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Synopsis

Chronic allograft nephropathy (CAN) is the commonest cause of late decline in renal
allograft function and subsequent failure. Histopathologically it is underpinned by the
accumulation of extracellular matrix. The first chapter provides a thorough review of
the current opinions regarding the aetiology, pathophysiology and management of this
complex condition. Overexposure to Cyclosporin is a major risk factor for chronic
allograft nephropathy and thus Cyclosporin dose reduction has been advocated in
some reports. Rapamycin is a relatively new immunosuppressant, recently introduced
in renal transplantation. The second chapter reviews this new agent and discusses
experimental evidence supporting its use in patients with chronic allograft
nephropathy. The aim of this work was to determine the impact of the addition of
Rapamycin after Cyclosporin dose reduction in renal allograft recipients with chronic

allograft nephropathy and thus to ascertain whether such a regimen was beneficial.

In order to achieve this 31 renal transplant recipients with biopsy confirmed CAN
were prospectively randomised to receive either a 40% dose reduction in Cyclosporin
(control), or a 40% dose reduction in Cyclosporin with the addition of Rapamycin
2mg/day (Rapa). Renal function and side effect parameters were assessed at 1,2,4,6,8
weeks, 3 and 6 months. The third chapter presents the clinical results. Proteinuria,
serum creatinine and calculated GFR were similar in both groups. However the rate of
decline of the calculated GFR was reduced over the study in control but not Rapa
patients. Furthermore radio-isotope GFR fell in those in the Rapa group but not
controls. The use of Rapamycin was safe with only relatively minor side effects and

some temporary haematological and hyperlipidaemic changes.

The patients above had a renal allograft biopsy on recruitment and again at 6 months.
Glomeruli were plucked from the surface of each biopsy core and these as well as a
small sample of interstitium underwent total mRNA extraction. Complementary DNA
was synthesized by reverse transcription and polymerase chain reactions used to
amplify specific genes involved in the turnover of extracellular matrix in CAN. These
were quantified using an ELISA technique. The fourth chapter details the changes in
expression of some of these genes in. In glomeruli, TGFB-1 remained constant in

Rapa patients but fell in controls. Collagen III and TIMP-2 increased in those taking



Rapamycin but not in controls. TIMP-1 and MMP-2 expression increased in a similar
fashion in both groups. Glomerular TGFB-1, TIMP-1 and -2 expression appeared to
be related to calculated GFR. There were fewer molecular changes within the

interstitium but collagen III expression increased in Rapa patients.

The fifth chapter discusses the use of Sirius red staining and computerised
histomorphometry in order to obtain an accurate assessment of the impact of this
regimen on the amount of collagen present in the biopsies taken above. The interstitial
volume fraction of biopsy cores stained with Sirius Red fell over the study in controls

but a similar effect did not occur in Rapa patients.

The final chapter concludes that the addition of Rapamycin (2 mg/day) after
Cyclosporin dose reduction in patients with CAN did not improve functional outcome
or molecular and histological markers of CAN. Possible explanations are discussed
and the need for a larger multicentre trial emphasised in order to substantiate these
findings. Studies utilising complete Cyclosporin elimination with the addition of

Rapamycin may have better prospects for the future.
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1.1 Introduction

There have been significant improvements in short-term renal allograft survival over
the last decade and currently >80-90% of allografts survive 1 year'. Advances in both
immunological and surgical practices were originally responsible for this
improvement and have been sustained by the advent of new immunosuppressive
drugs that have reduced both the frequency and severity of acute rejection. Until
recently these early benefits did not appear to influence long-term graft survival and
this remained static throughout the 1970s and 80s. However a recent analysis of over
93,000 renal transplants performed in the USA between 1988 and 1996 has
documented an increasing half-life from 7.9 to 13.7 and 12.7 and 21.6 years in

cadaveric and live donor allografts respectively’.

Despite these statistics, renal allograft loss following the first year of transplantation
remains a significant problem. CAN remains the leading cause of late transplant loss
and is responsible for a 3-4% annual decline in functioning allografts®. The
deterioration in renal function and ultimate return to dialysis is often associated with
significant morbidity. A well functioning renal transplant not only improves quality of
life but more importantly a recent American analysis of over 220,000 patients has
shown a significant survival advantage over dialysis for some patients, particularly
those who are young, caucasian or diabetic*. Thus considerable research is aimed at
potential treatments for CAN in order to prolong long-term graft survival. This has
obvious benefits for the individual but will also attenuate both the financial and
physical pressures placed on nephrology units as well as reducing the number of
patients requiring re-transplantation and thus demand on a limited supply of donor

organs.
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1.1a History

The first successful human kidney transplants were performed by Hume et al at The
Peter Bent Brigham Hospital, Boston, USA (195 1-54)°. Four out of nine patients
developed renal function that in the case of 1 patient lasted 6 months before death. In
this individual renal function had begun to deteriorate in the month before death. The
allograft was found to be pale and mottled and histological examination showed
striking atherosclerosis with marked intimal thickening as well as sclerosed glomeruli
and tubular atrophy. These features are consistent with those of CAN although it was

some time before this was appreciated.

