
collection equated to 1:800th of the total cell population present in 1mL of
whole blood- thereby permitting the expression of results standardised as
total cells per millilitre of whole blood.

2.19 Administration and localisation of MΦ
Following transfection, MΦ were resuspended and fluorescently labelled
using the PKH26-GCL kit. The dye was quenched with FCS, prior to washing
x3 with PBS. The cells were then counted and kept on ice until intravenous
injection into animals via the tail vein 20 minutes after restoration of the renal
blood supply.

Renal lung, liver and splenic tissue was obtained under

terminal anaesthesia 24h after IRI, and snap frozen in liquid nitrogen prior to
embedding in OCT fixative. 5µm frozen sections were examined by
fluorescence microscopy to permit counting of PKH+ cells. Results were
expressed as mean cells per high power field (x400 magnification), averaged
over 5 fields per organ.
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2.20 Administration and localisation of apoptotic cells
In experiments examining the effects and fate of systemically administered
ACs, ACs were labelled with CM Green as described earlier, and the
concentration adjusted to 8 x 107 cells/mL in order to allow an injection
volume of 250µL to deliver 20 x 106 cells via the tail vein. For experiments
examining the effect of AC administration on outcome after IRI animals
underwent IRI as previously described either 24h or 8 days after
administration of cells. In experiments examining the distribution of ACs in
solid organs after injection animals underwent terminal anaesthesia and
venesection and harvest of organs 1 hour after injection of ACs. Tissue from
organs was divided with one half snap frozen in liquid nitrogen and the other
stored in RPMI 1640 media for tissue digestion (as detailed below) and
FACS analysis. Frozen sections were prepared as described above, and
then examined for CM Green positivity by fluorescence microscopy, counting
the mean number of ACs detected over 5 100x microscope fields per organ

2.21

Whole organ digestion and disaggregation for flow cytometric

analysis
In order to prepare single cell suspensions from solid organs suitable for
multi-colour analysis by flow cytometry a method was adapted from those of
Challen et al and Soos et al (Challen et al., 2006; Soos et al., 2006).
Kidneys were removed immediately post mortem and stored in ice cold RPMI
1640 media for transport back to the laboratory bench. The tissue was then
finely chopped in further ice cold media prior to resuspension in a 2mL
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solution of RPMI 1640 containing 1.6mg/mL Collagenase B (Roche, UK) and
100µg/mL DNAse I (Roche, UK) and incubation in a water bath at 37°C for
45 minutes with regular agitation. The suspension was then spun at 300g for
5 minutes and resuspended in a further solution of RPMI 1640 with
100µg/mL DNAse I for 15 minutes at room temperature.

Digestion was

terminated by a further 300g spin and resuspension in media prior to
passage through a 40µm cell strainer assisted by gentle pressure from the
plunger of a 5mL syringe. Due to the more easily disrupted structure of the
spleen it was possible to omit the enzymatic steps as described above, and
proceed directly from organ chopping to passage through the cell strainer by
pressure from the syringe bung. For both organs red blood cell lysis was
performed by incubation with a 0.8% Ammonium Chloride solution for 10
minutes, prior to pelleting and resuspension. The solution was then counted
by haemocytometer and 5 x105 cells added to each flow cytometer tube for
subsequent staining with F4/80, CD11c and MHC Class II conjugated
antibodies and analysis on a BD FACSCaliber cytometer as described in
section 2.16.

This approach preserved the fluorescence of CM Green

labelled ACs, allowing their detection and quantification from within the
kidney and spleen.

2.22 Assessment of Renal Function
Plasma samples were prepared from whole blood, and creatinine
concentration analysed by the Jaffe method (Alpha Laboratories Ltd., UK) on
a Cobas Fara Centrifugal Analyser (Roche Diagnostics, UK) according to the
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manufacturer's instructions.

Urea measurement was undertaken on the

same instrument using a urease based reaction. Urea is hydrolyzed in the
presence of water and urease to produce ammonia and carbon dioxide. The
ammonia produced combines with α-oxoglutarate and NADH in the presence
of glutamate-dehydrogenase to yield glutamate and NAD. The production of
NAD is monitored at 340 nm.

The enzymatic method employed was a

commercial kit from Randox Laboratories Ltd. Crumlin, UK. All operation of
the Centrifugal Analyser was undertaken by Dr Forbes Howie of the
department of Clinical Chemistry.

2.23 Immunohistochemistry
Whole kidneys were cut longitudinally and either snap frozen in liquid
nitrogen or fixed in methyl-Carnoy’s solution (60% methanol, 30% chloroform
and 10% acetic acid) prior to embedding in paraffin. 4µm tissue sections
were cut and stained with haematoxylin and eosin for assessment of
medullary tubular necrosis. Renal MΦ and dendritic cells (DC) were identified
by immunostaining for the tissue MΦ/DC marker F4/80. Embedded tissue
was deparaffinised in xylene, rehydrated and blocked using 3% H202 prior to
incubation

with

monoclonal

rat

anti-F4/80

(1/250

dilution;

Caltag

Laboratories, Northampton, UK). Neutrophils were identified by nuclear
morphology combined with immunostaining for the Gr1 (Ly6c/g) antigen
using monoclonal rat anti-Gr1 (1/250 dilution; Cambridge BioScience, UK).
Platelet deposition was identified by immunostaining for CD41, the integrin-α
IIb glycoprotein sub-unit of the IIb/IIIa complex using monoclonal rat anti87

CD41 (1/250 dilution; AbD Serotec, Oxford, UK). All rat anti-mouse Ab were
incubated at 4°C overnight with subsequent incubation with mouse-adsorbed
biotinylated rabbit anti-rat IgG (1/300 dilution; Vector Laboratories,
Peterborough, UK) at room temperature (RT) for 30 minutes. After washing
sections were incubated with Vectastain ABC Elite reagent (Vector Labs) for
30 minutes at RT, prior to washing and staining with diaminobenzidine (DAB)
(Dako

UK,

Cambridgeshire,

performed prior to mounting.

UK).

Hematoxylin

counterstaining

was

In all cases appropriate isotype antibodies

were used as negative controls.

MΦ and neutrophils counts were expressed as mean cells per x400
microscope field, with 5 fields being assessed per biopsy. Tubules within the
outer stripe of the outer medulla (OSOM) were photographed and tubules
counted as viable or necrotic based on nuclear morphology and integrity of
the epithelial cell layer using ImageJ software (Figure 2.2, Cell_counter
plugin; ImageJ 1.36b; National Institutes of Health, Bethesda, MD). Platelet
deposition was quantified on x200 fields, with 5 replicates being captured
prior to analysis of the area of DAB positive staining using the Colour Range
tool on Photoshop CS3 Extended (Version 10.0.1; Adobe Systems Europe,
Uxbridge, UK). Results were expressed as a proportion of the image positive
for CD41 (Figure 2.3).
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Figure 2.2 Quantification of acute tubular necrosis of the outer medulla
H&E staining of renal tissue taken 24 hours after renal IRI demonstrates
widespead loss of viable cells within the OSOM, and extensive eosinophilic
cellular debris within the injured tubules (A). Using ImageJ software necrotic
(red) and viable tubules (green) could be marked and counted in a blinded
manner (B), with the ratio (necrotic tubules/total tubules)x100 resulting an a
percentage of necrosis for each slide. (A- x100 mag, B x200 mag)
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Figure 2.3 Image analysis using colour range tool in Photoshop CS3
In this example, an image demonstrating DAB staining for CD41 is assessed
using a colour selection tool. The initial image is shown in (A), with the inset
box demonstrating 3145728 total pixels. A colour selection is made confined
to dark brown pixels only, and the selected areas highlighted by dotted lines
(B).

This demonstrates a selected area of 575884 pixels, equating to

(575884/3145728)x100=18.3% of the slide positive for CD41.
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2.23.1 Two stage immunofluorescence
Frozen tissue was embedded in OCT mounting media and 5µm sections cut,
air-dryed, then fixed in ice-cold acetone. After protein blockade (Spring
Bioscience, CA) primary antibodies (polyclonal rabbit anti mouse active
caspase 3, Abcam UK, rat anti mouse CD31, BD Biosciences, Oxford, UK)
were added at 1:250 dilution and incubated for 1h at room temperature.
Following washing in PBS, secondary antibodies (Alexa-488 conjugated goat
anti-rabbit Ig and Alexa-594 donkey anti-rat Ig, both Invitrogen) were added
at 1:500 dilution for 1 hour.

Slides were coverslipped with Vectashield

containing DAPI (Vector Labs) prior to microscopy and image acquisition on
a Zeiss Axioscop 2 fluorescent microscope. Image analysis was performed
as previously described. For confocal microscopy, slides were prepared as
described above, and images acquired on a Leica SP5 confocal microscope
via Leica LAS AF software.

2.23.2 Direct immunofluorescence
Detection of complement C3, IgM and IgG was performed by direct
immunofluorescence using a protocol adapted from one provided by Dr
Matthew Pickering (Imperial College, London, UK). Frozen sections were cut
as described above, and defrosted for 10 minutes until dry. The kidney was
outlined on the slide with a PAP pen, and blocked with 50µL of 20% normal
goat serum diluted in PBS for 30 minutes.

The goat serum was then

removed by inversion, and 50µL of the directly conjugated primary antibodies
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(1:100 FITC-labelled goat anti-mouse C3 (MP Biomedical, UK), 1:200 Alexa568 labelled goat anti-mouse IgM or Alexa-488 labelled goat anti-mouse IgG
(both Invitrogen, UK) respectivedly) diluted in PBS added for a further 60
minutes incubation in the dark. Following further washes in PBS slides were
mounted in Vectashield with DAPI, and analysed by microscopy as described
above.
	
  

2.24 Statistical Analysis
All data are expressed as mean ± standard error of the mean (SEM). The
Student’s Unpaired t-test was used to compare two groups. Where multiple
conditions were compared

one-way ANOVA for repeated measurements

was utilised with Tukey’s test for multiple comparisons employed if the
overall p<0.05.

P values of less than 0.05 were taken as representing

statistical signficance. All statistical analysis was performed using GraphPad
Prism version 4.0c for Macintosh, (GraphPad Software, San Diego,
California, USA)
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3. CHARACTERISATION OF RENAL Mφ DEPLETION AND IRI MODELS

3.1 Introduction
This chapter will report the initial development and validation of an in vivo
model of IRI in the FVB mouse strain. This will permit the use of clodronate
mediated Mφ ablation as well as CD11b-DTR mice to further explore the
evolution of renal injury after IRI in the context of depletion of monocytes and
resident renal macrophages.

3.2 Renal injury after IRI is influenced by intraoperative temperature
A surgical model of IRI was established in FVB/n mice, in order to facilitate
the future use of the CD11b-DTR transgenic mouse on this genetic
background. A right nephrectomy was performed at the time of operation,
facilitating examination of baseline renal tissue for each experimental animal
(Fig 3.1A).

A rectal probe was used to measure core temperature

intraoperatively, and a homeothermic blanket system used to maintain a
desired temperature through the period of warm ischaemia using feedback
from the temperature sensor.

Initial experiments using 20 minutes of renal ischaemia at a target core
temperature of 37.5°C followed by 24hrs recovery demonstrated striking
impairment of renal function (Creatinine 171.3±6.6 vs 42.2±0.8µmol/L 24h
post IRI vs pre-IRI; n=6; p<0.0001, Fig 3.1B). Whilst these experiments
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Figure 3.1 Severity of IRI is influenced by intraoperative temperature
The surgical model of IRI (A) results in functional acute kidney injury (B).
Reducing core body temperature during ischaemia results in a reduction in
functional injury (n=6/group).
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generated large magnitude changes in serum creatinine at day 1 post injury
there was concern that the levels of morbidity seen would have precluded
any later timepoints being studied thus preventing the recoverability of the
model being assessed.

As the duration of ischaemia was already lower than the majority of studies
published in the literature the experiment was repeated with a lower target
core temperature (35.5°C). This resulted in a lower d1 creatinine (171.3±6.6
vs 88.0±19.3µmol/L; 37.5°C post IRI vs 35.5°C post-IRI; n=6; p=0.0028, Fig
3.1). Importantly, the condition of the experimental subjects was significantly
improved, to the point where extended timepoint experiments could be
contemplated. The 35.5°C intraoperative temperature was therefore used for
all subsequent experiments using mice on the FVB strain.

3.3 Renal injury after IRI is dependent on duration of ischaemia in FVB
mice
Further validation of IRI timing was undertaken at the lower intraoperative
temperature.

Periods of renal ischaemia ranging from 20-35min were

examined, and serum creatinine measured at 24h post injury (Fig 3.2A).
Additionally, under instruction from an experienced renal pathologist levels of
ATN within the outer medulla were quantified (Fig 3.2B). Typical histological
appearances are shown in Fig 3.3. These results demonstrated that there
was only a marginal rise in mean serum creatinine with increasing duration of
injury, and little identifiable change in levels of ATN. With increasing duration
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Figure 3.2 Impact of increasing ischaemic time on outcome after IRI
Increasing duration of warm ischaemia (20 vs 25 vs 30 vs 35minutes) does
not result in increased serum creatinine (A) or increases in ATN severity
scoring (B), indicating that renal injury is already maximal at these timings.
(n=2-4/group)
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Figure 3.3 Typical appearances of acute tubular necrosis post IRI
A- Day 0 nephrectomy specimen demonstrating normal cortical and
medullary architecture.

B- Kidney tissue day 1 post 20 minutes IRI,

demonstrating band of acute tubular necrosis of the outer stripe of the outer
medulla. (mag x50)
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of ATN there was a deterioration in the condition of the animals at d1 post
surgery. Due to the increased morbidity visible at the higher injury durations
without worthwhile augmentation in measurable renal injury, 20 minutes was
adopted as the duration of ischaemia for all subsequent experiments on the
FVB strain background.

3.4 Functional renal injury is maximal at day 1 post IRI
To further validate the recoverable nature of the experimental renal injury, a
time course experiment was undertaken to chart the evolution of the renal
functional injury. This demonstrated that serum creatinine was maximally
elevated at d1 post IRI, and had returned to baseline at d7 (Fig 3.4)

3.5 Early F4/80+ Mφ recruitment is not a feature of renal IRI in FVB/n
mice
Immunohistochemistry was undertaken to identify and quantify F4/80+
macrophages in baseline renal tissue, and after IRI.

There was no

detectable increase in F4/80+ Mφ at 24h after IRI. In fact Mφ counts were
significantly reduced in both cortex (22.0±1.3 vs 14.3±1.8 Mφ per high
powered field (hpf); d0 vs d1, p=0.015; n=6) and more markedly within the
medulla (25.6±2.3 vs 12.4±1.7 Mφ per hpf; d0 vs d1, p=0.0043; n=6, Fig
3.5A).
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Figure 3.4 Time course of serum creatinine following IRI
Time course examining kinetics of recovery of renal function following
nephrectomy and 20 minutes of renal ischaemia demonstrates maximal renal
injury at day 1 post IRI (*p=0.01 vs d0; n=5/group)
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Figure 3.5 Early reduction in Mφ numbers in the kidney following IRI
A- Counting of macrophages in day 0 nephrectomy and d1 post IRI kidneys
from the same animals demonstrate that there is a significant reduction in Mφ
count in both cortex (p=0.015) and medulla (p=0.0043) after injury
(n=6/group). B- Further quantification of the recovery phase of IRI shows
that there is a progressive accumulation of Mφ at later timepoints up to one
week after IRI.

100

Quantification of Mφ kinetics at later timepoints demonstrated that there was
a progressive increase in macrophage numbers within the outer medulla at
both d3 and d7 after IRI (Fig 3.5B). Representative images are shown in
Figure 3.6.

3.6 Kinetics of renal infiltration by Neutrophil, B and T Lymphocyte
populations after IRI
Staining of medullary T and B lymphocytes and neutrophils was undertaken
using anti-CD3 (Fig 3.7A) -B220 (Fig 3.7B) and -Gr1 (Fig 3.7C) antibodies.
Quantification of positively stained cells displaying appropriate morphology
was performed. This demonstrated that all three lineages are present at very
low frequency within the normal murine renal medulla.

Neutrophils are

recruited to the medulla in the first 24h of IRI (6.0±1.6 vs 0.2±0.1 per hpf , d1
vs d0; p=0.0098), with no augmentation in T-cell number (0.01±0.01 vs
0.19±0.09, p=0.06; d1 vs d0) or B-cell counts (0.01±0.01 vs 0.19±0.09,
p=0.04; d1 vs d0) (n=5-8/group) seen (Fig 3.7D).

3.7 Characterisation of DT administration to CD11b-DTR mice

3.7.1

Administration of DT to CD11b-DTR mice ablates circulating

monocytes
In order to examine the role of macrophages in determining the severity of
IRI, experiments were undertaken using administration of diphtheria toxin
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Figure 3.6 Immunhistochemistry for renal F4/80 at days 1 to 7 post IRI
F4/80+ macrophages are not present within the medulla at high numbers at
day 1 post injury (A), but accumulate progressively by day 3 (B) and day 7
(C). (all images x100)
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Figure 3.7 Neutrophils, but not lymphocytes are recruited to the kidney
after IRI
Staining and quantification of medullary T and B lymphocytes and neutrophils
was undertaken using anti -CD3 (A) -B220 (B) and -Gr1 (C) antibodies
respectively along with morphological criteria (all images day 1, x400 mag,
examples arrowed). These cell types are found at very low frequency within
the normal murine renal medulla. Neutrophils are recruited to the medulla in
the first 24h of IRI ( ** p=0.0098 d1 vs d0), with no change in T-cell number
and a reduction in B-cell counts (*p=0.04 d1 vs d0) (D, n=5-8/group)
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Figure 3.7 cont.
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(DT) to induce monocyte/macrophage depletion in the CD11b-DTR animal.
Flow cytometric analysis of precisely measured citrate-anticoagulated blood
allowed absolute leukocyte counts to be determined (gating criteria are
summarised in Figs 3.8A-F). A time course experiment was undertaken to
characterise the effect of DT administration on the circulating leukocyte
counts of transgenic DTR and wild-type FVB animals (Fig 3.9A).

Administration of DT to DTR animals resulted in a greater than 90% ablation
of circulating monocytes at 24h (p=0.0002), with total counts remaining
significantly lower than control at 48h (p=0.036, Fig 3.9B). Analysis of the
two main monocyte subsets (Gr1+CCR2+CX3CR1- and Gr1-CCR2-CX3CR1+)
demonstrated that both subsets are equally depleted at 24h, with full
recovery of Gr1+ ‘inflammatory’ monocytes at 48h (Fig 3.9C). In contrast no
recovery in Gr1- monocyte numbers was seen at 48h.

Analysis of neutrophil number demonstrated that DT administration does not
cause any depletion of neutrophils at 24h, with a neutrophilia evident at 48h
compared to wild-type controls (Fig 3.9D). B lymphocytes were significantly
depleted by around 80% at both timepoints studied (Fig 3.9E). There was no
change in T lymphocyte number at 24h, however counts were significantly
lower at 48h in CD11b-DTR animals given DT (Fig 3.9F).
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Figure 3.8 Leukocyte morphology and antigen characteristics by FACS
Flow cytometric analysis of murine blood leukocyte populations. A- Typical forward/side
scatter appearances of murine blood following red cell lysis. Upper population represents
FlowCheck™ beads added to permit counting of absolute numbers of cells. B- Upper gate
represents cells with polymorphonuclear morphology, with lower gate encompassing
mononuclear cells. C- Subgating of PMN shaped cells demonstrates Gr1/CD11b co-positive
neutrophils. D- Subgating of mononuclear cells shows two populations of CD11b positive
monocytes (Gr1+/-). E & F demonstrate positivity for the lymphocyte markers CD4, CD8 and
B220 in cells subgated for their mononuclear morphology
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Figure 3.9 Characterisation of the effect of DT administration on
circulating leukocyte populations
A- Schema of experiment examining effects of diphtheria toxin on circulating
levels of blood leukocytes. Administration results in depletion of total
monocyte count for at least 48h after administration (B, *p=0.036,
***p=0.0002).
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Figure 3.9 cont.
Analysis of monocyte subtypes demonstrates that DT administration results
in complete suppression of Gr1lo monocytes at 24h and 48h (p=0.0006 and
p=0.0034 vs control respectively), whilst Gr1hi monocytes are suppressed at
24h (p=0.0002 vs control) but have rebounded to pre-depletion levels at 48h
(C, n=3-6/group). DT treatment has no effect on neutrophil counts at 24h,
but results in a neutrophilia at 48h (D, ** p=0.0067).
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Figure 3.9 cont.
DT administration to CD11b-DTR mice results in marked ablation of B
lymphocytes at 24 and 48h post dosing (Fig E, *p=0.016 **p=0.0045). No
differences were seen in T lymphocytes at 24h post injection, however
counts were also reduced at 48h compared to wild type animals receiving DT
(F, *p=0.018).
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3.7.2 DT administration depletes resident renal Mφ in IRI
Immunohistochemistry for F4/80+ Mφ was performed to quantify the efficacy
of DT mediated Mφ depletion within the kidney, and whether such depletion
was maintained in the aftermath of IRI. DT administration led to a reduction
in Mφ counts in both cortex (22.0±1.3 vs 6.9±1.1 Mφ per hpf, FVB vs DTR;
n=6-7/group) and medulla (25.6±2.3 vs 3.8±0.8 Mφ per hpf, FVB vs DTR;
n=6-7/group, Fig 3.10A) at 24h post DT administration when assessed in the
nephrectomy specimen taken at the time of IRI. Animals were then followed
for a further 24h post IRI/48h post-depletion before terminal tissue collection.
This demonstrated that renal Mφ remain depleted for the duration of the IRI
experiment after DT administration (Fig 3.10B).