In the following years there were a number of isolated reports of vascular changes in
allografts with longer-term survival®’. The true significance of these lesions however
was first appreciated by Porter (1963) who observed that 11 of the 29 published
transplants surviving beyond 6 months had obliterative vascular changes®.
Furthermore he noted that hypertension occurred after the development of these
changes and so was unlikely to be the initial cause of them as originally postulated by
Hume. The editorial in the same issue of the British Medical Journal used the term
‘chronic rejection’ (CR) to describe these changes for the very first time. At a similar
time Hamburger (1964, Paris) described 2 patients who had developed marked
proteinuria, hypertension and deteriorating renal function and had lobular glomerular
changes on allograft biopsy of uncertain origin that did not resemble recurrent

glomerular disease’.

Progress in the recognition of CR was initially slow due to the small number of
allografts surviving the early months post-transplantation. Up to 1963 only 9 of the

211 transplants recorded in the world literature had survived more than 1 year.
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However by 1969 Najarian recognised that the arterial lesions described by Porter and
the glomerular lesions described by Hamburger were part of the same process'’. Thus
CR was distinguished from acute rejection (AR) by both histology and time course.
However the major challenge facing physicians in the pre-cyclosporin era remained
allograft loss secondary to AR and thus there was relatively little interest in CR at this
time. With the advent of Cyclosporin and subsequently lower rates of AR, longer-
term graft survival became the goal and there has been much work in the late 1980s

and 1990s in an attempt to optimise this.

The term CR implies an immune mediated aetiology and whilst immunological
factors are undoubtly important in the development of chronic transplant damage it
has become appreciated over the last decade that non-immunological factors also play
a prominent role in this process. Thus the term ‘chronic allograft nephropathy’ has
evolved, implying a chronic allograft injury secondary to a variety of insults occurring

over a sustained time period.

1.1b Histology of CAN

The diverse aetiologies involved in the pathogenesis of CAN (see later) result in
relatively non-specific sometimes patchy histopathological changes in the
interstitium, glomeruli and vasculature of allografts (Fig 1.1)'". Pathologists have
long-recognised that CAN was a useful descriptive term as it is often not possible to
distinguish between chronic rejection, chronic cyclosporin nephrotoxicity,
hypertensive vascular disease and chronic infection or reflux and in many instances

such aetiologies co-exist'.
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Fig 1.1 Histology of chronic allograft nephropathy
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The vascular changes observed in CAN are dominated by a vasculopathy reported to
occur in 7.5% of protocol renal allograft biopsies at 3 months and 36% at 2 years13’14.
This is characterised by progressive concentric intimal thickening that may become
eccentric at arterial branch points and is similar to atherosclerosis. However it may
also involve smaller vessels not usually affected by atherosclerosis'>. As intimal
hyperplasia develops it becomes less cellular and more fibrous, extending into the
lumen of vessels causing partial and sometimes complete occlusion. A similar
vasculopathy is seen in cardiac, lung and pancreatic allografts with CR, implying that
a mechanism common to all solid organ transplants may underpin its development'®,

In CAN, allograft vasculopathy has been shown to be an adverse prognostic feature

and is associated with significant reductions in long-term graft survival®.

Microvascular lesions such as peritubular capillary basement membrane splitting and
lamination have also been identified in CAN. These were originally described by
Monga et al'’ using electron microscopy and have been confirmed by other studies
that have identified these changes in 60% of individuals with CAN and noted that that

they increase in severity with time following transplantation'®’,

A number of glomerular lesions are seen in CAN including wrinkling and collapse of
the glomerular tuft, glomerular hypertrophy and hypercellularity and mesangial
matrix expansionzo. Collectively these changes are known as transplant
glomerulopathy a relatively specific but infrequent lesion in CAN (5-13%)21’22,
initially reported by Hamburger et al in 1964°. They are accompanied by a
progressive usually focal glomerulosclerosis documented in 42% protocol biopsies 2
years post-transplantation (Fig 1.1)'*. These glomerular changes co-exist with the