3.7.3 Mφ ablation with DT does not protect against IRI
Renal function was measured before and after experimental IRI in CD11bDTR and FVB strain animals, who had received 25ng/g bodyweight DT 24
hours prior to IRI (Fig 3.11A). Monocyte/Mφ depleted mice exhibited no

functional protection 24 hours following renal IRI (serum creatinine
88.6±10.7µmol/l vs 78.7±19.2µmol/l; DTR vs WT, p=ns, Fig 3.11B,
serum urea 38.7±5.2 vs 26.5±6.6mmol/L; DTR vs WT p=ns, n=89/group Fig 3.11C). Histological injury was also comparable between
groups (51.8±5.9 vs 57.5±4.9 % tubular necrosis; DTR vs WT, p=NS,
Fig 3.11D)
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Figure 3.10 Effect of DT on resident renal Mφ populations
A- Administration of 25ng/g diphtheria toxin (DT) to CD11b-DTR transgenic
animals results in marked depletion of cortical and medullary F4/80+
macrophages at 24h compared to similarly treated strain matched FVB
controls (medulla *p=0.0153, cortex **p=0.0043; n=4-6/group)
B- A timecourse experiment examining macrophage counts in DT treated
transgenic (DTR) and wildtype (FVB) animals after IRI shows that depletion
is maintained for 48h post DT administration, 24h after IRI (n=4-6/group).
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Figure 3.11 DT administration has no effect on renal structure and
function
A- Schemata of in vivo MΦ ablation experiments B- Monocyte/MΦ ablation
with DT shows no protective effect on serum creatinine at 24h post IRI
compared to non-ablated FVB controls (n=8-9/group).
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Figure 3.11 cont
C- DT induced MΦ ablation has no impact on day 1 serum urea levels.
D- Quantification of tubular necrosis demonstrates that DT induced MΦ
ablation has no effect on levels of ATN post IRI. (all n=8-9)
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3.8 Characterisation of Liposomal Clodronate administration

3.8.1

Liposomal

Clodronate

administration

i.v

depletes

circulating

monocytes
In order to investigate an alternative means of depleting the mononuclear
phagocyte system in vivo experiments were undertaken to characterise the
effect of administration of i.v clodronate liposomes on leukocyte populations
(Fig 3.12A).

Clodronate administration resulted in a 76% reduction in circulating total
monocyte count after 24h (0.25±0.03x106 vs 1.04±0.14x106 monocytes/mL
clodronate vs control; p<0.0001, Fig 3.12B). There was recovery in total
monocyte count by 48h after administration. Analysis of monocyte subsets
demonstrated that both Gr1+ and Gr1- subsets were equally depleted at 24h.
Inflammatory Gr1+ monocytes rebounded to higher than control at both 48h
(0.74±0.05 vs 0.34±0.04 monocytes/mL clodronate vs control;

p=0.0005)

and at 72h (1.29±0.19 vs 0.44±0.07 monocytes/mL clodronate vs control;
p=0.0062).

Prolonged

depletion

of

Gr1-

monocytes

was

observed

(0.18±0.01x106 vs 0.70±0.10x106 cells/mL p=0.0008 vs control at 48h,
0.29±0.03x106 vs 0.70±0.13x106 cells/mL p=0.0092 vs control at 72h, Fig
3.12C).
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Figure 3.12

Impact of clodronate administration on circulating

leukocyte counts
A- Schemata of experiment examining effects of clodronate on circulating
levels of blood monocytes. B- Clodronate treatment significantly depletes
monocytes at 24h (*** p<0.0001 vs control) n=4-8/group
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Figure 3.12 cont
C- Clodronate administration results in depletion of both Gr1+ and Gr1monocytes at 24h (both p<0.0001 vs control). Inflammatory Gr1+ monocytes
have rebounded to higher levels than control at both 48h (*** p=0.0005) and
at 72h (**p=0.0062). Prolonged depletion of Gr1- monocytes is observed
(***p=0.0008 at 48h **p=0.0092 at 72h all vs control). D- Neutrophils are not
depleted by clodronate, and a progressive neutrophilia is observed at 48h
(p=0.0008) and 72h (p=0.04) compared to untreated controls.

All n=4-

8/group
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Figure 3.12 cont
E- Clodronate has no effect on circulating B lymphocyte counts. F- iv
clodronate does not deplete T lymphocytes but results in a significant
increase in counts at 48h (**p=0.0022) and 72h (*p=0.034) compared to
control (all n=4-8/group).
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3.8.2 Liposomal Clodronate does not deplete other circulating leukocytes
There was no evidence of neutrophil depletion by clodronate with a
progressive neutrophilia observed at 48h (p=0.0008) and 72h (p=0.04)
compared to untreated controls. Interpretation of this result is however
tempered by the statistically significant difference in resting neutrophil counts
between the two groups prior to the administration of clodronate or PBS
(1.53±0.23x106 vs 0.79±0.06 x106 neutrophils/mL, clodronate vs control;
p=0.012, Fig 3.12D). Clodronate had no effect on circulating B lymphocyte
counts (Fig 3.12E) and does not deplete T lymphocytes (Fig 3.12F).

A

significant increase was noted in T lymphocyte count at 48h (3.27±0.32x106
vs 1.35±0.21x106 T-cells/mL; clodronate vs control, p=0.0022) and 72h
(4.24±0.46x106 vs 2.28±0.61x106 T-cells/mL; clodronate vs control, p=0.034)
compared to control.

3.8.3 Liposomal Clodronate depletes resident renal and extra-renal Mφ in IRI
Immunohistochemistry was used to examine the impact of clodronate (and in
selected experiments DT) on resident macrophages within the kidney and in
other organs. Quantification of F4/80+ Mφ in renal tissue after administration
of clodronate demonstrated significant reductions compared to untreated
controls at 24h post administration (14.2±2.8 vs 33.9±0.8 Mφ per hpf,
clodronate vs control at d1; p=0.0025; n=3/group, Fig 3.13A). This level of
depletion was maintained out to d3 post administration with no evidence of
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Figure 3.13 Effects of DT and clodronate on resident Mφ number
A- Administration of clodronate results in sustained loss of F4/80+
macrophages from the kidney at both day 1 (**p=0.0025 vs control) and day
3 (*p=0.024 vs control). B- Both DT administration to DTR animals, and
clodronate dosing result in significant macrophage depletion (** both p<0.001
vs FVB+DT). DT gives the most potent suppression of macrophage number
*(p<0.05 vs clodronate)
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Figure 3.13 cont.
C-

Administration of clodronate results in profound loss of F4/80+

macrophages from the spleen and liver, whilst DT administration to CD11bDTR animals does not (Spleen images x50, Liver x200).
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recovery in macrophage counts (9.1±1.3 vs 26.1±4.6 Mφ per hpf, clodronate
vs control at d3; p=0.0238; n=3/group, Fig 3.13A).

A direct comparison was undertaken between iv clodronate liposomes and ip
DT administration into CD11b-DTR animals to assess which method
achieved the most potent depletion of renal Mφ. Both methods of depletion
depleted renal Mφ compared to control kidneys, with DT achieving
significantly greater levels of depletion (23.7±1.3 vs 11.2±0.9 vs 5.1±0.8 Mφ
per hpf, control vs clodronate vs DT; p<0.001 for both clodronate and DT vs
control, p<0.05 clodronate vs DT all by ANOVA, Fig 3.13B).

Whilst DT administration achieved the highest levels of ablation of renal
F4/80+ Mφ, and comparable/higher levels of circulating monocyte depletion,
differing effects were seen in extra-renal organs. The spleen and liver were
examined as two solid organs with large populations of resident splenic Mφ
and Kupffer cells respectively. Clodronate administration results in near total
depletion of the resident Mφ in each organ, whilst DT administration had no
discernable effect on these populations (Fig 3.13C).

3.8.4

Mφ ablation with Clodronate improves renal function and reduces

structural injury after IRI
Further IRI experiments were undertaken to compare the relative effects of
clodronate versus DT mediated ablation on outcome after IRI (experimental
design shown in Fig 3.14A). In contrast to the effects of DT mediated
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Figure 3.14 Clodronate but not DT protects renal function after IRI
A-

Schema

of

macrophage

ablation

experiments

comparing

DT

administration to clodronate. B- Clodronate but not DT results in functional
renal protection following IRI, with creatinine at 24h post IRI significantly
reduced. n=10-14/group
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Figure 3.14 cont
C- MΦ ablation with clodronate but not DT results in reduced levels of serum
urea 24h after IRI (p<0.01 vs DT, p<0.05 vs control).

D- Clodronate

treatment also demonstrates structural renal protection following IRI.
(p=0.008 clodronate vs control; n=10-14/group)
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depletion clodronate administration was associated with a markedly
protected phenotype, with reduced serum creatinine (98.6±18.4 vs
109.6±17.5 vs 55.3±14.0 µmol/L, control vs DT vs clodronate, p<0.05
clodronate vs control, p<0.05 clodronate vs DT; n=10-14/group, Fig 3.14B),
Urea (38.8±6.9 vs 44.3±5.6 vs 16.2±4.8mmol/L, control vs DT vs clodronate,
p<0.05 clodronate vs control, p<0.01 clodronate vs DT; n=10-14/group, Fig
3.14C) and a lower level of ATN (57.5±4.9 vs 51.8±5.9 vs 31.8±5.3% OSOM
tubules necrotic, control vs DT vs clodronate, p<0.05 clodronate vs control,
p<0.01 clodronate vs DT; n=10-14/group; Fig 3.14D).

3.9

Mφ ablation with either DT or clodronate results in reduced

neutrophil recruitment to the injured kidney
Given the unexpected differences in phenotype between animals ablated of
Mφ by the two methods above, futher analysis was undertaken in an effort to
delineate potential mechanisms underlying these disparate phenotypes.
Neutrophils were quantified in both the circulation (Fig 3.15A) and after
recruitment to the outer medulla of the kidney (Fig 3.15B) after injury in
animals with or without depletion of macrophages. Whilst small group sizes
limited the power of these studies, it appeared despite preserved/increased
neutrophil counts 24h after depletion there was a clear trend towards
reduced neutrophil recruitment into the injured OSOM of Mφ depleted
animals.
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Figure 3.15 Neutrophil counts in blood and kidney after IRI
A- Analysis of circulating neutrophils after IRI shows that clodronate treated
animals have a slight neutrophilia compared to controls prior to IRI (*p=0.03)
however no significant difference between macrophage depleted and non
depleted animals was seen in the aftermath of surgery (n=4/group).
B- Immunohistochemistry for tissue neutrophils after IRI showed trends
towards reduced neutrophil number in both depleted populations, most
markedly after DT treatment (n=3-4/group)
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3.10 DT administration depletes CD11c+ populations within the kidney
more avidly than clodronate
In addition to prototypic F4/80+ Mφ, the kidney contains mononuclear
phagocytes expressing the CD11c surface marker conventionally associated
with a dendritic cell phenotype.

Due to the incompatibility of the CD11c

antibody with paraffin embedded tissue flow cytometric analysis of whole
kidney digests was undertaken to assess whether clodronate and DT also
depleted renal dendritic cells (rDC). Representative FACS plots of myeloid
rDC surface markers CD11c and F4/80+MHC Class II co-positivity in
digested kidneys ± Mφ depletion are shown in Figures 3.16 and 3.17
respectively.

Analysis of FACS data demonstrated that clodronate has minimal impact on
resident DC populations within the kidney, whilst DT treatment results in
significant reductions in renal CD11c+ populations (1.68±0.33% vs
1.42±0.29% vs 0.64±0.11% of all renal cells; control vs clodronate vs DT;
p=0.0303 control vs DT; n=4-5/group ,Fig 3.18A).

A similar pattern of

depletion was seen in F4/80+MHC II+ cells (1.50±0.41% vs 1.12±0.18% vs
0.48±0.10% of all renal cells; control vs clodronate vs DT; p=0.0652 control
vs DT; n=4-5/group, Fig 3.18B).
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Figure 3.16 FACS analysis of digested kidney demonstrates CD11c+
populations reduced by DT treatment
A- Isotype control of enzymatically dissociated control kidney. B- staining
with CD11c-APC demonstrates CD11c+ renal cells (highlighted). C- pretreatment with clodronate has little impact on the proportion of CD11c+ renal
cells D- DT pre-treatment is associated with reduced numbers of renal DCs
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Figure 3.17 F4/80+MHC Class II+ cells are reduced in the kidney
following DT treatment
A- Isotype control of enzymatically dissociated control kidney. B- staining
with F4/80 and MHC Class II demonstrates F480+MHC II co-positive renal
cells (highlighted). C- pre-treatment with iv clodronate has little impact on
proportion of double positive cells D- DT pre-treatment is associated with
reduced numbers of double positive cells.
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Figure 3.18 Quantification of renal CD11chi cells after DT or clodronate
therapy
A- DT treatment of CD11b-DTR mice also results in significant depletion of
renal CD11c+ cells (p=0.0303). B- a similar pattern of results is shown for
F4/80+MHC Class II+ co-positive MΦ/DCs, with the effects of DT falling short
of statistical significance (p=0.065), (all n=4-5/group).
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3.11

Co-administration of DT and clodronate results in a loss of a

protected phenotype
The lack of protection exhibited after DT mediated Mφ ablation compared to
clodronate therapy was consistent with the hypothesis that a deleterious
population of Mφ was depleted by clodronate but not by DT administration.
To test this hypothesis, both agents were administered simultaneously to
assess whether clodronate therapy could ‘rescue’ the unprotected phenotype
evident in DT treated CD11b-DTR mice.

Contrary to this hypothesis, co-administration of DT and clodronate resulted
in complete loss of the protected phenotype associated with clodronate
therapy alone. Serum creatinine was significantly higher in co-administered
animals compared to those treated with clodronate monotherapy (serum
creatinine 96.0±14.9 vs 116.6±16.3 vs 57.8±11.3 vs 119.4±31.0µmol/l,
control vs DT vs clodronate vs DT+clodronate; p<0.05 clodronate vs
DT+clodronate, p<0.05 clodronate vs control, p<0.01 clodronate vs DT; n=69/group; Fig 3.19A). Consistent with this, ATN scores were also significantly
worse in co-administered animals compared to treatment with clodronate
monotherapy (59.5±4.7% vs 54.5±3.1% vs 40.4±4.3% vs 65.9±6,7% OSOM
necrotic, control vs DT vs clodronate vs DT+clodronate; p<0.01 clodronate vs
DT+clodronate, p<0.05 clodronate vs control; Fig 3.19B).
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Figure 3.19 DT and clodronate co-administration abolishes clodronate
induced renal protection
A- Co-administration of DT plus clodronate (n=6/group) results in loss of the
protected phenotype associated with clodronate administration alone.

B-

Similarly, these is an equivalent loss of structural protection after IRI in
animals co-administered DT plus clodronate.
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3.12 Summary
These data demonstrate the establishment and validation of an in vivo model
of IRI, and its subsequent use to study the effect of Mφ depletion upon IRI
outcome. Key findings from this chapter include:

• In the studied FVB mice, there was neutrophil recruitment but no
significant increase in lymphocytes or F4/80+ Mφ in the injured kidney
at day 1 after IRI
• Both DT and clodronate administration result in depletion of blood and
resident renal Mφ (most marked in the DT treated group)
• Clodronate administration results in marked Mφ death in other solid
organs such as the liver and spleen not present after DT treatment.
• Clodronate administration results in protection of renal function and
structure after IRI, whilst DT does not.
• Co-administration of DT with clodronate results in a loss of the
previous protected phenotype

These findings suggest that DT administration may result in the depletion of
a protective population of Mφ otherwise present in the aftermath of
clodronate treatment.

Given the large volumes of extra-renal apoptosis

present in clodronate treated animals, a further hypothesis would implicate
the interaction between apoptotic cells and remaining phagocytes either in
the kidney or in other solid organs as of importance in mediating protection
from IRI.
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4. THE EFFECT OF APOPTOTIC CELL DELIVERY ON RENAL IRI

4.1 Introduction
It is now well accepted that the phagocytosis of apoptotic cells (AC) by Mφ
modulates subsequent inflammatory activation and promotes the release of
mediators including TGFβ and IL-10 which are anti-inflammatory and
promote the resolution of inflammation (Fadok et al., 1998; Lucas et al.,
2003; Savill et al., 2002; Voll et al., 1997).

This has led to attempts in other organ systems to harness these
immunomodulatory properties to alter the course of inflammatory disease
and promote a pro-resolution phenotype.

Key early studies used intra-

tracheal instillation of ACs to alter the evolution of LPS induced lung injury in
mice (Huynh et al., 2002). More recent work has demonstrated that pretreatment with ACs can significantly ameliorate the development of joint
disease in a collagen induced arthritis model, with the generation of an IL-10
secreting B-cell population key to this modification of disease (Gray et al.,
2007). AC injection also resulted in a markedly increased survival in mice
with LPS induced septic shock, even when administered 24h after the
initiation of the model (Ren et al., 2008b).

Given the earlier findings of widespread hepatic, splenic and renal death of
Mφ following clodronate treatment, we hypothesised that the generation of
ACs by clodronate, and their subsequent interaction with other components
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of the immune system including B-lymphocytes and Mφ could account for the
protective phenotype seen. It was hypothesised that the presence of ACs
within the kidney after clodronate delivery could exert a protective effect by
reducing numbers of resident Mφ (‘the macrophage disappearance reaction’)
or alteration in the phenotype of Mφ either in the kidney or extra-renal organs.

4.2

Dexamethasone treatment and aging generates apoptotic

thymocytes from FVB strain thymi.
We sought to examine a potential role for the generation of apoptotic cells in
mediating the protective phenotype exhibited by clodronate treated animals.
To address this, thymocytes from FVB mice were used as a well
characterised source of apoptotic cells.

Both aging and cortiocosteroid

administration in serum starved conditions is recognised to result in high
levels of apoptosis.

We tested the relative levels of apoptotic and viable cells by staining
thymocytes with propidium iodide (PI) and FITC conjugated annexin-V prior
to analysis by flow cytometry. This demonstrated that in the absence of
treatment with 1µM dexamethasone around 30-35% of thymocytes remained
viable and non-apoptotic (Fig 4.1B and C). The addition of dexamethasone
resulted in this fraction falling to around 3% (Fig 4.1D). As it was desirable to
minimize the numbers of potentially viable non-apoptotic lymphocytes
present in any adoptive transfer experiments, dexamethasone treatment was
used in the preparation of cells for all subsequent AC administration
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Figure 4.1 Dexamethasone and aging induces thymocyte apoptosis
A single cell suspension of thymocytes from FVB mice was prepared and
aged for 20 hours prior to staining with propidium iodide and FITC
conjugated annexin-V to permit discrimination of live and apoptotic cells by
flow cytometry.

Unstained cells are shown in (A), with those cultured in

either RPMI media only (B) or RPMI + 1% FCS (C) showing approx 30-35%
viable non-apoptotic cells. The addition of 1 µM dexamethasone resulted in
greater than 96% apoptotic or secondarily necrotic thymocytes (D).
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experiments. Multiple large volume wash steps were employed to minimize
any possible transfer of dexamethasone into the in vivo model.

4.3 AC injection 24h prior to injury results in preserved renal function
in FVB mice
Six to eight week old male FVB mice were injected intravenously with 20x106
apoptotic cells prepared in 200µL PBS after 3x washes to minimise the
potential for any dexamethasone to be inadvertently administered. Control
animals received a matched volume of PBS alone. Animals then underwent
IRI with contralateral nephrectomy as described in Chapter 3, after an
interval of either 24 hours or 8 days (Fig 4.2A).

The 24 hour timepoint

equated to the timing used for macrophage depletion prior to IRI as
described in the previous chapter.

The 8 day timepoint was inspired by

recent work demonstrating AC induced protection against collagen induced
arthritis when administered one week prior to disease initiation, via the
induction of an IL-10 secreting B-cell population (Gray et al., 2007).

Animals administered ACs 8 days prior to IRI exhibited only marginal
increases of serum creatinine 24h after IRI, which were equivalent to the
PBS injected control animals (serum creatinine 57.2±10.3 vs 47.8±2.0 µmol/L
AC treated vs control, n=5-6/group, p=0.35; Fig 4.2B). Unfortunately the near
absent functional derangement seen in the control group made any putative
protective effects almost impossible to discern.
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Figure 4.2 Pre-administration of apoptotic cells to FVB mice 24h prior
to IRI results in preservation of renal function
Schema demonstrating planned AC administration experiments (A).

ACs

suspended in 200µL PBS, or volume matched PBS only (Control) were
injected via the tail vein either 24h or 8 days prior to IRI. Serum Creatinine
was measured at 24hrs post injury, with no difference seen between groups
pre-treated with ACs 8 days prior to injury (B, n=5-6/group; p=ns). Animals
administered ACs 24h prior to injury demonstrated marked protection (C,
n=7-8/group; *p=0.027)
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In contrast, animals administered ACs 24h prior to IRI demonstrated
functional protection against renal injury (serum creatinine 64.9±10.1 vs
110.7±16.1 µmol/L AC treated vs control, n=7-8/group, p=0.027; Fig 4.2C).

4.3.1 Injection of ACs has no effect on structural injury after IRI in FVB mice
H&E sections of the injured d1 nephrectomy specimens were examined and
quantification of ATN within the outer medulla was performed. Surprisingly in
both animals treated with ACs 8 days prior to IRI (48.3±6.1 vs 49.7±13.8%
tubules necrotic; AC treated vs control, p=0.91; Fig 4.3A), and 24h prior to
IRI (65.7±2.4 vs 61.0±10.8 % tubules necrotic; AC treated vs control, p=0.69;
Fig 4.3B) there was no alteration in levels of structural injury.

4.3.2 AC administration does not result in alterations in baseline renal Mφ or
neutrophil counts
The potential effect of AC administration on subsequent Mφ and neutrophil
number was assessed by digestion of whole kidneys removed at the time of
initial surgery or 24h after IRI from animals who had been treated with ACs
24h prior to IRI.

Single cell suspensions were prepared, stained with CD11b, F4/80 and Gr1
to permit discrimination of Mφ and neutrophil populations and expressed as a
percentage of total renal cells. AC administration had no effect on baseline
or post-IRI levels of Mφ (d0 3.93±0.37% vs 3.27±0.21%, d1 1.80±0.14 vs
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Figure 4.3 Pre-administration of ACs to FVB mice has no effect on
levels of tubular necrosis post IRI.
ATN scores were measured in day 1 renal tissue for apoptotic cell treated
and control animals after pre-treatment 8 days (A) or 24h (B) prior to IRI. In
each case there was no significant difference detectable in histological injury
severity. It is of note that consistent with the lower serum creatinine levels,
there was a lower ATN score seen in both the d8 pre-treatment groups.

139

1.57±0.15%; Con vs AC treated; n=3-4/group; p=ns; Fig 4.4A) and
neutrophils (d0 0.16±0.03% vs 0.14±0.03%, d1 1.55±0.56 vs 1.18±0.27%;
Con vs AC treated; n=3-4/group; p=ns; Fig 4.4B). There was however a
significant reduction in Mφ number at d1 compared to d0 (p<0.05), and a
significant increase in neutrophil number (p<0.05; d0 vs d1).

4.4

Dexamethasone treatment and aging generates apoptotic

thymocytes from Balb/c stain thymi.
We sought to prove the reproducibility of the findings of AC induced
protection of renal function in a second strain, the Balb/c mouse.

If

protection was present in the Balb/c, it would both reinforce the initial findings
in the FVB, and also permit future use of Balb/c-SCID mice to probe the
involvement of the adaptive immune system in mediating the protective
effects of AC administration.

Experiments characterising the effect of disaggregation and aging of
thymocytes in the presence and absence of dexamethasone were therefore
repeated on tissue obtained from Balb/c tissue, as described previously.
Staining with PI and annexin-V was used to discriminate primary apoptosis
from primary necrosis or apoptosis with secondary loss of membrane
integrity. Examination of freshly prepared thymocytes demonstrated around
80% viable cells, less than 1% annexin-V positivity, and a proportion of
nearly 20% PI positive cells likely representing primary traumatic necrosis
from the disaggregation process (Fig 4.5A). As previously shown in FVB
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Figure 4.4 Kinetics of renal macrophages and Neutrophil infiltration
after IRI with or without previous AC administration
Animals underwent IRI 24h after administration of either ACs or PBS control.
FACS based quantification of renal macrophages and neutrophils was
undertaken on digested cell suspensions prepared from either day 0
nephrectomy or day 1 post-IRI kidneys. There was no difference in numbers
of macrophages pre- or 24h post IRI in AC vs PBS treatment. There was
however a significant fall in macrophage numbers after IRI (A, *p<0.05 d0 vs
d1). There were no differences in basal or recruited neutrophils between AC
and PBS treated animals. Significant recruitment of neutrophils was seen at
day 1 (B, *p<0.05 d0 vs d1). (all n=3-4/group)
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Figure 4.5

Balb/c thymocytes undergo apoptosis after aging and

dexamethasone treatment
A single cell suspension of thymocytes from Balb/c mice was prepared and
aged for 20 hours prior to staining with propidium iodide and FITC
conjugated annexin-V to permit discrimination of live and apoptotic cells by
flow cytometry. Freshly prepared cells had less than 1% annexin-V positivity,
and >80% viability (A). The effect of aging with either media only (B), 1µM
(C) or 10µM dexamethsone (D) was compared. Whilst dexamethasone free
aging resulted in >25% viability at 20h, 1µM dexamethasone resulted in
>99% Annexin-V positivity indicating apoptotic death, with a lower fraction of
propidium iodide positivity compared to 10µM.
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mice (Fig 4.1), aging of thymocytes in the absence of dexamethasone
resulted the majority of cells being in early or late apoptosis, with a residual
proportion of around a quarter of cells remaining viable (Fig 4.5B). Addition
of either 1 or 10µM/L dexamethasone to the aging cells resulted in <1% of
cells remaining viable (Fig 4.5C&D). 1µM/L of dexamethasone was used for
all subsequent experiments for consistency with earlier work in the FVB
strain.

4.5 Balb/c mice require lower operative temperatures than FVB mice
for induction of renal IRI
The apoptotic cell administration experiment was repeated with Balb/c mice.
Initial experiments were characterised by unexpectedly high serum creatinine
levels in AC and PBS injected animals (Creatinine 161.3±14.4 vs 148.8±21.9
µmol/L, PBS vs AC treated; p=ns, n=8/group, Fig 4.6A). Similarly ATN scores
were unprecedentedly high (%ATN 84.7±2.2% vs 84.7±2.8%, PBS vs AC
treated; p=ns, n=4-5/group, Fig 4.6B). When levels of functional and
histological injury were compared to similar control groups in the FVB strain,
day 1 creatinine levels were significantly increased (46% increase; p=0.035)
and there were higher levels of ATN observed (39% increase; p=0.06).
Additionally, the condition of the animals at 24h post injury appeared
significantly less good than previous FVB based experiments, leading to
concerns that levels of injury were too high leading to a saturation in injury
levels.
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Figure 4.6 Balb/c mice demonstrate increased renal injury compared to
the FVB stain
Balb/c mice undergoing 20min IRI at standard 35.5°C intra-operative
temperature exhibit high levels of serum creatinine 24h post injury (A;
n=8/group) with no protective effect of AC administration.

Histological

examination of the kidneys demonstrated very high levels of ATN within the
outer medulla (B; n=5/group). These appeared higher than those seen in
analogous experiments performed in the FVB strain (Creatinine p=0.035 Balb
vs FVB; ATN p=0.06 Balb vs FVB).

144

Figure 4.6 cont.
In Balb/c mice undergoing 20min IRI at a reduced intra-operative
temperature of 33.5°C a trend is seen towards lower serum creatinine levels
comparable to those in previous experiments in the FVB strain (n=6 low
temp, n=8 high temp; p=0.13).
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Based on previous experience of manipulating injury levels in the FVB strain,
the intraoperative temperature was reduced further from 35.5°C to 33.5°C.
This resulted in a fall in the levels of post-injury creatinine towards those
previously seen in FVB mice (Fig 4.6C). Importantly this was associated with
less obvious morbidity in the experimental subjects at 24h post IRI. This
intraoperative temperature was used for all subsequent experiments using
animals on a Balb/c strain background.

4.6 Apoptotic cell injection results in preserved renal function in Balb/c
mice
Further experiments undertaken in Balb/c mice involved administration of
either 20x106 ACs in PBS or a matched volume of PBS alone, 24h prior to IRI
using a 33.5°C intra-operative temperature.

Terminal samples obtained 24h after injury demonstrated that in these
experimental circumstances AC pre-administration was associated with a
marked protection of renal function after IRI (Creatinine 120.7±28.9 vs
59.4±3.4µmol/L, PBS vs ACs; p=0.03; n=9/group; Fig 4.7A). Consistent with
findings in FVB mice, no change in renal structural injury was observed
(%ATN 59.6±0.8 vs 60.1±1.1% necrosis, PBS vs ACs; n=9/group; Fig 4.7B),
although levels of ATN were significantly lower than those observed in the
‘high temperature’ treated Balb/c animals.
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Figure 4.7

Balb/c mice are functionally protected against IRI by

apoptotic cell administration
Balb/c mice were injected i.v. with either 20x106 apoptotic cells or matched
volume of PBS. One day later IRI was induced using a 33.5°C intra-operative
temperature. Blood and tissue was collected 24h post IRI and showed a
significant reduction in serum creatinine (A, *p=0.035 n=9/group), with
equivalent levels of ATN (B, n=9/group).
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4.6.1 Apoptotic cell administration does not augment systemic IL-10 or TGF-

β1 levels
Ingestion of ACs has recognised effects on subsequent release of IL-10 and
TGFβ1 by phagocytes (Lucas et al., 2003).

The serum levels of these

cytokines post IRI were therefore measured by ELISA. There was a
borderline reduction in IL-10 levels after IRI in AC pre-treated animals
(101.6±33.6 vs 41.9±23.2pg/mL IL-10, control vs AC treated; n=9/group,
p=0.05, Fig 4.8A).

No difference was observed in TGF-β1 serum

concentration between AC treated and control mice after IRI (141.0±70.7 vs
241.1±96.8pg/mL TGF-β1, control vs ACs; n=9/group; p=0.39, Fig 4.8B)

4.6.2 Thymocytes from Balb/c mice undergoing apoptosis do not release IL10 or TGF-β1
Further experiments were conducted in vitro examining any potential release
of anti-inflammatory cytokines by either viable or dying cells during the
production of the apoptotic thymocyte preparation. Standard preparations of
ACs were sampled intermittently for a total of 48 hours, and measurement of
media IL-10 (Fig 4.9A) and TGFβ1 (Fig 4.9B) undertaken by ELISA. Very
low levels of either cytokine were detected at baseline, with no accumulation
of either cytokine seen even after 48h of aging. Given that the supernatant
would then have been discarded and 3 further large volume washes with
PBS undertaken prior to injection, transfer of biologically relevant quantities
of either cytokine into the in vivo model seems implausible. Similarly, these
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Figure 4.8 AC administration did not result in augmented systemic IL10 or TGF-β1 levels after IRI
Serum collected 24 post IRI from both experimental groups was analysed by
ELISA, demonstrating that AC administration did not lead to augmented
levels of circulating IL-10 (A, p=0.05, n=9/group), or TGF-β1 (B, p=0.39;
n=9/group).
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Figure 4.9

Supernatants from aging apoptotic thymocytes do not

contain augmented levels of IL-10 or TGF-β1.
Thymocytes

from

Balb/c

mice

were

disaggregated,

dexamethasone and aged under standard conditions.

treated

with

Samples of media

supernatant were obtained and stored for batch analysis by ELISA.
Measurement of both media IL-10 (A) and TGF-β1 (B) demonstrated no
progressive release of either cytokine with up to 48h of aging. (all timepoints
n=3/group).
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findings would argue against these cytokines being released by cells killed in
vivo by ischaemia or clodronate administration leading to paracrine effects.

4.7 Apoptotic cells are detected in blood one hour after injection
In order to further investigate the mechanism underlying the protective
effects of AC administration, studies were undertaken using CM Green
fluorescently labelled ACs to enable tracking of the cells after administration.
Blood was collected via the tail vein 1 hour after i.v. administration of cells,
and analysed by FACS, along with markers of myeloid cells to investigate
any potential interaction with circulating phagocytes.

FACS analysis of blood demonstrated two populations of CM green labelled
thymocytes (Fig 4.10B), the first was CMGreenhiCD11bneg and on backgating
analysis had forward and side scattering characteristics consistent with a
small lymphocyte (Fig 4.10C), suggesting that these represent free
circulating labelled apoptotic cells. The more numerous group of labelled
ACs were CMGreenmid CD11bhi (Fig 4.10D) and on backgating analysis had
appearances consistent with circulating monocytes, thereby suggesting that
the ACs had either undergone phagocytosis or were bound to circulating
monocytes.

Quantification of absolute numbers of labelled ACs within the circulation as
previously

described

demonstrated

that

CD11b

associated

ACs

outnumbered free ACs by approximately 3:1 (24.7±5.7 x104 vs 7.3±3.0x104
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Figure 4.10

Both free and leukocyte associated apoptotic cells are

detectable in murine blood one hour after injection
FACS of murine blood obtained 1h after sham injection (A) or CM Green
labelled AC injection (B) demonstrates free (0.27% CMGreenhiCD11bneg) and
bound/ingested (0.74% CMGreenmid CD11bhi) ACs. Backgating analysis of
these two populations demonstrate that CMGreenhiCD11bneg AC localise
within forward and side scatter areas consistent with lymphocytes (C- red
dots) whilst CMGreenmid CD11bhi cells localise with myeloid cells (D-red
dots).
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Figure 4.10 cont.
Quantification of absolute numbers of CM Green labelled ACs found in blood
1h after injection demonstrates that those found in association with CD11bhi
myeloid cells outnumber those remaining free within the circulation (E,
n=3/group)
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CD11b-associated vs free ACs per mL whole blood, n=3/group, Fig 4.10E).

4.7.1 Apoptotic cells are detectable by FACS in kidney and spleen after i.v.
injection
One hour after injection of CM Green labelled ACs, spleens and kidneys
were removed under terminal anaesthesia and whole organ digests prepared
as previously described in Chapter 3. Single cell suspensions were prepared
and analysed by FACS. This demonstrated detectable populations of CM
Greenhi cells within both organs (Fig 4.11A & B).

Back gating analysis was undertaken on the more numerous splenic
populations, which demonstrated two distinct populations of CM Greenhi cells
differing in size (Fig 4.11C).

Unfortunately efforts to stain for phagocyte

markers in these experiments were unsuccessful, preventing clarification of
whether these populations again reflect free ACs or ACs bound/ingested by
phagocytes.

Quantification of ACs as a proportion of total cells counted

demonstrated that the spleen contained proportionally a much higher density
of ACs than the kidney (0.173±0.038 vs 0.011±0.001% of total counted cells;
spleen vs kidney; p=0.10, n=3/group; Fig 4.11D)
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Figure 4.11 Flow cytometry 1 hour after iv injection of labelled ACs
demonstrates administered cells within the spleen
Comparison of FACS analysis of splenic digests obtained from either PBS
injected (A) or CM Green labelled ACs (B) demonstrates a small (0.23%)
population of ACs present within the spleen 1h after i.v. injection. Backgating
analysis (C) demonstrates that two physically distinct populations of CM
Greenhi cell are present within the spleen- possibly representing free and
phagocytosed cells.
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Figure 4.11 cont.
Summary of FACS analysis of digested spleen and kidney from animals
culled 1h after receiving either PBS or CM Green labelled ACs IV. Splenic
retention of ACs was approximately a log order greater than that found in the
kidney.
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4.7.2

Apoptotic cells are detectable in spleen, liver and kidney by

fluorescence microscopy
To validate the FACS based detection of tissue ACs, frozen sections were
prepared from the liver, kidney and spleens of animals that had received CM
prepared from animals injected with CM Green labelled ACs 1 hour prior to
culling.

Fluorescent microscopy of unstained tissue samples permitted

quantification of the mean number of CM Greenhi ACs per five x100 fields
(Fig 4.12).

ACs were present at greatest density in liver and spleen, with lower
concentrations noted within the kidney (34.0±3.8 vs 42.0±4.3 vs 4.0±0.8 ACs
per x100 field, Spleen vs Liver vs Kidney, n=3/group, Fig 4.12B). Further
staining was undertaken with the Mφ marker F4/80 to assess evidence of
ACs interacting with or being phagocytosed by Mφ. It was possible to note
instances in the kidney where ACs appeared either adjacent to Mφ (Fig
4.13A) or completely co-localised (Fig 4.13B) however such events were
much more widespread within the spleen (Fig 4.13C).

4.7.3 Confocal microscopy demonstrates phagocytosis of AC by splenic Mφ
The relative thickness of frozen sections (4µm) can lead to physically distinct
cells being mistakenly labelled as co-localising on fluorescence microscopy.
To address whether this accounted for the apparent AC phagocytosis events
seen on microscopy, the sections were re-visualised using confocal
microscopy.
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Figure 4.12 Fluorescent microscopy detects labelled apoptotic cells
within solid organs one hour after systemic injection.
Frozen sections prepared from spleen, kidney and livers obtained 1h after
the injection of CM Green labelled AC demonstrates that the liver and spleen
retain substantially more circulating ACs than the kidney (A), when
expressed as mean ACs per field (B) (n=3/group).
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Figure 4.13 Fluorescent microscopy demonstrates labelled apoptotic
cells both free within organs and associated with F4/80+ macrophages
Frozen sections were prepared from the kidney 1h after injection of CM
Green labelled ACs, counterstained with DAPI and Mφ labelled with antiF4/80 Ab and an Alexa-568 conjugated secondary Ab.

On fluorescent

microscopy ACs were often found either close to interstitial Mφ but without
overlap of markers (A), or co-localising with Mφ (B) suggesting phagocytosis.
(both x1000 mag).
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Figure 4.13 cont.
Frozen sections were prepared from the spleen 1h after injection of CM
Green labelled ACs, counterstained with DAPI and Mφ labelled with antiF4/80 Ab and an Alexa-568 conjugated secondary Ab. Multiple ACs and
apoptotic debris were found within the spleen, often in association with
F4/80hi Mφ, however it was difficult to ascertain whether this represented
proximity or true phagocytosis (Image x1000 mag).
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Few examples of true phagocytosis were seen within the kidney (Fig 4.14A),
with visualisation hampered by apparently patchy distribution of F4/80 within
Mφ (Fig 4.14A). Within the spleen, F4/80 staining was more uniform and
intense, and multiple examples of ACs completely surrounded by Mφ were
noted (Figs 4.14B and 4.14C). Their appearances are highly suggestive of
phagocytosis although in the absence of a z-stacked image this cannot be
stated with certainty.
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Figure 4.14 Confocal microscopy demonstrates injested apoptotic cells
within kidney and spleen
Confocal microscopy was performed on the stained sections shown in Fig
4.13 to clarify whether apparent co-localisation between CM Green labelled
apoptotic cells and Alexa-568 labelled Mφ represented true phagocytosis.
There were few examples of phagocytosis events seen within the kidney (A,
x5000 magnification).
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Figure 4.14 cont.
Within the spleen, many more events were noted, with clear evidence of
complete envelopment of apoptotic cells by Mφ noted (B, x5000 mag ;C,
x3000 mag)
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4.9 Summary
•

Apoptotic cells (ACs) modify the functional outcome of renal IRI when
administered 24h prior to injury in both FVB and Balb/c mice.

•

This functional protection occurred despite equivalent levels of ATN
within the outer medulla.

•

Trafficking studies using fluorescently labelled ACs demonstrated that
ACs can be found within solid organs, predominantly the liver and
spleen, often in association with Mφ.

•

At one hour after injection cells were found within the circulation, the
majority of which were co-localising with CD11b+ myeloid cells.

•

There was no evidence of ACs either directly secreting IL-10 or TGFβ,
or resulting in an elevation in the serum levels of these factors to
account for the protective phenotype seen.

•

Limited experiments blocking the IL-10 pathway in vivo had no effect
on renal function after clodronate administration.

•

Subsequent work will examine whether the effects of ACs act via
pathways dependent on lymphocytes or antibodies.

164

5. THE PHENOTYPE OF THE SCID MOUSE AFTER RENAL IRI

5.1 Introduction
The results presented in the previous chapter demonstrate a protected IRI
phenotype after the administration of apoptotic cells (ACs), many of which
were phagocytosed by macrophages. Previous work from our own laboratory
has implicated the B-cell as a key mediator of the protective effects of AC
administration in experimental arthritis (Gray et al., 2007).

In order to investigate any putative involvement of lymphocyte populations in
mediating the protective effects of clodronate mediated Mφ depletion, we
sought to establish and characterise the phenotype of renal injury in the
SCID mouse.