vascular pathology discussed above in many instances®.
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The most prevalent changes in CAN are interstitial fibrosis and tubular atrophy (Fig
1.1) present in almost two thirds of protocol biopsies 2 years post- transplantation'?.
The tubulointerstitium occupies approximately 80% of the renal volume®* and thus is
less prone to biopsy sampling error than more patchy vascular or glomerular allograft
structures. Therefore it has been used to assess the overall severity of CAN (I-III,
mild, moderate, severe) in the Banff classification of kidney transplant pathologylz.
Each of the 4 types of lesion in CAN can also be graded from 0-3 (absent, mild,
moderate or severe), independent of the overall classification. The purpose of this was
to standardise the interpretation of changes and to provide more objective reporting of
CAN in order to guide patient management and help establish objective end-points for
clinical trials. The Banff criteria were updated in 1997 but the assessment and grading
of CAN remained similar to the original classification’. Some investigators have
criticised this suggesting that it places too much emphasis on the severity of
interstitial fibrosis when assessing CAN. However accurate histomorphometric
assessment of such changes has been shown to correlate with long-term allograft
survival®. Although more complex scoring systems that take into account other
factors exist e.g. Chronic allograft damage index (CADI)?, these are quite

cumbersome for use in routine clinical practice and have not been widely adopted.

1.1c Clinical presentation and diagnosis of CAN

Clinically CAN is characterised by a progressive decline in renal allograft function
resulting in an inevitable return to dialysis. The time-span over which this occurs is
unpredictable with some patients having a slow insidious decline over several years
whilst others have very rapid deteriorations, resulting in allograft failure within a few

months®. Proteinuria and hypertension are often associated with both the uraemic and
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endocrine signs of impaired renal function. The development of proteinuria may
reflect the onset of CAN and a positive correlation between the level of proteinuria
and severity of CAN has been reported®. In one study 20-28% of patients with CAN
had proteinuria greater than 0.5g/day and occasionally this can increase into the
nephrotic range®. Hypertension is very common in all renal allograft recipients
including those with CAN and thus it has little diagnostic significance®'. Nevertheless
an association between the degree of hypertension and the severity of both functional

and histological changes in CAN has been reported®>.

It has proven difficult to get a worldwide consensus on the definition of CAN.
However in 1989 Foster proposed a definition for chronic rejection in renal allografts
that was adopted with only minor variation by the ‘Fourth Alexis Carrel conference
on chronic rejection and accelerated arteriosclerosis in transplanted organs’

(1992)*3,

1. Patients must be at least 3 months post-transplantation

2. The regression of the reciprocal of plasma creatinine over time must be
significantly different from zero

3. Graft histology should show changes compatible with chronic rejection

4. Other causes of allograft failure such as vascular and urological complications must
be excluded

Despite some criticism (discussed below), these diagnostic criteria have not been

changed substantially over the last decade.

1. The proposal to limit the diagnosis of chronic rejection to allografts at least 3
months post-transplantation aimed to ensure that a period of stable renal function had

occurred prior to the onset of ‘chronic changes’ i.e. that grafts seriously damaged for
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other reasons such as severe acute rejection that would inevitably fail, were not
labelled as having chronic rejection. However Foster originally proposed that
allografts should be at least 6 months post-transplantation. This was changed to 3
months by the conference in an attempt to apply a standard time for the diagnosis of
chronic rejection across both cardiac and renal transplantation. However whilst a
diagnosis of chronic rejection can be confidently distinguished from acute rejection at
3 months in cardiac transplantation (using angiography), renal allograft histology can
be ambiguous and sometimes frankly misleading at this time. Within the transplant
community this 3 month period is accepted as being an arbitrary one and thus many
centres including our own have adopted Foster’s more conservative 6 month time
scale. This does not exclude the possibility that changes of chronic rejection are
developing from 3 months, but avoids inclusion of a small number of patients whose

allograft decline may be due to alternative pathology.

2. The presence of acute rejection can usually be distinguished from CAN relatively
easily in older allografts. However recurrent or denovo renal disease is more difficult
to discriminate and additional electron microscopy and immunofluorescence is often
required to differentiate between the two. This should be considered in any diagnostic

criteria for CAN.