Due to a defect in recombination the SCID mouse lacks

mature B and T lymphocytes in addition to complete absence of antibodies.
No published work currently exists on the IRI susceptibility of the SCID strain,
but precedents from nude, µMT, and RAG-1 -/- strains indicate that a range
of lymphocyte deficiency states result in ameliorated injury after IRI (Burne et
al., 2001a; Burne-Taney et al., 2003b; Day et al., 2006).

Furthermore, the use of this antibody deficient mouse strain facilitated
investigation of the involvement of natural antibodies (nAb) in renal IRI. NAb
are produced by B-1 lymphocytes predominantly found within the peritoneum
and pleural cavity and are postulated to form an innate arm of the adaptive
immune system, with IgM in cord blood binding bacterial antigens to which
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the newborn is naïve (Cohen and Norins, 1968). They have functions
opsonising and promoting clearance of apoptotic cells (Peng et al., 2005),
with animals lacking secreted IgM exhibiting a defect in apoptotic cell
clearance and a predisposition of developing a lupus like illness (Boes et al.,
2000; Ehrenstein et al., 2000).

The target antigens of these antibodies

remain incompletely characterised, but have been shown to include oxidised
and hydrolysed versions of membrane proteins such as phosphorylcholine
and malondialdehyde (Chen et al., 2009; Ehrenstein et al., 2000), and
Annexin-IV, a cytosolic protein which is externalised during apoptosis (Kulik
et al., 2009).

NAb are recognised to play an important role in mediating IRI of the intestine,
skeletal and cardiac muscle IRI (Austen et al., 2003; Weiser et al., 1996a;
Williams et al., 1999b; Zhang et al., 2006a), generally in association with
activation of the complement cascade by either classical or lectin pathways
(Zhang et al., 2006b). The involvement of NAb in the evolution of renal IRI
remains uncharacterised.

5.2 SCID mice have absent circulating B and T Lymphocytes
Male SCID mice on a Balb/c strain background were purchased along with
age and sex matched Balb/c animals as immunocompetent controls.

Initial experiments characterised the circulating leukocyte populations of the
SCID animals by FACS analysis of whole blood. This demonstrated that
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compared to Balb/c animals (Fig 5.1A and C) SCID mice had near complete
absence of CD4+ and CD8+ T lymphocytes (Fig 5.1B) and B220+ B
lymphocytes (Fig 5.1D).

Quantification of absolute lymphocyte number

confirmed these findings for both T lymphocytes (total counts 3.7±1.0 vs
0.0±0.0x106 cells/mL blood; Balb/c vs SCID; n=4-6/group, p=0.0019; Fig
5.1E) and B lymphocytes (total counts 2.9±0.9 vs 0.0±0.0x106 cells/mL
blood; Balb/c vs SCID; n=4-6/group, p=0.0023; Fig 5.1F)

5.2.1 SCID mice have reduced circulating Monocytes and Neutrophils
In addition to absent lymphocytes, it was noted that the normal populations of
circulating myeloid cells seen on flow cytometry of murine blood (Fig 5.2A)
appeared strikingly and unexpectedly reduced (Fig 5.2B). This difference
was confirmed by quantification of absolute monocyte and neutrophil
number, demonstrating significantly less circulating monocytes (total counts
6.5±0.6 vs 2.4±0.8x105 cells/mL blood; Balb/c vs SCID; n=4-5/group,
p=0.0055; Fig 5.2C) and neutrophils (total counts 2.1±0.0 vs 0.5±0.2x106
cells/mL blood; Balb/c vs SCID; n=4-5/group, p<0.0001; Fig 5.2D) in SCID
animals.

5.2.2 SCID mice exhibit functional and structural protection from IRI
SCID mice and age and sex matched control animals on the Balb/c strain
received 20 minutes of renal IRI with contralateral nephrectomy as previously
described. Blood samples taken 24h after injury demonstrated lower serum
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Figure 5.1 FACS quantification of circulating lymphocytes in SCID mice
Comparison of circulating leukocytes by flow cytometry demonstrates CD4hi
and CD8hi T cells in Balb/c mice (A) but near-total absence of these lineages
in SCID animals (B). Similarly B220hi B cells are present in Balb/c (C) but not
in age and sex matched SCID animals (D).
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Figure 5.1 cont.
Quantification of circulating leukocytes by flow cytometry demonstrates an
absence of T lymphocytes (A, **p=0.0019) and B lymphocytes (B,
**p=0.0026) in SCID mice compared to background strain, age and sex
matched Balb/c mice. (n=4-6/group).
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Figure 5.2 FACS quantification of circulating myeloid populations in
SCID mice
Comparison of Forward/Side scatter FACS characteristics of blood
leukocytes from Balb/c (A) and SCID animals (B). In addition to near total
loss of mature lymphocytes there is an apparent reduction in populations
corresponding to the circulating myeloid lineages
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Figure 5.2 cont.
Quantification of total blood monocytes (C, **p=0.0055) and neutrophils (D,
***p<0.0001) demonstrates significantly lower circulating counts in SCID
animals compared to controls (n=4-5/group).
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creatinines in the SCID animals (creatinine 139.8±14.0 vs 93.5±15.9µmol/L
Balb/c vs SCID; p=0.038, n=12-13/group; Fig 5.3A).

Levels of ATN within medullary sections of post-IRI kidney were quantified.
This demonstrated a significant reduction in histological injury in SCID
animals compared to Balb/c controls (69.9±1.0 vs 41.0±3.9% tubules
necrotic Balb/c vs SCID; p=0.0015, Fig 5.3B).

5.2.3 SCID mice have equivalent numbers of medullary Mφ before and after
IRI
In light of the reduced levels of circulating monocytes in SCID animals it was
important to establish whether basal and recruited myeloid populations within
the SCID kidney differed from Balb/c controls. Medullary Mφ were stained
using the F4/80 antibody and quantified as mean cells per high powered
field.

Balb/c and SCID mice had equivalent levels of renal medullary Mφ in both the
uninjured (8.3±1.9 vs 8.0±1.8 Mφ per hpf, Balb/c vs SCID; n=7-8/group; Fig
5.4A) and post ischaemic kidney (5.5±0.9 vs 4.3±1.3 Mφ per hpf, Balb/c vs
SCID; Fig 5.4A).
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Figure 5.3 SCID mice have reduced renal injury and dysfunction post
IRI
SCID mice exhibit preservation of renal function following 20 minutes of IRI
compared to strain matched controls (A, *p=0.038 n=12-13/group). This was
associated with a significant reduction in levels of tubular necrosis within the
outer medulla (B, **p=0.0015)
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Figure 5.4

SCID mice have equivalent levels of macrophages and

neutrophils after IRI
SCID and Balb/c mice have an equivalent density of renal medullary
macrophages both pre-IRI (d0) and post IRI (A, n=5-8/group). Despite lower
levels of circulating neutrophil numbers, SCID mice have an equivalent
capacity to recruit neutrophils to the injured kidney (B, p=0.77; n=3-6/group)
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5.2.4 SCID mice have preserved neutrophil recruitment after IRI
Given the differences previously noted in neutrophil number in SCID mice,
one possible explanation for the differences noted in injury phenotype would
be an altered ability to recruit neutrophils to the injured medulla in the SCID
group. Neutrophils were stained using anti-Gr1 antibody, and quantified as
mean cells per high powered medullary field. Despite reduced circulating
numbers of neutrophils and reduced levels of tubular necrosis SCID mice
had equivalent recruitment of neutrophils to the post ischaemic medulla
(35.4±15.4 vs 43.8±17.2 neutrophils per hpf, Balb/c vs SCID; p=0.77, n=36/group; Fig 5.4B).

5.3 Administration of clodronate has no beneficial effect in SCID mice
Previous work presented in Chapter 3 (and elsewhere in the literature (Day
et al., 2005; Jo et al., 2006)) demonstrated that macrophage depletion with
clodronate liposomes protects renal function in IRI. To determine whether
this effect was independent of the direct interactions or secreted products of
lymphocytes, liposomal clodronate administration was repeated in both
Balb/c and Balb/c-SCID mice.

The administration of clodronate to Balb/c mice resulted in significant
protection of renal function (creatinine 139.8±14.0 vs 71.7±17.3µmol/L, Balb
vs Balb+Clod; p=0.011). The administration of clodronate to SCID mice did
not have any equivalent protective effect (creatinine 99.3±15.9 vs
119.2±22.7µmol/L, SCID vs SCID+Clod; p=ns; Fig 5.5A). These findings
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Figure 5.5 Clodronate protects renal function after IRI in Balb/c but not
SCID mice
Balb/c and SCID mice were pre-treated with 200µL of either clodronate
liposomes or PBS one day prior to 20 minutes IRI with contralateral
nephrectomy.
function.

After 24h blood was collected for measurement of renal

This demonstrated that Clodronate administration resulted in

significant protection against IRI in Balb/c but not SCID mice (p=0.011 Balb/c
vs Balb/c+Clod). (n=6-11/group).
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implicate the adaptive immune system in the mediation of clodronate induced
protection, either via direct cell mediated effects or via antibody or other
soluble mediators.

5.4 Increasing ischaemic time results in augmented functional injury in
SCID mice
Given that SCID mice exhibit a protected phenotype after IRI, it was possible
that these lower levels of ATN and creatinine could obscure the efficacy of
potentially protective interventions in this strain. It was therefore decided to
augment the levels of functional injury seen in SCID mice after IRI from their
previous levels in order to allow detection of any further additive protection
afforded by ACs

Small numbers of SCID mice received either 20, 25 or 30 minutes of renal
ischaemia. There was a stepwise increase in serum creatinine with each
increment in ischaemic time (Creatinine 63.8±9.4 vs 138.0±36.8 vs
201.5±2.5µmol/L 20 vs 25 vs 30min IRI; n=2-4/group, Fig 5.6A). 25 minutes
of ischaemia best resembled levels of serum creatinine seen in the Balb/c
strain in Fig 5.3A and was selected for the subsequent experiments.
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Figure 5.6 Increasing duration of ischaemia worsens injury in SCID
mice
Increasing lengths of renal ischaemia were employed in Balb/c-SCID mice to
establish whether levels of functional injury could be increased to those seen
in wild-type Balb/c animals following 20 minutes of ischaemia.

This

demonstrated that an injury time of 25 minutes produced levels of functional
impairment similar to Balb/c mice seen in Fig 5.3A. (n=4,3,2 respectively)
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5.5 Apoptotic cell administration has no beneficial effect in SCID mice
In order to probe the involvement of B-cells (along with T-cells and antibody)
in mediating the protective effects of AC administration an experiment was
undertaken in SCID mice, to assess the ability of ACs to protect renal
function in the absence of these cell types.

ACs were prepared from strain matched Balb/c mice as previously described
and injected into SCID mice under aseptic conditions. At 24h after IRI no
difference in serum creatinine was seen in animals receiving ACs compared
to control injections (creatinine 154.3±13.1 vs 176.7±14.9µmol/L, PBS vs
ACs; n=4-6/group; Fig 5.7A). It is worth noting that serum creatinines in both
experimental groups were considerably higher than those expected based on
dose finding experiments in Fig 5.6A, and there was a higher than
anticipated post-operative mortality rate, leading to a lower than desired
number of mice per group.

These should be seen as caveats to the

conclusion that AC administration exerts its protective effects via an
interaction with the cells or products of the adaptive immune system.

5.6 IgM natural antibody binds to the renal medulla in the early post
ischaemic period
Given the findings presented above, and the literature implicating IgM natural
antibodies (nAb) in the initiation of both skeletal muscle and intestinal IRI
(Weiser et al., 1996b; Zhang et al., 2004b) we sought to investigate evidence
for nAb deposition in early renal IRI. In other organ systems nAb deposition
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Figure 5.7 Apoptotic cell administration has no impact on renal function
in SCID mice
SCID mice were pre-treated with 20x106 ACs 24h prior to 25 minutes of renal
ischaemia. Following this treament no significant difference was noted in
renal function when serum Creatinine was measured at 24h post injury. (n=46/group)
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has been detected within the early post-ischaemic tissue at time points
ranging from 30 minutes to 2h post reperfusion.

To investigate the hypothesis that nAb binding occurs in early renal IRI
Balb/c animals received unilateral IRI for 20 minutes, and kidneys were
removed under terminal ischaemia at either 30 minutes or 24 hours. Frozen
sections were prepared from the ischaemic kidney, with the uninjured
contralateral kidney acting as an internal control, and stained for IgM using a
primary antibody with fluorescent conjugate. Given the ability of bound IgM
antibody to activate the classical pathway of complement activation dual
staining was performed for C3 to allow examination for signs of colocalisation.

Uninjured contralateral kidney had staining for C3 present within the medulla
(potentially reflecting renal production), but minimal evidence of IgM (Fig
5.8A). In contrast 30 minutes after IRI there was marked, predominantly
interstitial deposition of IgM, without notable C3 co-localisation (Fig 5.8B,
higher magnification Fig 5.8E). Staining of injured kidneys at 24h post IRI
showed disappearance of IgM staining- suggesting either degradation or
clearance of the opsonised cells (Fig 5.8C). As a negative control injured
SCID kidney was examined, with the 30 minute timepoint demonstrating
complete absence of IgM staining (Fig 5.8D).
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Figure 5.8 IgM binds to the injured medulla early after ischaemic injury
IgM is not present in uninjured Balb/c kidneys (A), but is detectable within the
interstitium of Balb/c kidneys 30min post IRI (B- red staining anti-IgM-Alexa
568; green staining anti-C3-FITC), and has disappeared at 24h (C). SCID
mice have no such deposition at the 30 minute timepoint, despite equivalent
levels of detectable C3 (D). All images x100 magnification.

182

Figure 5.8 cont
Higher power fluorescence microscopy of injured Balb/c kidney 30min after
IRI demonstrates distinct populations of cells, predominantly in the interstitial
compartment staining positive for IgM (red Alexa-568 primary Ab) and
complement C3 (green anti-C3 FITC primary Ab) without obvious areas of
co-localisation (x400 magnification).
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5.6.1 IgG antibodies do not deposit in the kidney in the early aftermath of IRI
To assess whether other forms of immunoglobulin also bind to injured kidney
in the aftermath of IRI staining was performed for IgG deposition within the
injured kidney. Neither Balb/c or SCID kidney demonstrated positivity for IgG
binding at the 30 minute post injury timepoint (Figs 5.9A and B).

5.6.2 Serum transfer from Balb/c mice restores IgM deposition in SCID mice
after renal IRI
The findings of both absent IgM nAb binding and reduced levels of
subsequent ATN in the injured SCID kidney raised the possibility of nAb
being of pathogenic significance in the evolution of IRI. In order to probe this
further initial proof of principle studies were undertaken to assess whether
adoptive transfer of nAb containing serum could restore renal nAb binding in
response to injury.

SCID mice received 400µL of serum either from Balb/c or SCID animals ip 4h
prior to 20 minutes IRI without nephrectomy. Balb/c animals acted as a
positive control for IgM binding. Kidney tissue was obtained 30 minutes after
re-perfusion under terminal anaesthesia. Balb/c animals again demonstrated
nAb deposition after IRI (Fig 5.10A), whilst SCID animals receiving SCID
serum transfer had no deposition visible after IRI (Fig 5.10B). SCID animals
receiving Balb/c serum had negligible nAb binding in the uninjured
contralateral kidney (Fig 5.10C) but demonstrated marked re-constitution of
nAb binding within the post IRI kidney (Fig 5.10D). These experiments did
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Figure 5.9 IgG does not deposit in the injured kidney after IRI
Staining for IgG deposition within the injured medulla of either Balb/c (A) or
SCID mice (B) 30 minutes after IRI demonstrated no evidence of IgG
deposition (both images x100 magnification).
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Figure 5.10

Adoptive transfer of Balb/c serum reconstitutes IgM

binding in injured SCID kidneys
Balb/c mice demonstrate deposition of IgM nAb in the medulla 30 minutes
after IRI (A). SCID mice injected with SCID serum 4h prior to injury had no
evidence of nAb deposition within the post ischaemia medulla (B). SCID
animals receiving adoptive transfer of Balb/c serum showed no deposition of
IgM within the uninjured contralateral kidney (C), but a restoration of tubular
binding of nAb within the ischaemic kidney (D). All images x100
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not permit any assessment of the functional significance of this binding, given
the early timepoint and lack of a contralateral nephrectomy, but do provide
an encouraging basis for further serum transfer experiments designed to
assess histological and functional injury levels.

5.6.3 Apoptotic thymocytes bind IgM nAb antibodies present in Balb/c serum
It is recognised that IgM nAb recognise residues expressed by apoptotic cells
and promote phagocytic clearance (Peng et al., 2005). The evidence of nAb
depositing within the injured kidney raised the additional possibility that
interventions such as AC administration could potentially bind significant
quantities of nAb, potentially exerting their beneficial effects via ‘natural
antibody depletion’- if indeed nAb are of pathogenic significance within the
kidney.

In order for this hypothesis to merit further investigation, it was

necessary to investigate whether ACs as used in experiments in Chapter 4
bound serum IgM.

Apoptotic thymocytes were incubated with serum prepared from either Balb/c
or SCID mice. Following washes a fluorescently conjugated anti-mouse-IgM
antibody was used to detect binding of nAb by FACS. Initial attempts used a
Phycoerythrin (PE) conjugate. This demonstrated that serum from Balb/c but
not SCID mice contained IgM which bound to ACs (Fig 5.11A). Apoptotic
cells are recognised to have increased background autofluorescent
properties, which limited the spectral shift seen in the anti-IgM-PE positive
population. In the light of this an Allophycocyanin (APC) conjugated antibody
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Figure 5.11 IgM from Balb/c serum binds to apoptotic cells in vitro
Apoptotic cells exposed to Balb/c serum bind IgM antibodies (detectable by
anti-IgM-PE (A) or anti-IgM-APC (B) on flow cytometry) . Exposure of SCID
serum results in binding levels equivalent to isotype. Use of APC conjugated
detection antibody facilitated lower levels of AC autofluorescence from the
red diode laser (B). Serial dilutions of Balb/c serum results in reduction in
levels of bound IgM.

188

was used to permit detection via the red diode laser, thus reducing
autofluorescence (Fig 5.11B). With serial dilutions of Balb/c serum the mean
fluorescent intensity of the IgM positive cells could be reduced, suggesting
that this detection method could be adapted to provide a semi-quantative
assessment of the anti-AC nAb binding capacity of a serum sample.

5.7 Summary
•

The SCID mouse has a protected phenotype after renal IRI.

•

The SCID mouse derives no further additional benefit from the
administration of either liposomal clodronate or apoptotic cells

•

The protective effects afforded by these interventions may be
mediated in part by the actions of lymphocytes or antibodies.

•

Preliminary studies demonstrate that IgM natural antibodies present
within the normal serum of Balb/c mice bind apoptotic cells in vitro,
and to the injured renal medulla in the aftermath of in vivo IRI.
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6. EXPRESSION OF RENAL HO-1 IN AGED MICE AFTER IRI

6.1 Introduction
It is recognised that in addition to the acquisition of co-morbid conditions,
aging also impacts on organ function at a cellular level- altering the ability of
a tissue to respond to stress or to regenerate in response to injury (Schmitt
and Cantley, 2008). Free heme molecules are released in ischaemia
reperfusion injury, and catalyse the release of free radicals- a major source
of oxidative stress - with the inducible form of the HO-1 enzyme now
recognised as the major factor catalysing safe breakdown of such iron
moieties (Poss and Tonegawa, 1997).

Induction of HO-1 by pharmacologic means or via gene transfer systems has
been shown to generate an anti-inflammatory phenotype in several disease
models, improving survival in experimental transplantation (Blydt-Hansen et
al., 2003; Braudeau et al., 2003; Pileggi et al., 2001) and LPS induced septic
shock (Lee and Chau, 2002). The downstream product CO has been shown
to downregulate Mφ responsiveness to TLR activation (Nakahira et al., 2006)

Recent

studies

have

demonstrated

that

aged

animals

undergoing

experimental hypoxic/hyperthermic brain injury, liver IRI or lung inflammation
exhibit reduced ability to induce HO-1 compared to young controls (Bloomer
et al., 2009; Ewing and Maines, 2006; Ito et al., 2009).

As such,

manipulation of renal HO-1 represents an enticing pharmacological target in
the elderly at risk of AKI.
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In the following experiments we sought to establish an animal model which
mirrored the heightened susceptibility to IRI exhibited by the elderly
population. This would facilitate testing the hypothesis that aged mice exhibit
reduced ability to upregulate HO-1 following IRI and that this was of
mechanistic importance in determining their increased susceptibility to IRI. In
the event of this primary hypothesis being proven, then the utility of the HO-1
inducer heme arginate would be examined as a prophylactic treatment
against IRI.

6.2 Old and young mice have equivalent baseline renal parameters
We sought a model of IRI that resulted in minimal renal injury in the young
but significant dysfunction in the aged.