1.1d Epidemiology of CAN

Transplant registries have confirmed significant improvements in 1 year renal
allograft survival in the 1980s but suggested that this had little impact on long term
survival with half-lives remaining static at 8-10 years'. A more recent UNOS analysis
(1988-1996) is more encouraging and has documented an increasing half-life from 7.9

to 13.7 and 12.7 and 21.6 years in cadaveric and live donor allografts respectively’.
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Although such registry data are extremely powerful tools in the retrospective study of
such epidemiological trends, they have been unable to collect data specifically
relating to CAN>®. Therefore our current knowledge of the epidemiology of CAN is
based on reports from single or small multicentre studies with considerable variation
in patient groups studied and the criteria used to define CAN. The majority are
retrospective and analyse the results of diagnostic allograft biopsies performed to
investigate deteriorations in renal function. These occur at various time intervals
following transplantation and give no information on allografts with stable renal
function that are not biopsied. Nevertheless such studies have suggested that CAN is
rarely seen in the 3 months immediately post-transplantation and occurred in only 2.4-
10% of diagnostic biopsies performed in the first 6 months®’*®, As length of follow-
up increased so does the prevalence of CAN with between 5-71% of individuals
reported to have this condition on the basis of diagnostic biopsies performed 3-6 years
following ‘cransplantation3 841 CAN was thought to be the cause of allograft failure in

42,43

6-58% of patients after 4-5 years*>** and as many as 86% after 10 years*.

The prevalence of CAN may be more accurately estimated in prospective analyses of
protocol biopsies performed at defined time points post-transplantation. Two such
studies have reported histological evidence of CAN in 25% (n=42) and 39% (n=280)
of patients despite stable renal function as early 3 months post-transplantation
contradicting data from retrospective work'**. Isoniemi et al looked at 128 two year
protocol biopsies in patients taking either triple therapy CyA / Aza / Pred or various
dual therapy regimens'®. Despite normal or near normal renal function in 77% of
patients, interstitial fibrosis and tubular atrophy were present in 62 and 64% of
allografts respectively although other histological features of CAN such as

glomerulosclerosis (43%) and vascular intimal proliferation (36%) occurred less
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frequently. These findings suggested that many of the retrospective analyses
discussed above were probably under-estimating the prevalence of CAN. This
argument was supported by more recent protocol biopsies performed at 2 years in 144
patients on either CyA or Tacrolimus that documented CAN in 62% of those on

Tacrolimus and 73% on CyA*.

1.2 Acetiology of chronic allograft nephropathy

The aetiology of CAN (Fig 1.2) involves a number of diverse immune and non-
immune factors, discussed below. In addition Cyclosporin nephrotoxicity is now

thought to play an important role.

1.2a Immune factors

Human Leucocyte Antigen (HLA) matching has clearly enhanced both the short and
long term survival of renal allografts*”*. The best results are observed from HLA
identical-sibling donors with 2 year protocol biopsies in such individuals confirming a
complete absence of CAN* and projected half-lives exceeding 30 years compared to
half-lives of 16-18 years for recipients of 1 and 2 haplotype mismatched allografts'.
Similar benefits for HLA matching have been demonstrated in cadaveric allografts
with graft half-life deteriorating in a stepwise manner as the number of HLA
mismatches increases**. However because currently registry data collection

uses allograft and patient survival as its primary end points and not all late graft loss is
due to CAN, these are unable to determine whether HLA matching has had a specific
impact on the development and progression of CAN>®, Similarly there are

relatively few single centre analyses that have examined this relationship. However

one study found that the number of HLA-DR mis-matches correlated with rate of
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Fig 1.2 Aetiology of Chronic allograft nephropathy
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graft loss secondary to CAN (confirmed in 85% of cases by histology) in a univariate
analysis, but when acute rejection episodes were taken into account in a multivariate
model this was no longer statistically signiﬁcant29. A more recent multivariate

analysis in over 1500 patients by Matas et al showed similar results*®.

Inadequate immunosuppression either as a result of patient non-compliance or
secondary to over-enthusiastic reductions in immunosuppression may predispose to
CAN?, Patients with CAN have been reported to have a lower overall exposure to
CyA than patients without™' and CyA doses of less than 3 and 5 mg/kg/day were
identified as risk factors for CAN in large series of both adult and paediatric
recipients®>**, Protocol biopsies from patients taking triple immunosuppression (CyA
/ Aza / Pred) were found to have lower CADI scores compared to those taking dual
immunosuppression (CyA/Pred, Aza/Pred and CyA/Aza)'. The consistency of
administration as well as the overall level of immunossuppression is thought to be
important. Kahan et al have identified individuals with a high co-efficient of variation
in blood CyA levels as a result of differential gastrointestinal absorption who are at
increased risk of CAN>*. This is exacerbated in non-compliant individuals presumably
explaining their increased frequency of late allograft loss secondary to either acute or

accelerated chronic rejection.

A high prevalence of preformed anti-HLA antibodies has also been linked with a
decline in allograft half-life”’, as well as increased risk for the development of chronic
vascular rejection®®, This may help to explain the impaired survival of re-transplants
compared to primary allografts although the exact mechanisms underpinning this

process are currently unclear.
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Each of the points discussed above can cause upregulations in allo-immune activity
and predispose to AR. Episodes of AR are thought to be one of the most important
risk factors for the development of CAN®"%, It is widely acknowledged that severity
of AR has a significant impact on both short and long term allograft survival. Acute
vascular rejection is a highly statistically adverse prognostic feature compared with

6162 and lack of response to steroid therapy has been

tubulointerstitial rejection
reported to increase the risk of CAN®. In keeping with this, the density of graft
infiltration with mononuclear cells and Class II lymphocytes has been noted to
correlate with the severity of future CAN®. Furthermore studies have reported that
patients with multiple episodes of AR had a significantly higher prevalence of CAN

than those experiencing only a single episode®™

The relative importance of the timing and reversibility of episodes of AR is more
controversial. Isonemi et al have suggested that if AR occurred during the first 3
months post-transplantation it did not predict the development of CAN®. However
others have disputed this®*. Nevertheless when early and late episodes of are
compared, late AR (> 1 year post-transplant) tended to increase the risk of CAN and
graft loss to a greater extent, with one study demonstrating an increased risk of at least
3-fold®>’. Possibly a more important variable in determining long term outcome is
the reversibility of each episode of AR. Vereerstraeten et al subdivided patients in the
first year post-transplant following an episode of AR and completion of antirejection
therapy on the basis of serum creatinine values®®. Recipients with serum creatinines
less than pre-rejection values (implying complete resolution of AR) had 5 year graft
survival similar to those who had never had an episode of AR. Furthermore a serum
creatinine within the normal range at 6 or 12 months post-transplantation despite an

episode of AR have been shown by others to have a similar impact® . Although
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some work has not been able to show a relationship between renal function during or
following an episode of AR and the development of CAN', it is not unreasonable to
suggest that patients who recover from AR with little loss of renal function may have
a better long term outcome than those where the immune injury has been so severe

that renal function is irreversibly impaired.

Whilst there is little doubt that clinically overt AR can cause significant allograft
injury and thus predispose to CAN, some investigators have also hypothesised that a
lower grade immune injury termed ‘sub-clinical’ rejection may also play an important
role. This can occur because of relative under-immunosuppression or following a
successfully treated episode of AR that still has histopathological evidence of ongoing
immune activity. Despite normalisation of renal function, 10 days after treatment with
methyl-prednisolone such changes were documented in 26.7% of cases'.
Identification of an interstitial infiltrate of mononuclear cells in allograft biopsies is
thought to be diagnostic of sub-clinical rejection”® and this finding in 3 month
protocol biopsies was associated with an increased incidence of CAN at 2 years
despite no episodes of AR in these patients’*. On the basis of this Rush et al
performed a small (n=36) randomised trial to determine the merits of treating
subclinical rejection identified on protocol biopsies 1, 2, or 3 months after
transplantation with steroids”. Treatment reduced early and late (>6 months) AR,
lowered the chronic tubulointerstitial damage score at 6 months and improved graft

function at 2 years as well as graft survival at 4 years (p=0.076).

Although acute and possibly subacute rejections are important aetiological factors in
the development of CAN, persistent low grade immune injury associated with both B

cell antibody mediated allograft injury and T cell factors may also be an important’®.
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Lymphocytes and macrophages are commonly found intermingled in the vascular
endothelium of chronically rejecting allografts’®. In addition the interstitial infiltrate
in chronic rejection contains an abundance of plasma cells’’ and immunofluorescence
studies show non-specific pattern of antibody deposition particularly in glomerular
capillaries and basement membranes’®. However neither the relative influence of B
and T cell mechanisms nor their relationship with respect to acute or subacute

rejection is fully appreciated”.

1.2b Non-immune risk factors

The non-immune aetiologies important in the pathogenesis of CAN can be considered
as pre-existing donor factors, allograft retrieval factors and problems relating to the

recipient both before and after transplantation.

1.2b(i) Pre-existing donor factors

Kidneys and thus renal allografts are not created equal®®. Males tend to have larger
kidneys with approximately 20% more nephrons than females of the same body
weight®'. The number of glomeruli per kidney as well as the mean glomerular volume
are closely correlated with the kidney weight and negatively correlated with subject
age beyond 60 years®”. Clinical data link cadaveric kidneys from young (<10 years),
old (>50 years) and female donors with decreased long-term graft survival®>*°,
Experimentally, mass reduced rat kidney allografts develop accelerated functional and
morphological deteriorations similar to CAN®®, The potential mechanism to explain
these findings (discussed later) suggests that both the number of nephrons in allografts
as well as the metabolic demands upon them may have an impact on the development

and progression of CAN®?.
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1.2b(li) Allograft retrieval factors