Female mice were therefore

selected, as the female sex has relative protection against AKI (Kheterpal et
al., 2009; Xue et al., 2006), and it was anticipated that the young females
would demonstrate less renal dysfunction than that previously demonstrated
in males in earlier chapters. In order to establish baseline characteristics,
renal function was measured in young (6-8wk old) and old (52-56wk old)
female mice.

6.2.1 Creatinine and measured creatinine clearance
Serum creatinine was not significantly different between groups (Fig 6.1A
36.6±2.2 vs 40.8±1.9µmol/L; young vs old, p=ns). Further studies were
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Figure 6.1

Old mice have normal renal function and no significant

proteinuria
Young and old mice exhibit equivalent renal excretory function, with
comparable serum creatinine (A, n=10-11/group), measured 24h creatinine
clearance (B), proteinuria (C) and albuminuria (D)- all n=5-6/group.
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undertaken using metabolic cage collections, demonstrating that old animals
had normal a 24h creatinine clearance (Fig 6.1B 39±5 vs 58±11µL/min;
young vs old; p=ns) and urinary excretion of both total protein (Fig 6.1C
11.1±2.2 vs 10.8±2.1mg/24h; young vs old; p=ns) and albumin (Fig 6.1D
62.3±17.4 vs 56.7±24.2µg/24h; young vs old; p=ns).

6.2.2 Renal Fibrosis
Assessment of fibrillar collagen deposition with picrosirius red (Fig 6.2A-D)
demonstrated equivalent collagen matrix within the medulla (Fig 6.2E), but
increased levels of peritubular collagen deposition within the cortex of old
animals (Fig 6.2F, 2.6±0.5 vs 5.7±0.9% of field Pic Red +ve young vs old;
p=0.015).

6.2.3 Microvasculature
Baseline immunohistochemistry was undertaken to examine the density of
the microvasculature by CD31 staining in both cortex and medulla (Fig 6.3AD), which was found to be well maintained in old animals (Fig 6.3E and F).
Baseline levels of intrarenal macrophages, T and B lymphocytes and
neutrophils were all determined by immunohistochemistry (Fig 6.4), with no
difference in counts between young and old (Table 6.1).
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Figure 6.2 Fibrillar collagen staining in old and young kidneys
Representative images of fibrillar collagen deposition shown by picrosirius
red staining (A-D, x100 magnification).
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Figure 6.2 cont.
Image analysis demonstrates that old animals exhibit increased levels of
fibrillary collagen deposition within the cortex compared to young controls
(E). Further selective analysis of cortical images revealed that this excess
was wholly due to peritubular rather than intraglomerular collagen
accumulation (F).
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Figure 6.3 Staining for the renal microvascular network with CD31
Identification of the renal microvaculature using immunohistochemistry for
the CD31 antigen. Staining was performed on paraffin embedded renal
tissue from old and young mice- with representative fields from both cortex
and medulla shown in panels (A-D) on x200 fields.
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Figure 6.3 cont.
Image analysis of CD31 immunohistochemistry allowed quantification of the
area of microvascular network present in cortex (E) and medulla (F),
demonstrating no loss with age (all n=5/group).
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Figure 6.4

Immunohistochemistry for renal leukocytes in old and

young mice
Typical immunohistochemical appearances of cortex and medulla of young
and old kidneys (A).

F4/80 – Macrophages/DCs (x100), B220 – B

Lymphocytes (x200), CD3 –T Lymphocytes (x200).
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Table 6.1 Quantification of baseline and post injury renal leukocyte
numbers in young and old mice
Quantification of baseline leukocyte populations was undertaken with no
differences between populations seen (A).

Quantification was also

undertaken in kidneys 24h after IRI, demonstrating recruitment of Gr1+
neutrophils but no other significant changes (B). Counts were performed on
x200 fields, with ten fields counted per animal. (n=5-6/group).
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6.2.4 Hemeoxygenase-1 levels
Baseline HO-1 levels were assessed in both cortex and medulla by
immunohistochemistry and image analysis, which demonstrated low levels of
basal tubular HO-1 expression in both the young and old kidney (Fig 6.6C
and E).

6.3 Aged mice exhibit increased susceptibility to renal IRI
To characterise whether old mice exhibited increased susceptibility to AKI
despite normal basal excretory function, young and old mice underwent 20
minutes of experimental IRI with contralateral nephrectomy- a level which
previous work demonstrated to cause only mild renal dysfunction in young
female animals, peaking at 24h post injury.

At 24h post injury, old animals exhibited markedly reduced renal function (Fig
6.5A, Cr 38±6 vs 120±35 µmol/L; young vs old; p<0.01), with increased
levels of acute tubular necrosis (Fig 6.5B, images Fig 6.5D-G, 55±0.4 vs
75±1.2%ATN; young vs old; p<0.001). There was significant recruitment of
neutrophils on d1 in old mice (Fig 6.5C 0.4±0.1 vs 22.5±7.3 PMN/hpf,
p=0.0032) with a less marked trend in the young animals. There was no
significant recruitment of macrophages, B or T Lymphocytes in either group
(Table 6.1B).
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Figure 6.5 Old mice develop worse renal dysfunction after IRI
Old mice demonstrate worse functional derangement after IRI (A; p=0.016),
with associated increased levels of ATN (B; p<0.0001). The increased injury
in old mice was associated with increased recruitment of neutrophils from
baseline (C; p=0.0032).

201

Figure 6.5 cont.
H&E images of young kidney pre-IRI (D) and post-IRI (E), and old kidney
pre-IRI (F) and post-IRI (G) demonstrate increased severity of ATN in aged
animals (all images x100).
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6.4 Aged mice fail to upregulate HO-1 protein in the outer medulla in
response to renal IRI
The ability of the aged kidney to induce HO-1 in response to IRI was
assessed by immunohistochemistry to permit spatial localisation of protein
(Figs 6.6C-F). Within the cortex, both young and old animals induced HO1 in
response to IRI (Figure 6.6A graph), although there was a trend towards
lesser induction in the aged group. Old animals induced significantly less
medullary HO-1 in response to IRI (Fig 6.6B graph, p=0.0013). Whilst young
mice exhibited a near two-fold increase in the proportion of viable medullary
tubules after IRI (44.8% vs 24.5%; young vs old), the >8-fold increase in
medullary HO-1 levels in young vs old medulla indicated that the increased
induction was not simply an artefact of increased cell viability in young mice.

6.5 Treatment of aged mice with heme arginate results in renal HO-1
induction
To probe whether the failure to induce HO-1 was of functional significance in
old mice, the HO-1 inducing agent heme arginate (HA) was administered to
aged mice 24h prior to IRI. Western blots for HO-1 were performed on whole
kidney homogenate, and demonstrated robust protein induction (Fig 6.7A).
This was confirmed using densitometric analysis of the resultant blots (Fig
6.7B; p<0.001 HA vs PBS treated). Immunohistochemical staining for HO-1
demonstrated induction in cortical tubules in HA pre-treated animals (Fig
6.7D, Control Fig 6.7C), resulting in markedly increased total cortical staining
which was maintained in the aftermath of IRI (Fig 6.7F, p<0.01 d0, p<0.01 d1
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Figure 6.6

Immunohistochemistry and image analysis demonstrates

impaired medullary induction of HO-1 in old mice following IRI
HO-1 protein is induced in the cortex of old and young mice in response to
IRI (A), whilst there is a failure to induce HO-1 in the medulla of old mice (B).
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Figure 6.6 cont.
Immunohistochemistry of HO-1 protein distribution in young kidney pre-IRI
(C) and post-IRI (D), and old kidney pre-IRI (E) and post-IRI (F) (main
images x50, insets x200).

205

Figure 6.7 Heme arginate induces renal HO-1 protein in aged mice
Pre-treatment with Heme arginate at a dose of 30mg/kg results in induction
of total kidney HO-1 protein by western blotting (A, vehicle treated lanes 3-6,
HA treated lanes 7-10), and subsequent densitometric analysis (B;
***p<0.001).
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Figure 6.7 cont.
The site of HO-1 induction was assessed using immuohistochemistry and
demonstrated robust induction compared to control (C-PBS D-HA treatment,
E- Isotype Control, all x200).
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Figure 6.7 cont.
Image analysis of HO-1 immunohistochemistry demonstrates significant
induction within both cortex (F) and medulla (G), which is maintained in the
aftermath of IRI.
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vs PBS treatment). Within the medulla there was augmented HO-1 staining
at d0 (Fig 6.7G, p<0.01 d0 HA vs d0 PBS), which was further increased
relative to PBS control after IRI (Fig 6.7G, p<0.05 d1 vs PBS treatment).

6.6 Heme arginate treatment induces HO-1 in interstitial cells of the
kidney in aged mice
After HA treatment, numerous interstitial cells were observed to stain for HO1 (Fig 6.8C), and were present in maintained numbers after IRI (Fig 6.8D,E)forming the principal source of HO-1 within the injured medulla. Interestingly,
in PBS treated animals there were virtually no HO-1+ interstitial cells at
baseline (Fig 6.8A, but these cells were present within injured areas after IRI
(Fig 6.8B). Given the morphological and anatomical resemblance to renal
macrophages, dual staining with the resident macrophage/DC marker F4/80
was performed, demonstrating multiple areas of co-localisation, indicating
that one target of HA action is the resident mononuclear phagocyte
population of the kidney

6.6.1

Heme arginate treatment induces HO-1 in primary bone marrow

derived macrophages in vitro
To further demonstrate the ability of HA to upregulate macrophage HO-1,
studies were undertaken in primary cultures of murine bone marrow derived
macrophages. By day 7 these cells expressed high levels of the prototypic
macrophage markers CD11b and F4/80 by flow cytometry (shown in material
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Figure 6.8 Interstitial cells are the key site of medullary HO-1 induction
by ischaemia and heme arginate in aged mice
Immunohistochemistry for HO-1 demonstrates that baseline renal tissue has
virtually no HO-1+ interstitial cells present (A). Animals pre-treated with HA
have a population of HO-1+ interstitial cells present prior to IRI (C). Both IRI
and Heme Arginate administration results in the presence of mononuclear
cells within the interstitial compartment of the outer medulla which are
strongly positive for HO-1 in the aftermath of IRI (B & D).
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Figure 6.8 cont.
E- Quantification of mean interstitial HO-1+ cells per high powered
microscope field (5x fields per animal studied) demonstrates significant
induction of HO-1+ cells in the renal interstitium of aged mice after HA
treatment (*p<0.05; n=5/group).
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Figure 6.8 cont.
Immunofluorescence of renal tissue demonstrates areas of co-localisation
(H) between HO-1 (F) and F4/80, (G) indicating that F4/80+ macrophages
express HO-1 in the kidney in response to IRI or HA treatment.
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and methods Fig 2.1).

After 24h treatment of macrophages with HA

(10µmol/L) there were increased levels of HO-1 protein demonstrable on
western blot (Fig 6.9A) and immunofluorescence (Figs 6.9B-E), persisting at
high levels for 24h after removal of HA containing media.

6.7 Heme arginate pre-treatment protects renal function in aged mice
after IRI
To assess the potential for HO-1 induction as a therapeutic intervention in
aged animals, IRI was performed in old animals 24h after either iv injection of
PBS (Old+PBS) or 30mg/kg HA (Old+HA), with further young animals as
controls (Young+PBS). HA therapy was associated with marked functional
protection (Fig 6.10A, Creatinine 128.5±31.5 vs 49.6±6.3 vs 68.0±10.0µmol/L
Old+PBS vs Old+HA vs Young+PBS; p<0.05). This was associated with
reduced levels of ATN in HA pre-treated animals (Figs 6.10B-F %ATN
58.4±12.9 vs 21.0±6.5 Old+PBS vs Old+HA; p<0.05)

6.8

Macrophage depletion results in loss of HA induced renal

protection
Given that immunohistochemistry suggested that interstitial cells represent
the main site of HO-1 induction within the HO-1 pre-treated medulla, and are
recruited/induced in PBS treated animals in response to medullary injury, we
sought to probe their relative contribution to the protected phenotype. To
characterise Mφ involvement in protection, aged CD11b-DTR animals in
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Figure 6.9 Hemearginate induces HO-1 protein in macrophages in vitro
Western blotting of protein homogenate from bone marrow derived
macrophages, demonstrates progressive induction of HO-1 up to 24h
following exposure to heme arginate, which was maintained for up to 48h
after removal of HA containing media (A).
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Figure 6.9 cont.
Cytospins of macrophages were prepared at various timepoints before or
after exposure to HA, and stained with HO-1 pAb and Alexa488 conjugated
secondary, demonstrating increasing intensity of HO-1 staining with HA (BIsotype Ab, C- pre-HA treatment, D- 24h of HA exposure, E-24h after
removal of HA).
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Figure 6.10 Heme arginate protects renal function in old mice after IRI
Heme Arginate pre-treatment of aged mice results in significant functional
protection from IRI compared to vehicle treated controls (A, *p=0.0224, n=67/group). There was an associated reduction in levels of ATN score between
groups (B, *p=0.0181, n=6-7/group).
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Figure 6.10 cont.
Representative images demonstrate renal histology in PBS treated pre injury
(C), PBS post-injury (D), HA treated pre-injury (E) and HA post-injury (F) (all
images x100 magnification).
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which Mφ can be conditionally depleted from the kidney (Cailhier et al., 2005;
Duffield et al., 2005; Henderson et al., 2008) via administration of diphtheria
toxin (DT) were pre-treated with either PBS, HA+PBS, DT+PBS or HA+DT.
Animals treated with DT exhibited a 75% reduction in resident F4/80+ Mφ
counts (11.5±2.3 vs 2.9±0.7 cells/x400 field, p=0.0024; Figs 6.11A and B)

In the cortex, where the predominant site of HO-1 induction was tubular,
there was no difference in levels of HO-1 induction in DT treated animals (Fig
6.11C). In the medulla, DT pre-treatment resulted in a 5-6 fold reduction in
HO-1 staining (Fig 6.11D, p=0.09). HO-1+ interstitial cells in the medulla
were counted in the aftermath of IRI, and were reduced by 60% in HA+DT
co-treated animals compared to HA treated controls (Fig 6.11E, 5.1±2.2 vs
13.1±2.6 cells/hpf HA+DT vs HA+PBS; p<0.05), indicating that CD11b+ Mφ
represent the majority of HO-1+ interstitial cells.

When functional outcome after IRI was assessed, HA+PBS treated animals
again demonstrated a protected functional phenotype, which was lost in
HA+DT treated animals (Fig 6.11F, Creatinine 43.4±3.3 vs 75.3±11.6 vs
74.2±11 vs 103.2±22.0µmol/L HA+PBS vs HA+DT vs PBS vs DT+PBS;
p<0.05 HA+PBS vs HA+DT). Consistent with this, HA+PBS treated animals
demonstrated a significant reduction in levels of acute tubular necrosis,
which was not present in the context of concurrent Mφ depletion (Fig 6.11G,
ATN score 20.0±8.1% vs 50.6±7.3% vs 54.0±10.0% vs 58.9±10.1% OSOM
necrosis; HA+PBS vs HA+DT vs PBS vs DT+PBS; p<0.05 HA+PBS vs all
groups).
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Figure 6.11 Macrophage ablation results in loss of HO-1 positive cells
and the protected phenotype associated with hemearginate treatment
Macrophage depletion using the CD11b-DTR transgenic animal results in
loss of the interstitial HO-1+ cells induced by HA treatment on staining for
HO-1 (A- HA treatment, B- HA treatment + Mφ depletion, both d1 post IRI,
HO-1 staining, x200 fields).
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Figure 6.11 cont.
Image analysis demonstrates preserved cortical HO-1 induction (C) but a
trend towards reduced medullary staining for HO-1(D).
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Figure 6.11 cont
Quantification of interstitial HO-1+ cells within the medulla demonstrates a
significant reduction in HO-1+ cells in HA+DT co-treated animals at d1 post
injury (E, *p=0.0417, n=6/group). The functional (F, * p=0.0383, n=6-7/group)
and structural (G, * p=0.0211, n=6/group) protection of HA pre-treatment is
lost when there is simultaneous depletion of resident and circulating
mononuclear phagocytes.
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6.9 Summary
•

Aged mice recapitulate the susceptibility for AKI seen in the aged
population, and can therefore be used as a model for AKI in the
elderly.

•

Whilst expressing comparable levels of baseline HO-1 protein, the
aged kidney has an impaired ability to upregulate HO-1 in the medulla
in response to IRI.

•

Heme arginate (HA) administration to old animals induces HO-1
protein in both cortical tubules and interstitial macrophages, and
provides both structural and functional protection from IRI.

•

This protected phenotype is absent in animals treated with HA in
conjunction with conditional Mφ ablation, implicating the macrophage
as a key therapeutic target for HA.
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7. HO-1 EXPRESSING MΦ AS CELL THERAPY FOR IRI

7.1 Introduction
Recent work has shown that administration of hemin results in HO-1
induction in Mϕ, which then preferentially home to and ameliorate an
experimental model of severe pancreatitis in the mouse (Nakamichi et al.,
2005). Expression of HO-1 in MΦ opposes inflammatory activation and
autoimmunity (Roach et al., 2009; Tzima et al., 2009), and is associated with
improved outcome in both hepatic and renal IRI (Devey et al., 2009; Gueler
et al., 2007). The propensity of Mϕ to home preferentially to ischaemic sites
has also been used to deliver gene therapy to hypoxic areas of tumours
(Griffiths et al., 2000).

As such a growing body of evidence would support the use of MΦ as a
medium to deliver therapeutic gene products to the early ischaemic kidneywith HO-1 representing an attractive candidate. In the light of the findings in
Chapter 6 implicating MΦ as key cells in mediating the protective effects of
pharmacological HO-1 induction, this chapter will examine the generation of
HO-1 overexpressing MΦ in vitro and their subsequent phenotype.

The

effect of the systemic administration of these cells on the structure and
function of the post-ischaemic kidney will then be characterised.
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7.2 Adenoviral transduction of MΦ to overexpress HO-1

7.2.1 Transduction of MΦ with Adeno-HO-1 results in HO-1 over-expression
and increased total heme oxygenase enzyme activity
Primary bone marrow derived MΦ were treated with HO-1 expressing
adenovirus (AdHO-1). Maximal protein expression without cytotoxicity was
seen at a MOI (multiplicity of infection) of 100 (Figure 7.1A). HO-1
transduction was associated with increased bioactivity as shown by
degradation of heme to bilirubin (Figure 7.1B).

7.2.2 HO-1 transduction attenuates MΦ inflammatory responses
To confirm the effects of viral transduction with or without HO-1
overexpression on bone marrow derived MΦ (BMDM) phenotype, cells were
plated and stimulated with LPS (1µg/ml) and IFN-γ (100 U/ml).

After 24

hours production of nitric oxide (NO), TNFα and IL10 was assessed. AdHO1 treatment resulted in reduced NO release compared to non-transduced and
Adβgal transduced cells (Figure 7.2A). There was also marked suppression
of TNFα release in response to stimulation (Figure 7.2B) and augmented
IL10 secretion (Figure 7.2C).
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Figure 7.1 Adenoviral transduction results in expression of HO-1
protein in Mφ.
Western blotting demonstrates potent induction of HO-1 protein expression in
macrophages following increasing multiples of infection (MOI) with AdenoHO-1 (A). HO-1 transduction was associated with increased bioactivity as
shown by degradation of heme to bilirubin (B; n=8/group, ***p<0.0001).
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Figure 7.2 Transduction of HO-1 in Mφ results in altered responses to
classical activating stimuli
Transduction with AdHO-1 results in significantly reduced MΦ NO (A) and
TNFα production (B) (n=9/group; ** p<0.001 vs all groups by ANOVA) in
response to IFNγ+LPS stimulation.
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Figure 7.2 cont
Transduction with AdHO-1 results in significantly augmented IL10 (C) in
response to stimulation with IFNγ+LPS (n=9/group; all p<0.001 vs all groups
by ANOVA)
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7.2.3 HO-1 transduction augments MΦ uptake of apoptotic cells
Assays were undertaken to characterise the capacity of the transduced MΦ
to phagocytose apoptotic cells (ACs), example images are shown in Fig 7.3A
& 7.3B. AdHO-1 transduction resulted in augmented phagocytic ability with
an increased proportion of MΦ ingesting ACs (Fig 7.3C; 34.8±2.9% vs
14.1±1.6% AdHO-1 vs untransduced control; p=0.0032). Furthermore, the
cells which ingested ACs demonstrated an increased phagocytic index – the
mean number of ACs eaten by each phagocytosing MΦ (Fig 7.3D, 1.84±0.14
vs 1.18±0.04 ACs/MΦ AdHO-1 vs control; p=0.0093)

7.3 Injected MΦ localise preferentially and rapidly to the injured kidney
To examine whether the injected MΦ exhibited the ability to home selectively
to the injured kidney in vivo, experiments were conducted with a unilateral
clamp to the renal vessels and the contralateral kidney left in situ as an
uninjured control. PKH Labelled MΦ were injected i.v. 20 minutes after
unilateral ischaemic insult. Localisation was assessed on frozen sections at
24h post injury.