Cold and warm ischaemia as well as post-ischaemic reperfusion injury contribute to
the insult suffered by allografts at organ retrieval and implantation87. A study of over
70,000 patients by Opelz et al found that duration of warm ischaemia had no
significant influence on long term graft outcome. Furthermore although cold
ischaemia of greater than 48 hours was associated with significantly impaired
outcome, intervals less than this did not produce consistent effects on allograft
survival®. Other investigators concur with this finding®® although one smaller clinical
study has documented a convincing relationship between increasing cold ischaemia
and the development of CAN 0 Clinically de novo allograft ischaemia is manifested
as delayed graft function (DGF). Some single centre studies have reported that DGF
followed by full recovery in the absence of acute rejection is not detrimental to long
term allograft outcome®*2, However other work suggests that DGF increased the risk
of late allograft loss”**. Yokoyama et al (excluding primary non-function) noted a 5
year graft survival rate of 89% in immediate functioning kidneys, 85% in those on
dialysis for less than 1 week and 50% in those on dialysis for greater than 1 week®”.
Similar findings were confirmed by Cacciarelli et al implying that the duration of

DGF may be important in this respect™®.

Ischaemic damage may increase levels of pro-inflammatory cytokines and adhesion
molecules®’ that in conjunction with free radical injury following reperfusion may
stimulate the development of both AR and chronic vascular damage. Administration
of the anti-oxidant recombinant super-oxide dismutase reduced the frequency of both
reversible and irreversible AR as well as improving allograft survival compared to
untreated controls after 4 years follow-up’". Several studies have shown an increased

rate of AR in patients with DGF and it has been suggested that this may explain the
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association between DGF and CAN"*'®, However although the combination of AR
and DGF has poor prognostic implications, analysis of registry data has suggested that

DGF exerts an independent effect on long term allograft survival®*'®.

Despite our incomplete understanding of the pathophysiological events surrounding
brainstem death, some investigators have suggested that it may be an further factor
affecting long-term allograft survival'®’. It can cause disruption of the hypothalamic-
pituitary axis and endogenous increases in catecholamine release resulting in labile
blood pressures. Periods of warm ischaemia may occur and histopathological damage

12 15 addition massive release of

has been reported in heart, liver and kidneys
cytokines from the injured brain into the peripheral circulation have been noted'® and
these may increase the immunogenicity of allografts. Indeed, in a rat model of
brainstem death organs from such animals are rejected in an accelerated fashion by
the ‘normal’ host compared to controls'®. However investigation into its impact on

human allograft immunogenicity is at a very early stage and there is currently no firm

evidence linking brainstem death to the development of CAN.

1.2b(iii) Recipient factors

In the 1960s and 70s, Afro-Caribbean renal transplant recipients were at greater risk
of early failure than Caucasians but since the introduction of CyA in 1985 this has no

longer been the case'®

. Nevertheless they do continue to have worse long-term
outcomes. Poor HLA matching in Afro-Caribbean communities has been blamed for
this'®%. However 5 year survival in HLA matched ethnic groups was found to be
similar for Caucasians, Hispanics and Indo-Asians but significantly worse for Afro-

Caribbeans'?’ suggesting that other factors such as higher rates of non-compliance

and an increased severity of post transplant hypertension are also highly relevant.
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Calcineurin inhibition, steroids, native renal disease, transplant renal artery stenosis
and CAN all contribute to the high prevalence of hypertension (70-80%) in renal
transplant recipients. Hypertension is a well documented risk factor for the
progression of renal disease in native kidneys'®. In renal transplant recipients severity
of recipient hypertension at 1 year had a highly significant relationship with late graft
loss'® and strongly predicted allograft survival irrespective of renal function''°.
Furthermore the degree of hypertension has been shown to correlate with both the
functional and morphological severity of CAN'!! and appears particularly detrimental
in Afro-Caribbeans''?. However it remains unclear whether hypertension is a cause or
a consequence of CAN, particularly as many of clinical studies do not take baseline
renal function into account. Experimental studies in chronically rejecting rat allografts
have shown that antihypertensive agents reduce elevated glomerular capillary
pressure resulting in attenuation of proteinuria, amelioration of glomerulosclerosis

and improvements in allograft survival''?

. However although antihypertensive
treatment has potential benefits from the cardiac and cerebrovascular perspectives,

there is currently little evidence in humans that it has a beneficial impact on CAN.

Proteinuria like hypertension is both a marker of renal disease and a factor in its
progression''*, In addition one study has shown it to be a significant risk factor for the
development of CAN?’. It has been suggested that reabsorption of excessive amounts
of protein by proximal tubular cells may lead to release of inflammatory and

114

vasoactive substances that contribute to tubulointerstitial injury . A low protein diet

allSanda

can slow the progression of renal dysfunction in chronic ‘nephropathies
similar benefit has been shown in a small study in renal allografts where this caused a

reduction in the rate of decline of the slope of the reciprocal serum creatinine against
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time . Angiotensin converting enzyme (ACE) inhibitors may have similar benefits

and have been the subject of several recent studies (see later).