Greater numbers of PKH+ MΦ were seen within the medulla of the injured
kidney compared to the contralateral control (Fig 7.4A; 2.05±0.18 vs
0.90±0.12 PKH+ cells/hpf; ischaemic vs control kidney; p=0.0048 by paired ttest). To assess the kinetics of MΦ localisation, 5x106 non-transduced PKH
labelled MΦ were administered i.v following 20 minutes warm ischaemia of
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Figure 7.3

Transduction of HO-1 in Mφ results in increased

phagocytosis of apoptotic cells in vitro.
Phagocytosis was quantified visually using co-localisation of Lysotracker Red
labelled MΦ and CM-Green labelled apoptotic cells to confirm presence of
the apoptotic cells within a phagolysosome. Photomicrographs of MΦ
following a 30 minute interaction with apoptotic cells (A- control unmodified
MΦ, B- Ad-HO-1 MΦ; phagocytosed ACs shown with white arrows).
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Figure 7.3 cont.
Quantification of images taken of phagocytosis experiments demonstrates
that transduction with AdHO-1 results in augmented phagocytosis of
apoptotic cells (ACs) (C; n=9/group p=0.0032) and increased phagocytic
index (D; n=9/group p=0.0093)
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the left kidney with right nephrectomy. MΦ localisation was assessed at 1h
and 24h post IRI. This demonstrated rapid infiltration 1h after administration,
persisting at reduced numbers at 24h (Figure 7.4B-D)

7.3.1

Intravenously injected MΦ localise within solid organs 24h post

administration
In order to assess the localisation of administered MΦ within solid organs in
the aftermath of IRI, 5x106 MΦ (either non-transduced, Ad-βgal or Ad-HO-1
transduced) were administered intravenously after IRI. Liver, spleen, lung
and kidney were harvested at 24h after IRI and cell administration, with cell
localisation quantified on frozen sections. Labelled cells were found in all
organs examined, with no differences in localisation between transduced and
non-transduced cells (Fig 7.5A-D). The greatest cell densities were identified
in the spleen and liver (32.4±3.9 vs 29.2±3.5 vs 2.4±0.5 vs 1.1±0.1 PKH+
cells/hpf; spleen vs liver vs lung vs kidney). Example images of unstained
frozen sections from liver and spleen demonstrating fluorescent detection of
PKH labelled MΦ are shown in Figures 7.5E and 7.5F respectively.

7.3.2 Administered PKH+ labelled MΦ augment renal medullary MΦ number
in IRI
Given the low absolute numbers of MΦ localising within the kidney in the
aftermath of IRI, the total number of F4/80+ MΦ at 24h post injury was
quantified by immunohistochemistry. Medullary MΦ count increased by 40%
231

Figure 7.4 Intravenously administered Mφ home to the injured kidney
after IRI.
IV administered non-transduced MΦ localise selectively to the injured kidney
compared to the contralateral uninjured control (A; p=0.0048 n=6/group).
Maximal localisation is seen at 1h after injection (B)

232

Figure 7.4 cont.
PKH+ non-transduced MΦ can be visualised within the interstitium of the
injured renal medulla at 1h (C) and 24h (D)- x200 magnification, blue-DAPI
nuclear stain, green –tissue autofluorescence, red- PKH26+ MΦ. Medullary
F4/80+ cell counts (mean per x400 field) are augmented in animals receiving
iv MΦ.

233

Figure 7.5 PKH labelling of iv injected Mφ demonstrates localisation to
solid organs 24h after IRI
Quantification of modified and control Mφ in kidney (A), liver (B), spleen (C)
and lung (D), no significant differences were noted between groups.
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Figure 7.5 cont.
Sample fluorescent images of frozen sections of liver (E) and spleen (F) 24h
after the administration of PKH26 labelled Ad-HO-1 expressing macrophages
(both x200).
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Figure 7.5 cont.
Exogenously delivered MΦ were identified by PKH+ fluorescence, and
comprise between 35-58% of total medullary MΦ post IRI (E).
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in cell treated animals (2.6±0.5 vs 1.5±0.4 F4/80+ cells/hpf; IRI+MΦ vs
IRI+PBS), corresponding in number to the PKH+ cells seen on fluorescent
microscopy (Fig 7.5G).

7.4 IV Administration of HO-1 over-expressing MΦ results in improved
renal function
Histological injury was quantified in the outer medulla of the kidney 24hr
following IRI. This demonstrated equivalent levels of acute tubular necrosis
(ATN) present in all groups (Fig 7.6A, 54.0±3.6% vs 59.0±3.5% vs
57.9±3.2% vs 59.4±3.7% necrotic tubules; AdHO-1 vs Adβgal vs control MΦ
vs Saline p=ns).

Despite this animals treated with AdHO-1 MΦ had

significant preservation of renal function after IRI (Fig 7.6B, 61.6±4.4 vs
90.5±13.6 vs 92.6±21.1 vs 114.5±14.9µmol/l Creatinine; AdHO-1 vs Adβgal
vs control MΦ vs Saline p<0.05)

7.4.1

Administration of PKH+ labelled MΦ has no effect on neutrophil

recruitment after IRI
To assess any effect of MΦ cell therapy on the recruitment of neutrophils to
the injured medulla after IRI, staining was undertaken with an anti-Gr1
antibody with selectively labelled neutrophils. Mean percentage of medulla
staining positive for Gr1 was assessed using image analysis across images
of 5 high powered (x400) fields, with no differences seen between
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Figure 7.6 Treatment with Ad-HO-1 transduced Mφ results in functional
protection after IRI at comparable levels of acute tubular necrosis.
Cell therapy with AdHO-1 transduced MΦ after experimental IRI has no
impact on severity of tubular necrosis (A) but results in significant
preservation of renal function 24h after injury (B; all groups n=9-12; p<0.05).
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intervention and control groups (Fig 7.7; 0.02±0.01 vs 1.71±0.68 vs
1.51±0.42 vs 1.75±0.44 vs 0.84±0.30 % of field Gr1+; d0 vs d1 Saline vs d1
Control MΦ vs Ad-βgal MΦ vs Ad-HO-1 MΦ; n=8, p=ns between d1 groups)

7.4.2

IV administration of HO-1 overexpressing MΦ had no effect on

endothelial cell integrity and levels of tubular apoptosis post IRI
As administration of HO-1 expressing MΦ resulted in a functional
preservation despite comparable levels of ATN, the integrity of the vascular
network was assessed using the CD31 endothelial marker.

This

demonstrated a slight reduction in the amount of CD31+ cells present within
the outer stripe of the outer medulla (OSOM) 24 hours after IRI, comparable
across all experimental groups (Table 7.1). Likewise, there was no difference
in the expression of activated Caspase-3, a marker of apoptosis within the
injured OSOM at the same timepoint (Table 7.1). Attempts were made to
stain

apoptotic

nuclei

using

the

injured

medulla

via

Terminal

Deoxynucleotidyl Transferase Mediated dUTP Nick End Labeling (TUNEL).
This approach demonstrated that the majority of dead cells at 24h post IRI
are TUNEL negative, likely representing either primary or secondary necrosis
(Figure 7.8).
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Table 7.1. Summary of characteristics of murine kidneys and renal
function after IRI

Condition

Ad-HO-1
MΦ

Ad-βGal
MΦ

Control
MΦ

Saline

Serum Creatinine

0.70±0.05

1.02±0.15

1.05±0.24 1.30±0.17

(µmol/L)

*p<0.05 vs
54.0±3.6

59.0±3.5

57.9±3.2

59.4±3.7

0.9±0.3

1.1±0.2

1.1±0.2

n/a

0.8±0.3

1.7±0.4

1.5±0.4

1.7±0.7

2.6±1.0

1.9±0.8

3.3±0.9

1.5±0.4

7.2±2.2

6.3±2.2

5.8±3.3

9.2±3.4

all
ATN score
(%OSOM)
PKH+ve MΦ
(cells/hpf)
Gr1+ PMN
(%hpf +ve in
OSOM)
F4/80+ve MΦ
(cells/hpf in
OSOM)
Active caspase-3
(%hpf +ve in
OSOM)

d0 control
3.1±2.4

CD31

2.2±0.5

2.3±0.7

0.9±0.2

1.4±0.3

(%hpf +ve in
OSOM)

d0 control
2.8±0.7
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Figure 7.7

AdHO-1 transduced Mφ have no effect on neutrophil

recruitment after IRI
Image analysis was used to quantify Gr1+ neutrophil infiltration to the renal
medulla after IRI. No differences were evident between d1 groups (ANOVA,
n=8/group)
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Figure 7.8 TUNEL staining of kidney demonstrates that necrotic cell
death predominates over TUNEL+ apoptosis at 24h post IRI
TUNEL staining of normal medulla shows very few positive nuclei (A, x200
mag).

Kidney treated with DNAse I prior to TUNEL staining acts as a

positive control for the staining procedure (B, x200 mag). Post IRI medulla
demonstrates increased numbers of TUNEL+ cells compared to uninjured
controls (C, x200 mag). Within injured tubules TUNEL+ apoptotic cells form
a small minority (<10%) of all cells classed as dead on morphological
characteristics (D, x400 mag).
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7.4.3 IV Administration of HO-1 over-expressing MΦ does not alter systemic
cytokine levels
To assess any impact of systemic delivery of MΦ on circulating levels of proand anti-inflammatory cytokine release, serum was assayed for levels of IL-6,
IL-10, MCP-1, IFN-γ, TNFα and IL-12p70. No alteration of cytokine profile
was seen in any MΦ treated group compared to injured control animals
(Table 7.2, all p=ns)

7.5 IV Administration of HO-1 overexpressing MΦ results in reduced
aggregation of platelets and fibrin within the outer medulla 24hrs after
IRI
Given the potential effects of HO-1 activity upon the renal microcirculation,
staining was undertaken to quantify platelet and fibrin deposition within the
injured kidney (Fig 7.9A-D).

IRI resulted in an 8.9 fold increase in platelet deposition in untreated injured
kidney compared to the contralateral nephrectomy specimen 1h after injury
(p<0.05), with no differences noted between AdHO-1 and Adβgal MΦ
(13.0±2.7 vs 11.8±1.5% hpf +ve for CD41; AdHO-1 vs Adβgal, p=0.73).
When the later timepoint of 24h was assessed, AdHO-1 expressing MΦ
treatment was associated with striking reductions in medullary platelet
deposition (Fig 7.9E; 0.17±0.10% vs 4.08±1.55% hpf +ve for CD41 staining;
AdHO-1 vs Adβgal; p=0.03).

An MSB stain was used to detect fibrin

deposition within the injured medulla (Fig 7.10A & 7.10B). A trend was noted
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Table 7.2 Quantification of circulating cytokines 24h after IRI by
cytokine bead array
Measurement of levels of circulating inflammatory cytokines in naïve animals
and after IRI ± MΦ administration demonstrates no significant alteration in
levels of any measured parameter in animals receiving MΦ i.v (all p=ns).
*Levels of both IL-6 and MCP-1 were significantly elevated in serum of
animals after IRI compared to uninjured controls (both p<0.05).

Group

IRI + PBS

IRI +
Control MΦ

IRI +
Adβgal
MΦ

IRI +
AdHO-1
MΦ

Control
(No IRI)

IL-6*

100.7±21.7

97.7±44.7

65.5±24.2

126.1±98.0

6.9±0.3*

IL-10

30.2±3.7

30.6±2.2

31.1±2.0

34.1±6.3

34.9±0.7

MCP-1*

332±39.9

517.3±205.8

1882±30.5

209.9±117.4

39.4±4.7*

IFN-γ

13.7±5.6

8.0±2.3

5.3±0.3

19.5±15.0

4.7±0.7

TNFα

37.6±9.8

33.7±8.0

26.4±4.9

38.9±12.4

5.1±0.6

IL-12p70

24.54±1.8

23.3±1.7

24.8±1.8

23.1±2.2

28.1±0.8

Cytokine
(all pg/mL)
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Figure 7.9

Animals treated with Ad-HO-1 transduced MΦ exhibit

increased clearance of renal platelet deposition.
Treatment with HO-1 expressing MΦ has no effect on immediate levels of
platelet deposition compared with control MΦ at 1h post IRI, whilst resulting
in significant reduction in platelet deposition at 24h post IRI (A –Ad-βgal MΦ
@1h B-Ad-HO-1 MΦ at 1h, C Ad-βgal MΦ at 24h D-Ad-HO-1 MΦ at 24h)
demonstrated
magnification).

in

frozen

sections

stained

with

CD41

mAb

(x200

Mean area of platelet staining was quantified by image

analysis and expressed as % hpf +ve for CD41 (E)
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Figure 7.9 cont.
Mean area of platelet staining was quantified by image analysis and
expressed as % of high powered fields of medulla positive for CD41 at 24hrs
post IRI (E).
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Figure 7.10 MSB staining of injured kidney demonstrates fibrin
deposition within the medulla
Using an martius/scarlet/blue (MSB) stain to label fibrin red, the levels of
fibrin deposition was assessed in injured kidneys, demonstrating positivity of
both post ischaemic tubules and proteinaceous casts, shown here in control
(A) and Ad-HO-1 MΦ treated animals (B). (Images x200 magnification).

247

Figure 7.10 cont.
Image analysis of MSB staining of day 1 injured kidneys demonstrated a
trend towards lower levels of fibrin deposition in AdHO-1 MΦ treated animals,
however this did not reach statistical significance. (C, p=0.08 AdHO-1 MΦ vs
other groups, n=8/group).
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towards reduced fibrin deposition within the medulla, (Fig 7.10C; 1.55±0.32%
vs 5.65±2.11% hpf +ve for fibrin; AdHO-1 vs Adβgal; p=0.08).

Since the levels of platelet deposition within the kidney at 1h after IRI were
equivalent across therapy groups, with divergence occurring at the 24h
timepoint, the inference is therefore that HO-1 expressing MΦ effect or
facilitate the resolution of platelet aggregates within the injured kidney.

7.6 Summary
•

Adenoviral transduction allows upregulation of functional HO-1 in
BMDMΦ

•

HO-1 over-expressing MΦ exhibit increased phagocytosis of apoptotic
cells, and produce more IL-10 but less TNFα and NO in response to
classical activating stimuli

•

Labelled MΦ injected into mice after IRI will localise to an injured
kidney in preference to an uninjured contralateral kidney. Localisation
is maximal at 1h but cells remain present at 24h after injection,
augmenting total medullary F4/80+ MΦ number

•

Treatment with AdHO-1 MΦ results in improved renal function after
IRI, with no alteration in levels of ATN compared to control MΦ or PBS
treated animals.
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•

Treatment with AdHO-1 MΦ does not impact on levels of neutrophil
recruitment, cytokines, apoptosis or endothelial cell survival after IRI

•

Platelet deposition is equivalent across all treatment groups 1h after
IRI, but resolution of intra-renal platelet aggregates is significantly
accelerated in AdHO-1 MΦ

•

These findings implicate microvascular occlusion by platelets as an
important determinant of renal functional outcome after IRI and ATN.
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8. DISCUSSION

8.1 Characterisation of renal Mφ depletion and IRI models
These data demonstrate the establishment and validation of an in vivo model
of IRI, and its subsequent use to study the effect of Mφ depletion on IRI
outcome. Conditional renal Mφ and monocyte depletion prior to experimental
IRI was achieved by administering diphtheria toxin to mice carrying the
CD11b-DTR transgene, or controls on the same genetic background. This
had no impact on either renal function or structural injury.

In contrast

liposomal clodronate (LC) administration resulted in monocyte and Mφ
depletion across multiple solid organs including the kidney whilst providing
functional and structural protection from injury.

The limited literature to date in this field has utilised LC depletion and
consistent with our data a protected phenotype was observed (Day et al.,
2005; Jo et al., 2006). Accordingly the authors arrived at the conclusion that
renal Mφ contributed to initiation and the severity of injury in renal IRI, and
thus their depletion led to amelioration of renal injury. Our characterisation of
the effects of DT mediated Mφ ablation demonstrates that it is possible to
achieve profound depletion of both circulating monocytes and renal Mφ (more
efficient than that seen after iv clodronate) without any lessening of IRI
severity. These data were unexpected given the published work in this field,
and led to initial concern that our IRI model might represent ‘supraphysiological’ levels of renal injury which could not be manipulated by
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potentially benefical interventions. Experiments using LC mediated depletion
demonstrated that this was not the case: with a clear protected phenotype
being demonstrated.

Considerable efforts were directed towards explaining the dichotomous
effects of these two approaches of Mφ ablation on outcome after IRI
(summarised in Table 8.1).

These initial findings generated a series of

further hypotheses (summarised in Figure 8.1):

•

LC depletion effects protection by targeting a distinct subset of renal
macrophages which survive DT treatment

•

LC results in the generation of a protective phagocytic cell in the
kidney via the ingestion of locally generated apoptotic cells. These
cells would therefore have to be capable of surviving LC but not DT
mediated killing

•

LC protects renal function via extra-renal effects due to the generation
of large volumes of apoptosis in the liver and spleen not seen after DT
treatment.

This wave of cell death could influence outcome by

interacting and sequestering pathogenic natural IgM antibody, or by
influencing the phenotype of the phagocytosing cells such as Mφ or
regulatory B lymphocyte.

Interrogation of these hypotheses formed the basis of further work presented
in Chapters 3 to 5.
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Table 8.1 Summary of differential effects of clodronate and diphtheria
toxin mediated ablation of monocytes and macrophages at 24hr post
administration

Liposomal Clodronate

Diphtheria Toxin

↓74%

↓92%

↓78%

↓91%

↔

↔

↔

↔

↔

↓ 77%

↓58%

↓77%

↓25% (p=0.42)

↓68% (p=0.07)

↔

↓62%

↓↓

↔

↓↓

↔/↓

Ly6chi monocytes

Ly6clo monocytes

Neutrophils

T Lymphocytes

B Lymphocytes

F4/80+ renal
macrophages
F4/80hiMHC Class IIhi
Renal APCs
CD11chi renal ‘DCs’

F4/80+ Hepatic Kupffer
cells
F4/80+ Splenic
macrophages
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Figure 8.1

Putative mechanisms underlying clodronate induced

protection after IRI
Arrows and legends indicate hypothetical mechanisms to explain the pattern
of clodronate induced protection after IRI, in the knowledge that DT induced
macrophage ablation results in no protected phenotype
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8.1.1 Neutrophil kinetics after renal IRI
A striking feature common to both methods of renal Mφ depletion is the
resultant reduction in neutrophil recruitment to the kidney compared to
control. This would indicate that resident Mφ/DC or circulating monocytic
populations mediate neutrophil recruitment to the kidney after IRI, a concept
which has precedent in experimental sterile pleurisy (Cailhier et al., 2006)
and peritonitis where both the resident Mφ (Cailhier et al., 2005) and
patrolling CX3CR1+ monocytes have been implicated as responsible (Auffray
et al., 2007). The pathophysiological significance of this neutrophil ingress is
more controversial; with several recent studies correlating reduced neutrophil
recruitment to improved outcome (Kato et al., 2009; Li et al., 2010).

Such findings do not in themselves prove causality, and the unaltered injury
phenotype seen after neutrophil depletion would argue against a significant
involvement of neutrophils in injury initiation (Paller, 1989; Thornton et al.,
1989). Our data demonstrates an unaltered level of injury despite near total
absence of neutrophil recruitment in DT ablated animals, despite normal
circulating neutrophil populations.

Accordingly, we would submit that

recruitment of neutrophils to the kidney after IRI is often a marker of
underlying renal injury severity rather than a contributor to the initial insult
itself, which occurs in a predominantly neutrophil independent manner. The
experiments subsequently performed in SCID mice detailed in chapter 5 add
further weight to this hypothesis, showing maintained recruitment of
neutrophils but improved renal function and reduced levels of tissue injury.
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8.1.2 Kinetics of monocyte/Mφ recruitment to the kidney after IRI
It has previously been reported that Mφ (characterised with the ED1 antigen)
are recruited to the rat kidney in the first 24 hours after IRI (Ysebaert et al.,
2000). We consistently failed to demonstrate Mφ recruitment at the 24hr
timepoint, in either the FVB or the Balb/c mouse strain, consistent with
published work in C57/Bl6 mice (Lech et al., 2009), but in contrast to work in
the Swiss mouse strain which exhibited marked recruitment at day 1 after IRI
(Vinuesa et al., 2008).

These findings may reflect differences inherent

between species and strains, in addition to differences in the specificity of the
antibodies used to detect Mφ. It also remains credible that monocytes have
been recruited to the kidney but have yet to upregulate F4/80 expression (Li
et al., 2008).