The vasculopathy in CAN has features in common with systemic atherosclerosis (AS)
and in view of the high prevalence of hyperlipidaemia in the renal transplant
community (>50%)'"’, lipoprotein abnormalities have been implicated in the
aetiology of CAN. In vitro, oxidized low density lipoprotein (LDL) cholesterol causes
intracellular changes to endothelial cells, disruption of vascular integrity''® and
induction of macrophages to form ‘foam’ cells. Furthermore it stimulates production
of profibrotic cytokines and extracellular matrix proteins in cultured mesangial
cells''>'?°, In vivo, diet induced hypercholesterolaemia in a rat cardiac allograft
model produced marked lipid deposition in areas of intimal thickening but little

121 However in other models whilst

smooth muscle cell proliferation
hypercholesterolaemia alone only increased eicosanoid metabolism with little effect
on arteriosclerotic intimal changes'??, when combined with hypertriglyceridaemia
there was increased expression of epidermal and insulin like growth factors as well as

doubling of the intimal thickness'?

. Clinically there remains uncertainty as to whether
hyperlipidaemia represents a cause or a consequence of CAN. Nevertheless patients
with deteriorating renal function secondary to CVR have a more pronounced,
proatherogenic pattern of hyperlipidaemia compared to those with stable allografts'>*,
Hypertriglyceridaemia hypercholesterolaemia and elevated LDL cholesterol have all
been advocated as risk factors for CAN'?*'%_ although not all clinical studies concur
with this'?. Furthermore hypercholesterolaemia both before'?’ and after'?®

transplantation may predict late graft loss although some investigators have suggested

that only hypertriglyceridaemia was significant in this respect®.
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Diabetes Mellitus (DM) causes both macro and microvascular damage and it would
seem logical that this could contribute to the development of CAN. However there are
relatively few investigations into this association and those that exist appear
contradictory. Two and a half percent of patients (33/1325) developed post-
transplantation DM in one such study. When these were compared with paired-control
allograft recipients although 6 year patient survival was similar, allograft survival

128 ' A different centre found that there was no

tended to be better in controls
significant difference in 5 year graft survival between diabetic and non-diabetic
patients. However the major cause of graft loss was death with a functioning graft
secondary to cardiovascular disease in diabetics compared to CAN in non-

129

diabetics “°. Thus the role of DM in CAN remains unclear.

Acute Cytomegalovirus (CMV) infection causes sub-endothelial inflammation and
induces chronic allograft vasculopathy in vivo'***! In rat renal allograft models,
CMV infection increased collagen IIIl mRNA expression and histological evidence of
CAN as well as augmenting the CADI index'*?*. Homology and cross reactivity of
CMV proteins with allograft MHC I and II domains, increased expression of vascular
adhesion molecules e.g. VCAM-1 and endothelial MHC II complexes as well as
upregulations in cytokines such as TGF / PDGF increase the immunogenicity of
allografts during CMV infection, with implications for both acute and chronic
immune injury'**>"'*°. In humans prolonged CMV viraemia is associated with the

140 .
and moreover CMV nucleic acids

development of cardiac allograft vasculopathy
have been identified in association with severe accelerated cardiac allograft
arteriosclerosis'*'. Several clinical studies in renal allograft recipients clearly

demonstrate that long term graft survival is decreased in patients treated for CMV

disease'**'* . However a small study in renal transplant recipients with obliterative
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vasculopathy failed to demonstrate CMV by immunohistochemistry, in situ
hybridisation or PCR'*. CMV infection is linked to acute rej ection'* presumably

because the increased immunosuppression required to treat such episodes enhances

the risk of both primary CMV infection as well as re-activation of latent disease'*. A

major criticism of many clinical studies is that they are univariate analyses that have

not controlled for acute rejection. When this was undertaken in a recent multi-variate

analysis it appeared that CMV disease was only a risk factor for CAN in the presence

of acute rejection, not in isolation'*’. Thus the direct impact of CMV on human CAN

is unclear. Although the prophylaxis and treatment of CMV are beneficial in terms of

patient morbidity and mortality their impact with respect to CAN is currently

unknown.

1.2¢ Cyclosporin nephrotoxicity

The introduction of CyA revolutionised renal transplantation producing significant

148 The paradox of this

improvements in 1-year graft survival over the last 20 years
agent is that it is highly nephrotoxic and may play a significant role in the

development of CAN, thus limiting long-term allograft survival.