‘Inflammatory monocytes’ expressing the Gr1 antigen typically infiltrate sites
of inflammation (Gordon and Taylor, 2005), and would be the monocyte
subset predicted to infiltrate in response to IRI.

Review of our anti-Gr1

staining with a renal histopathologist confirmed that immunohistochemical
positivity for Gr1 was confined to polymorphonuclear neutrophils on day 1
after IRI. The second monocyte subset of ‘patrolling monocytes’ express the
chemokine receptor CX3CR1, however attempts to identify a recruited
population are confounded by the dense network of resident CXCR1+
mononuclear cells present within the kidney (Soos et al., 2006). Whilst our
data shows no evidence of monocyte recruitment, given the lack of robust
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monocyte restricted markers, it would be necessary to undertake challenging
adoptive transfer experiments using trackable monocyte populations (e.g
GFP+ve monocytes) to establish whether such trafficking is present.

8.1.3

Reduction in Mφ number after IRI – a renal Mφ disappearance

reaction?
An unexpected but reproducible phenomenon noted in both FVB and Balb/c
mouse strains was the reduction in Mφ counts seen in the injured kidney in
the aftermath of IRI. This was documented by both FACS analysis following
whole organ digestion, and by F4/80 immunohistochemistry and counting.
The most striking reductions were seen within the injured medulla, however
significant falls were also noted within the cortex- an area generally
unaffected by frank necrosis.

A possible explanation would be that Mφ are killed in situ as a component of
the widespread cellular injury and necrosis evident after IRI, although this is
harder to reconcile with the reduced F4/80 counts seen within the cortex. An
alternative and plausible explanation would involve renal injury and death of
parenchymal cells acting as a cue for Mφ mobilisation, phagocytosis and
subsequent emigration to the regional lymphoid organs. Such behaviour has
previously been demonstrated by peritoneal Mφ emigrating from the
peritoneum to the draining lymph nodes during sterile experimental peritonitis
(Bellingan et al., 1996). Recent unpublished data from our own laboratory
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demonstrates such a peritoneal ‘macrophage disappearance reaction’ can
occur in the absence of inflammation, with apoptotic cell ingestion a potent
stimulus for migration to intraperitoneal lymphoid structures within the
omentum (S.Watson, personal communication).

There is a precedent for a similar migration occurring in the aftermath of
renal IRI, with CD11c+ myeloid DCs detectable in the draining lymph node
containing kidney-derived Tamm-Horsfall protein (Dong et al., 2005). The
presence of renal antigen present within antigen-presenting cells interacting
with lymphocytes within the local lymph nodes is intriguing given the now
acknowledged role of the adaptive immune system in modulating both initial
injury severity and the repair and resolution phase of IRI (Burne et al., 2001a;
Burne-Taney et al., 2003b; Burne-Taney et al., 2005; Jang et al.; Rabb et al.,
2000b).

Whether such migration and interaction is beneficial or deleterious is
unproven. However the protected phenotype of several lymphocyte deficient
animals and the demonstration of albuminuria induced by transfer of
lymphocytes from post IRI mice into naïve animals (Burne-Taney et al.,
2006) would hint at the pathogenic potential of activated lymphocyte
populations in this context.
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8.1.4 Clodronate does not induce protection by deleting an injurious Mφ
population
Matthew Griffin’s group have demonstrated a CD11c+ population within the
kidney which produced TNFα early after IRI and mediated subsequent
inflammatory leukocyte recruitment (Dong et al., 2007).

Given the co-

expression of F4/80 and CD11c on renal Mφ/DCs (Soos et al., 2006), it
seemed plausible that these ‘sentinel cells’ were also being targeted and
depleted by LC administration.

Given the difficulties in using the CD11c

marker on fixed tissue sections, renal digestion and subsequent FACS
analysis was utilised to characterise the effects of DT and LC on renal
CD11c+ populations, again demonstrating that these cells were most
potently ablated by DT, arguing against their depletion being key to the
benefits of LC. Indeed recent experience with depletion of CD11c+ cells
using the CD11c-DTR mouse in cisplatin induced AKI resulted in a
worsening of the injury phenotype (Tadagavadi and Reeves, 2010).

In order to further test the hypothesis that LC exerts its effects via the
depletion of a subset of deleterious renal Mφ left untouched by DT treatment,
LC was co-administered with DT. This disproved the hypothesis, instead
indicating that a population of beneficial CD11b+ cells (not necessarily within
the kidney) exist in the aftermath of LC treatment that are depleted by DT.
The concept of the resident Mφ actually aiding parenchymal survival after IRI
has been demonstrated for hepatic Kupffer cells by our group and others
(Devey et al., 2009; Ellett et al., 2010).
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In other recent work, it has been shown that the late stage depletion of
infiltrating macrophages after the peak injury phase of IRI results in a
retardation of recovery, and persistent inflammation (Kim et al., 2010; Lin et
al., 2010; Vinuesa et al., 2008). These findings emphasise the multi-faceted
role of Mφ in both the initiation and resolution of tissue injury, with the Mφ
Wnt7b pathway implicated in stimulating epithelial regeneration after renal
IRI (Lin et al., 2010). Such results emphasise the difficulties that would be
inherent in dissecting out injurious and reparative actions when implementing
a therapeutic strategy of Mφ depletion in a clinical setting.

This initial body of work led to the emergence of two significant further
hypotheses that formed the focus of separate areas of investigation. Firstly,
that LC might exert its beneficial effects via its widespread induction of
apoptotic cell death in renal and extra-renal sites and the resultant
phenotypic modification of surviving macrophage populations (Savill et al.,
2002; Voll et al., 1997).

Secondly we proposed that altered interaction

between Mφ and lymphocytes was a potential mechanism underlying the
protected phenotype seen with LC.

This hypothesis would be tested in

animals congenitally lacking cells of the adaptive immune system.

8.1.5 Further work
It would be interesting to undertake the following further work:
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•

Full characterisation of the phenotype of renal Mφ in the aftermath of
renal IRI and either DT or LC depletion. This could be achieved by
enzymatic dissociation, culture and stimulation ex vivo, or by cell
isolation and preparation of cDNA to facilitate either qPCR or gene
array based characterisation.

Such an approach would be

complicated by the low numbers of Mφ remaining in the kidney in the
aftermath of depletion.

•

Characterisation of the resolution of IRI.

Observation of later

timepoints would be of value in allowing study of any alterations in the
resolution phase of IRI and reconstitution of tissue Mφ populations
after depletion. This would be most readily assessed in DT treated
animals with their unaltered initial ATN levels, as the lessened injury
phenotype seen in the clodronate groups could in itself alter the
eventual post-injury phenotype independent of subsequent Mφ
involvement.

•

Monocyte adoptive transfer experiments.

Using traceable markers

(e.g. CD45.2 into CD45.1 strain, transgenic such as MacGreen, or
labelled such as PKH) it would be possible to clarify the stage at which
monocytes are recruited to the injured kidney, and their subsequent
fate. This would also facilitate study of the kinetics of replenishment of
depleted monocyte subsets and assessment of their relative
contribution to the recruitment of the neutrophil influx as previously
demonstrated in the peritoneum (Auffray et al., 2007).
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8.2 The effect of apoptotic cell administration on renal IRI
These data demonstrate that apoptotic cells (ACs) modify the functional
outcome of renal IRI when administered 24h prior to injury in both FVB and
Balb/c mice.

In both strains this functional protection occurred despite

equivalent levels of ATN and neutrophil recruitment within the outer medulla,
and equivalent numbers of renal Mφ. Trafficking studies using fluorescently
labelled ACs demonstrated that ACs are found within solid organs,
predominantly the liver and spleen, often in association with Mφ. At one hour
after injection cells were also found within the circulation, the majority of
which were co-localising with CD11b+ myeloid cells. There was no evidence
of ACs either directly secreting IL-10 or TGFβ, or resulting in an elevation in
the serum levels of these factors to account for the protective phenotype
seen.

To our knowledge these data, and those relating to MΦ cell therapy provide
the first demonstration of dissociation between structural renal injury and
preserved renal excretory function in IRI. This is in striking contrast to the
literature in experimental IRI, for example in animals protected through
constitutive immunodeficiency (Burne et al., 2001a; Burne-Taney et al.,
2003b), where preserved renal function was associated with a large
reduction in ATN. This is discussed in greater detail later in this chapter with
reference to the cell therapy experiments
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This data adds to the small but expanding field of evidence supporting the
administration of ACs as a therapeutic manoeuvre in inflammatory disease.
The mechanisms underlying the various protective effects documented in the
literature remain incompletely characterised, and it is likely that the
mechanism may differ depending upon the origin of the ACs administered, its
timing and the nature of the model under investigation. The recent report of
α-defensin release by apoptotic neutrophils leading to MΦ ‘turn off’ suggests
that neutrophil apoptosis may be of particular importance in the modulation of
inflammation (Miles et al., 2009). In a model of LPS induced lung injury, ACs
derived from the human Jurkat cell line were introduced into established
inflammatory lung injury, resulting in enhanced resolution of the inflammatory
infiltrate (Huynh et al., 2002), with MΦ release of TGFβ1 attributed key
importance.

In a murine model of LPS induced septic shock, apoptotic

human neutrophils were used 1h after the administration of LPS, resulting in
reduced lethality attributed to altered release of inflammatory cytokines from
macrophages (Ren et al., 2008b).

8.2.1 Evidence for the importance of cytokine secretion in the generation of
the protected phenotype after IRI
Whilst both of the above are classical innate models of immune mediated
injury, ACs also resulted in protection against induction of autoimmunity in
the collagen induced arthritis (CIA) model (Gray et al., 2007). In this case
syngeneic apoptotic thymocytes were used, and the AC interaction appeared
to be with regulatory B-cells that subsequently induced an IL-10 secreting
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CD4+ T-cell population. The administration of ACs at days 0, 1 and 2 after
vaccination resulted in amelioration of disease severity becoming apparent
only at day 20 onwards, suggesting a sustained alteration in adaptive
immunity.

The IRI model encompasses direct haemodynamic insult, undoubted innate
immune activation, and now an emerging role for the adaptive immune
system. ACs were administered either 24 hours prior to injury in order to
simulate the induction of apoptosis seen in LC administration, or 8 days
beforehand to better emulate the experimental timings employed by Dr Gray
and colleagues in their CIA experiments (Gray et al., 2007). At face value
our data suggests that AC offer no protection against subsequent IRI when
administered 8 days prior to injury. One concern with this conclusion relates
to the low levels of injury seen in these experiments as the mean creatinine
of animals treated with ACs at day 8 rather than day 1 was the lowest of any
of the experimental groups studied. However the unexplained lack of injury
in the control group made a positive outcome to the study almost impossible.
Had time and resources permitted it would have been valuable to repeat
these studies.

In vitro phagocytosis of ACs by Mφ is documented to result in augmented
levels of IL-10 (Voll et al., 1997) and TGFβ (Fadok et al., 1998). Studies of
AC administration in vivo have shown augmented systemic IL-10 after LPS
induced shock (Ren et al., 2008b), increased IL-10 secretion from B-cells
when studied ex vivo (Gray et al., 2007) and increased peritoneal TGFβ1
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levels in experimental peritonitis (Huynh et al., 2002).

This provided the

rationale for measuring levels of TGFβ1 and IL-10 in serum in the aftermath
of IRI, and the attempts to blockade the actions of IL-10 via its receptor,
particularly given the known beneficial effects of IL-10 in IRI and other
models of renal inflammation (Deng et al., 2001; Mu et al., 2005; Wilson et
al., 2002). Whilst no differences in IL-10 levels were noted at the single
timepoint studied, this is inadequate to discount the effects of these cytokines
on pathogenesis. Again further studies assessing multiple timepoints, ideally
paired with ex-vivo examination of cells obtained from both the injured kidney
and potentially remote organs with high rates of AC retention such as liver
and spleen would be needed to reach definitive conclusions. Similarly, the
preliminary nature and incomplete characterisation of the receptor blockade
experiment limit the confidence with which one can interpret their results.

There is a report of apoptotic lymphocytes directly secreting TGFβ1 in vivo
(Chen et al., 2001), a potent immunomodulatory cytokine which could
potentially influence outcome independently of any interaction between the
ACs and host cells. Our data found no evidence to suggest that any excess
TGFβ1 accumulated in the AC containing media even after prolonged aging
in vitro. A substantial proportion of the published literature examines the
effect of apoptotic neutrophil ingestion on Mφ programming, and it seems
increasingly likely that there may be features specific to granulocyte
apoptosis that may influence subsequent Mφ phenotype. Examples include
the generation of anti-inflammatory eicosanoids compounds such as
resolvins (Serhan and Savill, 2005), and the recent report of α-Defensin
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release by apoptotic and necrotic neutrophils leading to Mφ quiescence to
LPS and CD40 ligation (Miles et al., 2009).

The choice of thymocytes as a source of ACs avoided the above factors
potentially being responsible for the modulation of injury phenotype seen,
and had the practical advantage of easy generation of large quantities of
cells for injection.

Consideration was also given to the use of viable

thymocytes as a ‘negative control’ for cell death. Such an approach was
considered likely to be confounded by the intrinsic fate programming of a
thymocyte to undergo apoptosis if not subject to appropriate positive
selection, which would be predicted to result in high levels of cell death in the
putatively ‘viable’ control cells. Given that the initial stimulus to administer
ACs was to simulate the apoptotic Mφ death seen after LC treatment it would
have been of value to administer apoptotic Mφ, although the induction of high
levels of Mφ apoptosis induction in vitro is difficult to achieve.

In addition to promoting an anti-inflammatory phenotype, AC ingestion also
results in upregulation of Mφ HO-1 (Weis et al., 2009), an enzyme with a well
recognised role in the protection of the kidney after IRI (Nath, 2006). HO-1 is
recognised as a key downstream target mediating the anti-inflammatory
effects of IL-10 (Drechsler et al., 2006; Lee and Chau, 2002). This provided
additional stimulus to the characterisation of HO-1 as a therapeutic target
presented in Chapter 6 and 7.
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8.2.2 Further work
Further work would focus on further investigation of the mechanisms
underlying the protective phenotype induced by AC administration prior to
IRI.

•

Establishing the ‘window of AC protection’.

Whilst we have

demonstrated functional protection 24h after AC administration, future
studies could explore both earlier delivery and administration closer to
or after the initiation of IRI. Administration after initiation of IRI would
greatly extend the translational importance of these findings for the
treatment of acute kidney injury.

•

Impact of ACs on renal and extra-renal Mφ. Whilst no change in renal
Mφ number was observed, it remains possible that the phagocytosing
cells in the kidney and lymphoreticular organs had been altered
phenotypically.

Again, this could be probed ex vivo by examining

profiles of cytokine and gene expression and responsiveness to
activating stimuli.

The importance of the large number of ACs

retained and phagocytosed by the spleen could also be examined by
further experiments combining AC administration with peri-operative
splenectomy.

•

Impact of AC administration on HO-1 expression and platelet
deposition. In the light of findings presented in Chapters 6 and 7, it
would be valuable to assess any impact of AC administration on either
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tissue HO-1 expression or platelet deposition within the kidney. The
issue of platelet deposition is of particular interest given that the AC
generated protection occurs without demonstrable change in overt
ATN levels, implicating another unknown mechanism of renal
protection, similar to the findings after AdHO-1 Mφ administration.

•

The potential breadth of protection conferred by ACs.

Whilst the

impact of AC adminstration has been presented in two mouse strains,
in order to clarify the breadth of the protected phenotype, it would be
of value to characterise the effects of different types of ‘feed’ AC (e.g
apoptotic Mφ), and indeed whether the effect is maintained using fixed
cells or primary necrotic cells. Similarly, other models of acute renal
disease such as cisplatin nephropathy and ureteric obstruction could
be investigated.

8.3 The phenotype of the SCID mouse after renal IRI
These data demonstrate that the SCID mouse has a protected phenotype
after renal IRI. Furthermore the SCID mouse derives no further additional
benefit from the administration of either liposomal clodronate or apoptotic
cells, indicating that the protective effects afforded by these interventions
may be mediated in part by the actions of lymphocytes or antibodies.
Preliminary studies demonstrate that IgM natural antibodies present within
the normal serum of Balb/c mice bind apoptotic cells in vitro, and to the
injured renal medulla in the aftermath of in vivo IRI.
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8.3.1 The impact of lymphodeficiency on outcome after renal IRI
Our findings of protection in this profoundly lymphocyte deficient strain would
be in keeping with the majority of the literature in this field. Involvement of
both T lymphocytes (Burne et al., 2001b; Rabb, 2002b; Rabb et al., 2000a;
Yokota et al., 2002b) and B cells (Burne-Taney et al., 2003a) have been
demonstrated to mediate injury in experimental IRI.

Conflicting data has

been reported in the RAG-1 -/- mouse, concurrently lacking mature B and T
lymphocytes, with separate groups reporting either the presence (Day et al.,
2006) or absence of protection respectively (Park et al., 2002). This was of
particular note as the SCID mouse has an equivalent spectrum of
immunodeficiency arising from a related but spontaneously occurring
mutation of the process of VDJ recombination. Given our own findings in the
SCID strain and our observations relating to the narrow ‘therapeutic window’
present in renal IRI in relation to both intraoperative temperature and
duration of ischaemia between strains, we would submit that Park et al. may
have inadvertently failed to deliver a renal injury within the modulatable range
of the RAG-1 strain.

8.3.2 The importance of myeloid cell populations in the SCID mouse
The origin and significance of the altered baseline monocyte counts remains
unresolved. Indeed whilst the role of monocytes in mediating injury in renal
IRI is incompletely understood the protected phenotypes of animals lacking
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the CX3CR1 and CCR2 chemokine receptors mediating monocyte trafficking
implicate both subsets in IRI pathogenesis. The low counts seen in the SCID
mice could reflect either an effect of lifelong housing in pathogen free
conditions, or reflect a role for lymphoid populations in influencing the
composition of myeloid lineages.

Evidence from both the SCID and other immunodeficient strains indicate that
they demonstrate normal proliferation and differentiation of myeloid
populations whilst retaining the ability to recruit monocytes into areas of
inflammation such as atherosclerotic plaques (Dorshkind et al., 1984; Fyfe et
al., 1994). Our findings of a maintained injury phenotype despite profound
monocyte ablation in DT treated animals in Chapter 3 would also mitigate
against alterations in monocyte number being a key determinant of the
protected SCID phenotype. Similarly, it is striking that despite depressed
circulating neutrophil numbers they can be recruited normally to the injured
medulla after IRI. This recruitment was lost after clodronate or DT mediated
depletion of Mφ/monocytes in CD11b-DTR mice, again suggesting that these
populations are functionally active in the SCID system. When clodronate
was administered to SCID mice, no alteration was seen in the injury
phenotype after IRI, again indicating that the protective effects seen are
unlikely to be due to direct effects on intra-renal Mφ.
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8.3.3 A role for natural antibodies in the initiation of renal IRI?
Studies in B lymphocyte deficient µMT mice demonstrated a protected
phenotype which was lost after adoptive transfer of serum but not B-cells,
implicating that a circulating factor such as antibody may mediate injury
(Burne-Taney et al., 2003a). Such a finding would be compatible with a role
for natural antibodies in mediating the initiation of renal IRI. With binding of
self reactive IgM natural antibody to injured tissue increasingly recognised as
a key initiating event in IRI of intestine (Zhang et al., 2004a), cardiac (Zhang
et al., 2008) and skeletal muscle (Williams et al., 1999a), our findings of IgM
deposition in the acutely injured kidney have clear precedent. However in
contrast to early work in the intestinal tract and skeletal muscle (Weiser et al.,
1996b; Williams et al., 1999a) we failed to demonstrate significant colocalisation between IgM and the C3 component of the complement cascade.
This finding argues against the formation of the membrane attack complex as
a mechanism of nAb directed cytotoxicity in the kidney.

Given the demonstrated binding of nAb to apoptotic cells in vitro, it could be
speculated that both apoptotic cells and LC administration result in nAb
fixation and depletion, thus reducing subsequent nAb deposition within the
injured kidney.

Unfortunately due to constraints of time the pathogenic

significance of the nAb deposition seen could not be fully elucidated, and
archival tissue from AC and LC experiments was not sampled at an
appropriately early timepoint (30 minutes post injury) to permit retrospective
analysis.
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8.3.4 Further work
•

Confirmation of experiments administering clodronate and AC to SCID
mice. Concerns remain in both these experiments as to whether the
delivered injury levels in the SCID groups were appropriate to allow
the detection of any improvement/deterioration in renal function.

•

Pathogenic role of nAb. Early timepoint studies have established the
feasibility of adoptive serum transfer to restore IgM binding in injured
SCID kidneys. A priority for future studies will be the application of
such a serum transfer to probe its effect on readouts of renal structure
and function at the 24h timepoint.

•

Potential for AC to sequester natural antibodies. In the light of the
data presented, it would be of great interest to establish whether AC
administration resulted in any subsequent alteration in levels of total or
specific nAbs. If AC administration results in a depletion of AC binding
nAb then this could be of mechanistic importance in explaining the
protective effects seen.

•

Identification of key nAb clones.

Were the above experiments to

restore tissue injury, further experiments would be undertaken in the
secretory IgM deficent mouse, predicting that it would also exhibit a
protected phenotype despite B and T lymphocyte populations.
Selective replenishment with hybridoma derived IgMs against known

272

IRI associated epitopes could then be attempted to identify key
pathogenic clones.

•

Investigation of nAb deposition in AKI and transplantation in man. In
parallel with the above work it would be of great interest to assess the
presence of nAb in clinical specimens.

The very early timepoints

required would likely preclude the use of biopsy tissue of native
kidneys with AKI, however could be ideally suited to an intra-operative
retrieval of tissue after reperfusion in renal transplantation- subject to
the appropriate ethical approval and subject’s consent.

8.4 Expression of renal HO-1 in aged mice after IRI
Whilst the elderly account for the majority of cases of AKI, only limited
attempts have been made to model this in vivo (Schmitt and Cantley, 2008).
Our data demonstrates that aged mice recapitulate the susceptibility for AKI
seen in the aged population, and can therefore be used as a model for AKI in
the elderly. Furthermore, whilst expressing comparable levels of baseline
HO-1 protein, the aged kidney has an impaired ability to upregulate HO-1 in
response to IRI, and demonstrates a worsened injury phenotype compared
to young animals. Heme arginate (HA) administration to old animals induces
HO-1 protein in both cortical tubules and interstitial Mφ, and provides both
structural and functional protection from IRI. This protected phenotype is
absent in animals treated with HA in conjunction with conditional Mφ ablation,
implicating the Mφ as a key therapeutic target for HA.
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8.4.1 The renal phenotype of the aging rodent
Earlier work has described histological changes in kidneys of aged rats, with
interstitial fibrosis, progressive tubular injury, glomerulosclerosis and
leukocyte recruitment (Thomas et al., 1998). Whilst there was evidence of
early collagen deposition around cortical tubules of aged animals, this was
not associated with any significant capillary rarefaction or leukocyte
recruitment. Such differences may reflect species and strain differences in
the aging process, and also the earlier timepoint picked for the mouse
studies presented here. Intriguingly, and in contrast to population studies in
humans, rat studies looking at animals subjected to IRI after 5/6th
nephrectomy, with resultant proteinuria and fibrosis saw no increase in AKI
severity (Vercauteren et al., 1999)- suggesting that reduced nephron
number, fibrosis and disruption of glomerular integrity are not in themselves
absolute predictors of worsened outcome after IRI.

It is debatable to what ‘human age’ the mice examined in this study equate.
Laboratory mice in specific pathogen-free housing live considerably longer
than their wild equivalents, with the one year old time point studied here
representing the average life expectancy for a wild mouse.

Whilst lab

animals can live to twice this age the majority of FVB strain mice have
developed tumours by 24 months of age, confounding their experimental use
(Mahler et al., 1996). Indeed preliminary studies were attempted in animals
18-20 months old, but were confounded by the high rates of malignancies
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discovered at laparotomy, and husbandry concerns regarding the relative
frailty of the subjects prior to surgical intervention. Accordingly, the results as
presented likely reflect the altered physiologic response of subjects in the
later third and fourth quartiles of pathogen-free population age.

It is well established from registry data that increasing age is a significant risk
factor for AKI (Xue et al., 2006). Similarly, there are precedents in rat models
of renal IRI demonstrating that aged animals have a more marked loss of
GFR associated with a marked increase in renal vasoconstriction (Sabbatini
et al., 1994).

Given the absence of either nephrotoxic drugs or indeed

diverse intercurrent illnesses in the data presented here, such findings
support the hypothesis that there are intrinsic alterations within the aged
kidney or systemically which influence its response to a hypoperfusion insult.
Given that pre-existing chronic renal failure is a major additional risk factor
for AKI and subsequent ESRF in patients (Ishani et al., 2009) it was
important to establish whether ‘renal senescence’ had led to a detectable
sign of incipient renal impairment within the aged animals. The equivalence
of measured creatinine clearance and albumin excretion rate demonstrated
that the groups provided acceptable surrogates for the study of de novo AKI.

8.4.2 Heme oxgenase-1 and tissue aging
The finding of a reduced ability to upregulate HO-1 within the aged murine
kidney echoes findings other rodent models of inflammatory disease in bowel
(Moore et al., 2007), liver (Bloomer et al., 2009) and brain (Ewing and
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Maines, 2006).

These conserved effects across both species and organ

systems would support this being a fundamental component of the aging
process. The potential for HO-1 deficiency to impact on disease states is
demonstrated by clinical data from renal transplantation, pulmonary
emphysema and atherosclerosis where patients with transcription reducing
polymorphisms in the human HO-1 gene have worsened disease phenotypes
(reviewed in (Exner et al., 2004))

HO-1 is induced by a diverse range of noxious stimuli (reviewed in (Wagener
et al., 2003)), but the mechanism by which HO-1 fails to respond to inducing
stimuli in the aged remains incompletely characterised. The HO-1 inducing
transcription factor nrf2 represents a plausible target, being a key mediator of
IRI mediated stress response whose genetic ablation results in worsened
severity of renal IRI (Leonard et al., 2006; Liu et al., 2009). Nrf2 is also a
pathway of pharmacological HO-1 induction (Yoon et al., 2008), and its basal
levels have been shown to be suppressed in astrocytes of aged mice (Duan
et al., 2009).

As such, this remains an area of ongoing investigation.

Downstream of HO-1, both heme arginate and hemin (a related HO-1
inducer) inhibit NF-κB (Jadhav and Ndisang, 2009; Jadhav et al., 2009) -a
key pathway mediating classical macrophage activation which when inhibited
has been shown to modulate experimental renal disease (Wilson et al.,
2005).

It is known that IRI induces HO-1 mRNA, protein and activity in young
experimental animals (Maines et al., 1993; Shimizu et al., 2000).
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Additionally, data from pre- and post-implantation biopsies of human renal
allografts demonstrates HO-1 induction maximal in organs subject to delayed
graft function (Ollinger et al., 2008). Whilst such tissue homogenate based
methods do not allow interrogation of the specific cellular sites of HO-1
induction, studies using hemin as an inducing agent have demonstrated
induction

of

HO-1

in

both

tubular

and

peritubular

cells

by

immunohistochemistry (Holzen et al., 2008). Our findings demonstrate that
HO-1 induction occurs in both cortical tubules and within the interstitial cells
of both cortex and medulla in response to IRI and HA administration. HO-1
induction in organ resident macrophages has been demonstrated to be of
benefit in hepatic IRI (Devey et al., 2009), and is thought to represent a
component of the beneficial effects of statins on various disease models
including IRI (Gueler et al., 2007).

8.4.3 HO-1 expression in macrophages and outcome after IRI
Despite widespread tubular induction of HO-1 protein being present in
response to HA therapy, the protected phenotype associated with this
therapy was abolished in animals subject to conditional ablation of
macrophages. The data presented in Chapter 3 demonstrates that
macrophage depletion using the CD11b-DTR system has a neutral rather
than deleterious effect in renal IRI.

Our findings implicate the HO-1

expressing interstitial renal Mφ as mediating HA induced protection. This
would be consistent with work in the liver demonstrating that depletion of HO1+ Kupffer cells sensitised the renal parenchyma to subsequent IRI injury
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(Devey et al., 2009). Given the caveats inherent in any conditional cell
depletion strategy, the ability to selectively inhibit HO-1 in the monocyte/Mφ
cell lineages would permit further dissection of the role of Mφ HO-1 in
disease evolution.

The recent report of HO-1M-KO mice lacking HO-1 in

myeloid cells (Tzima et al., 2009), and exhibiting a pattern of augmented
bacterial killing and worsened autoimmune phenotype is therefore of great
interest, and consistent with HO-1 acting as a ‘molecular brake’ on
macrophage cytotoxicity.

Published work suggests that consistent with the findings from the HO-1M-KO
mouse, overexpression of HO-1 in a model of shock liver results in an
inhibition of inflammatory cytokine production with reduced TNFα and
augmented IL-10 release (Kubulus et al., 2008). This is consistent with our
work demonstrating an equivalent pattern of TNFα and IL-10 from primary
murine macrophages after transduction with HO-1, and that these HO-1
overexpressing macrophages can improve renal function after IRI when
administered as cell therapy.

Taken together, these findings strongly support a role for HO-1+ interstitial
macrophages as beneficial in renal IRI, with a failure in their generation
associated with the increased susceptibility to IRI exhibited by aged animals.
Furthermore, Heme arginate can potently induce these cells in aged subjects
and restore a protected phenotype. As heme arginate is licenced for use in
humans (as a treatment for porphyria), it has translatable potential as a novel
therapeutic strategy for the prophylaxis of AKI in susceptible populations
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such as the elderly undergoing major surgery or on admission to critical care
environments. There is an ongoing need for developments of early
biomarkers for AKI and staging criteria such as RIFLE (Ricci et al., 2008) to
allow the timely identification and treatment of such individuals.

8.4.4 Futher work
•

Further characterisation of the aged macrophage. In the light of the
observed alterations in Mφ HO-1 upregulation, further experiments
would characterise the behaviour of elicited renal Mφ or BMDM from
old and young mice, and their ability to respond to classical and
alternative activating stimuli, their chemotactic and phagocytic
abilities.

Further assessment of upstream regulators of HO-1

expression such as the nrf2 transcription factor would also be of
mechanistic interest.

•

Exploration of senescence markers in vivo. Kidneys from telomerase
deficient mice exhibit reduced rates of cellular proliferation after IRI
whilst accumulating higher levels of cell cycle inhibitors such as
p16INK4a and p21 (Westhoff et al., 2010). Analogous data from the
aging murine heart suggests that increased expression of PHD3
results in a failure to upregulate HIF-1α in response to hypoxic stimuli
(Rohrbach et al., 2005). Accordingly, it would be of value to quantify
these pathways in our experimental animals in order to characterise
the degree of senescence exhibited by the age group studied.
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•

Examination of the ‘therapeutic window’ for HA administration in IRI.
The work relating to HA treatment of older mice again has exciting
translational implications. The regime of pre-dosing as employed in
our experiments would limit the application to contexts such as
transplantation, or high-risk surgery or critical care patients who would
be predicted to be at imminent high risk of AKI- rather than the
treatment of established disease. It would therefore be of importance
to explore the administration of HA either concurrently or indeed at
increasing time intervals after injury to assess how wide the
‘therapeutic window’ of administration extends. Similarly, it would be
of value to explore later timepoints of injury to assess any impact of
HA on the process of repair and resolution of renal injury.

•

Characterisation of the effects of HA on aged animals with CKD.
Given that pre-existing CKD is the single greatest risk factor for
development of AKI as an inpatient, it would be of translational interest
to examine whether HA administration prior to IRI could protect these
most vulnerable of subjects, potentially by assessing IRI outome in
animals following 5/6th nephrectomies.

•

Validation of novel HO-1 inducing agents for clinical use. Whilst HA is
licenced for use in humans for the treatment of porphyrias, and is
manufactured at the pharmaceutical grade of purity, it would be
preferable to find an agent of equivalent potency but not derived from
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pooled blood donations, however well screened. Collaborations with
protein chemists and pharmacologists would be of key importance in
pursuing such goals.

8.5 HO-1 expressing MΦ as cell therapy for IRI
These data provide the first demonstration of Mφ based cell therapy as an
intervention for AKI. There are two key novel findings from this work. Firstly,
cell delivered gene therapy for AKI is practical and can be administered after
the initiating injury- a finding of major translational importance. Secondly it is
demonstrated that despite the presence of established ATN renal function
can be improved, likely through enhanced resolution of platelet deposition
within the medullary microvasculature.

8.5.1 Relevance of Mφ behaviour in vitro to phenotype in vivo
The in-vitro findings suggest a reduction in potential Mφ cytotoxicity through
reduced NO and TNFα production following IFNγ and LPS stimulation.
Inducible nitric oxide synthase is the predominant source of MΦ NO and has
been implicated as deleterious on outcome in renal IRI (Noiri et al., 1996),
whilst TNFα release from resident renal F4/80+ cells has been identified as
an early factor in the pathogenesis of IRI (Dong et al., 2007).

AdHO-1

transduced Mφ also had increased IL-10 production, a cytokine reported to
improve both histological injury and renal function in IRI when delivered
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exogenously (Deng et al., 2001). This must be balanced against the in vivo
findings of comparable levels of ATN and activated caspase-3 within the
OSOM at 24h post injury in all experimental groups- strongly suggesting that
the mechanism of functional protection did not reflect any modulation of cell
death within the kidney.

AdHO-1 transduced Mφ phagocytosed more ACs, suggesting a role for HO1 in modulating phagocytic capacity. This builds on work in murine peritonitis,
where HO-1 overexpression resulted in increased phagocytosis of
Enterococcus faecalis, with comparable levels of neutrophil recruitment
(Chung et al., 2008). The phagocytic uptake of apoptotic cells by Mφ is well
recognised to oppose the development of pro-inflammatory activation (Savill
et al., 2002), and given the high levels of renal cell death present represents
an additional mechanism by which HO-1 induction may promote a pro-repair
phenotype.

8.5.2 Trafficking of administered Mφ in renal inflammation
In addition to the in vitro phenotype, the studies undertaken in unilateral IRI
demonstrated that the manipulated Mφ home selectively to sites of
inflammation following systemic administration.

This trophic ability has

previously been demonstrated in models of experimental glomerular disease
(Wang et al., 2007). A number of factors may be contributing - renal IRI is
characterised by increased expression of endothelial adhesion molecules
and early release of the cytokine TNFα (Dong et al., 2007), increasing
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vascular permeability to facilitate leukocyte recruitment. Several chemokines
including CCL1, CCL2/MCP-1, CXCL1/KC and CX3CL1 are also known to
be released in IRI, and are chemoattractant for monocytes/Mφ (Furuichi et
al., 2008; Furuichi et al., 2006; Furuichi et al., 2003). In contrast to published
studies showing improved outcome with blockade of MΦ recruitment,
retaining normal cues for MΦ homing to the injured kidney is critical for the
successful application of MΦ cell therapy.

It is of note that the numbers of administered Mφ were maximal in the kidney
1h following IRI with a reduction in counts seen at 24h, although even at this
point PKH+ cell numbers comprised around 1/3rd of total Mφ.

It has

previously been demonstrated that resident renal phagocytes leave the
kidney for the regional lymph nodes in the aftermath of IRI (Dong et al.,
2005), and is consistent with our own data indicating a drop in total Mφ
number 24h after IRI . Given the augmented phagocytic behaviour of the
injected cells, it remains possible that a proportion of the introduced Ad-HO-1
Mφ have already taken up apoptotic/necrotic material and left via the
lymphatics. Previous studies using Mφ cell therapy targeted specifically to the
kidney via renal artery injection have demonstrated significant amelioration of
disease with relatively low numbers of labelled cells detectable within the
diseased organ (Kluth et al., 2001; Wilson et al., 2002; Yamagishi et al.,
2001). This raises the possibility that the administered cells are influencing
the phenotype of other resident (or ‘bystander’) Mφ.
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The experiments as designed do not allow dissection of possible paracrine
effects from factors secreted by administered Mφ within other organs such as
the liver or spleen. Studies inducing systemic over-expression of IL-10 via
an adeno-associated virus in rats demonstrated improvement in a remnant
kidney model of kidney disease, despite no increase in IL-10 production
within the kidney (Mu et al., 2005). Similarly, systemic treatment of rats with
a carbon monoxide releasing compound prior to IRI resulted in improved
renal function and histology (Vera et al., 2005).

The timing of intervention is a key difference from these studies, as cells
were administered after injury - an important distinction that could permit
translational application in settings such as organ transplantation and critical
care.

The survival of the tubular cell has often been considered the key event in
determining the onset of renal dysfunction in IRI.

Whilst the fate of the

tubular epithelium is clearly important, the aftermath of IRI is also recognised
to impact dramatically on the function of the renal microvasculature (Sutton
et al., 2002), with paradoxical vasoconstriction, endothelial dysfunction and
persistently reduced renal blood flow following reperfusion (Alejandro et al.,
1995).
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8.5.3 The importance of microvascular patency for renal function after IRI
Our data demonstrates early platelet deposition after IRI, a phenomenon
recognised as an adverse factor in renal transplantation (Morrell et al., 2007),
in addition to a trend towards reduced renal fibrin deposition. In elegant
studies in experimental mesenteric IRI endothelial P-selectin was shown to
be required for platelet adhesion (Massberg et al., 1998).

In similar

experiments using P-selectin KO chimeras, platelet derived P-selectin was
demonstrated as a key neutrophil chemoattractant post renal IRI (Singbartl et
al., 2001), with blockade preserving renal function (Singbartl et al., 2000).
Furthermore, activated platelets secrete a litany of pro-inflammatory
chemokines, including CCL1/MIP-1α, CCL5/RANTES, CCL7 and CXCL4
(Kirk et al., 2009).

Since early platelet deposition was equivalent across all groups, it seems
probable that increased clearance by phagocytic HO-1 overexpressing MΦ
results in enhanced clearance and restoration of microvascular patency.
Indeed the MΦ is known to be an effector of senescent platelet clearance in
vitro (Brown et al., 2000). Intriguingly, both monocyte chemo-attractants and
the administration of exogenous MΦ have been shown to promote the
resolution of experimental thrombus formation within blood vessels (Ali et al.,
2006; Chen et al., 2008). CO can inhibit platelet aggregation in vitro even in
the presence of activating thrombin (Chlopicki et al., 2006), and it remains
possible that inhibition of further platelet deposition within the injured organ
favours a net loss of platelet microaggregates and thrombus burden. Our
findings resonate with recent work in experimental malaria, where increased
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HO-1 availability resulted in lowered ICAM-1/VCAM1 expression and
reduced microvascular congestion (Pamplona et al., 2007).

In the light of these findings, it is proposed that highly phagocytic MΦ
overexpressing HO-1 have a beneficial effect through their action within the
microvasculature. Modified MΦ promote resolution of platelet deposition and
aggregation as both local and systemic production of CO have the potential
to inhibit further platelet aggregation. By restoring perfusion to viable but
otherwise hypo-functioning medulla, renal function can be maintained despite
equivalent severe levels of structural tubular injury (Figure 8.2). This work
also extends the spectrum of renal diseases for which MΦ therapy has been
used successfully from the glomerulus (Kluth et al., 2001; Wang et al., 2007)
to acute disease of the interstitium. Given the efficacy of MΦ administration
even after the initiating renal insult these data raise the prospect of
translational therapies to support the function of the acutely injured kidney.

8.5.4 Future work
•

Dissection of the key components of the HO-1 protection phenotype.
The current data set does not identify the mechanism by which the
administered cells effect the changes seen in platelet deposition. This
could however be probed by the administration of cells vs bilirubin vs
CORM molecules, and assessment of the resultant phenotypes.
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Figure 8.2 Proposed schema of renal dysfunction in the aftermath of
IRI.
Dotted arrows indicate pathways potentially ameliorated by actions of HO-1
expressing MΦ.
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•

Formal assessment of microvascular patency after IRI and cell
therapy. Our findings suggest that renal function after renal injury is
determined to a greater extent by the patency of the renal
microvascular network rather than absolute levels of tubular necrosis
present after a given renal insult.

Testing this would require the

utilisation of a series of new experimental approaches to assess renal
blood flow.

The use of novel technologies such as intravital

microscopy, and the recent description of multi-photon functional
imaging of isolated perfused kidneys would permit further mechanistic
insight into the evolution and importance of the vascular changes we
have noted.

•

Examination of the ‘therapeutic window’ for AdHO-1 Mφ administration
in IRI. As with the HA studies, it will be important to characterise the
timepoints at which administration of modified cells confers a
functional benefit.

This would include studies extending the injury

model into the recovery phase, and assessing the rapidity and
completeness of renal recovery, with reference to proteinuria and
histological fibrosis scores. The use of cell therapies to improve renal
function in established AKI requiring RRT would address a major
unmet clinical need. Such studies would require an animal model of
RRT to support prolonged severe ATN after IRI. Such a model is not
feasible in a mouse system, but could be attempted in the rat where
peritoneal dialysis has been shown to be feasible (Lameire et al.,
1998)
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•

Production of ES derived Mφ with inducible HO-1 overexpression.
The nature of the modifications and in vitro culture required to
generate AdHO-1 Mφ would preclude their administration in the acute
clinical setting. Exciting work is currently ongoing within our group to
generate ‘designer macrophages’ from embryonic stem cells, following
on from the work presented in this thesis. These can be programmed
to have inducible overexpression of HO-1, have their immunogenicity
manipulated and importantly can be programmed to undergo druginducible apoptosis as an additional safety mechanism to prevent
inappropriate persistence in vivo.

The preliminary results of their

application to models of IRI are awaited with anticipation.
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