CyA nephrotoxicity is common in patients with psoriasis and other inflammatory /

autoimmune diseases in addition to individuals after transplantation. A meta-analysis

in patients with auto-immune disease demonstrated a risk difference of 21% for
developing nephrotoxicity when CyA and alternative therapies were compared’ .
Even low dose CyA (< 5Smg/kg/day) for 12 months resulted in the development of
non-specific morphological changes consistent with denovo renal injury. Serum

creatinine values > 150pumol/L were seen in 12-52% of cardiac allograft recipients
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treated with CyA 2 years after surgery and by 4 years these were >250 pmol/L in 13-
17% of individuals'*>'*'. Furthermore 2/3 bone marrow transplant recipients
demonstrated histological changes of chronic nephrotoxictylsz. The prevalence of
CyA nephrotoxicity in renal allografts is thought to be quite high but has proved
difficult to estimate. This is because the diagnosis is based on histopathological

changes that are often indistinguishable from other causes of CAN.

CyA nephrotoxicity can be categorised into an acute ‘functional’ and a chronic
‘morphological’ problem. These are often considered separately, but are actually
inter-related processes with the former often leading to the latter over the lifetime of
the graft. Administration of CyA causes a rapid intense vasoconstriction of
preglomerular afferent arterioles resulting in an acute reduction in renal blood flow
and glomerular filtration rate (GFR), manifested clinically as an increase in serum
creatinine. This generally occurs in the early weeks post-transplantation, is often
associated with only mild histopathological changes and responds to CyA dose

133 The proximal tubules seem especially prone to toxicity and non-specific

reduction
reversible lesions such as isometric vacuolisation, inclusion bodies, microcalcification
and acute tubular necrosis (ATN) may develop soon after initiation of CyA therapy'**.
Vascular lesions particularly in afferent arterioles'>* develop later (1-2 months+) and
produce more permanent morphological damage. A combination of vasoconstriction
and direct endothelial cell injury cause vacuolation followed by necrosis of
endothelial and smooth muscle cells. Fibrin, platelets and plasma protein deposits
cover these denuded areas producing areas of hyalinisation. These are frequently
interspersed with a second form of CyA associated arteriolopathy characterised by
areas of intimal thickening. Although remodelling has been reported, particularly after

CyA dose reduction, partial as well as complete vascular occlusion can occur'**'¢.
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The downstream effects of this are seen in both glomeruli and tubulointerstitium. The
prevalence of glomerular lesions can be related to the severity of the vasculopathy:
65% vs 45% vs 25% in severe, medium and mild vasculopathy respectively™’.
Morphologically these include thrombi, haemolytic uraemic syndrome-like lesions,
thickening or wrinkling of glomerular basement membranes and ultimately
glomerulosclerosis'>®. Such changes occur relatively late and are associated with
‘stripes’ of tubular atrophy and interstitial fibrosis interspersed between areas of
normal or hypertrophied tubules’®. Such histopathological changes can be clearly
visualised in native kidneys, but in renal allografts the changes of chronic CyA
toxicity occur against a background of other profibrotic insults in CAN making them
difficult to distinguish, particularly later in the life of the allograft. However CyA
toxicity can sometimes be identified on the basis of the type of vasculopathy
present'’ 4155158 Hyaline arteriolar changes tend to occur in CyA toxicity and arterial
intimal infiltration and proliferation tends to occur in CAN, but neither size of vessel

nor histology is diagnostic. In addition both are patchy processes that may be missed

or exaggerated due to biopsy sampling error.

The relationship between the vasoconstriction underpinning acute nephrotoxicity and

the accumulation of extracellular matrix (ECM) seen in the longer term is not well

understood. However a number of mediators including angiotensin I1'**'¢",

162,163 164,165 166-168

thromboxanes , endothelins and nitric oxide are thought to have both
vasoactive and profibrotic properties thus linking these 2 processes. In addition CyA
exerts a direct profibrotic effect irrespective of its haemodynamic properties. This has
been identified both in vitro and in vivo where an interstitial infiltrate and elevated
levels of TGFP1 still occurred despite low doses of CyA that produced normal

haemodynamic and blood pressure parameters'®. Thus the development of chronic
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CyA toxicity in renal allografts may occur in response to ischaemia or as a result of
direct CyA toxicity causing cell cycle arrest and death of renal epithelial cells'™.
Apoptosis of tubulointerstitial cells plays a role in this respect. CyA increased
expression of pro-apoptotic molecules both in vitro and in vivo and such apoptotic
positive cells have been correlated with the degree of tubular atrophy and interstitial

fibrosis'”''7. However the major histopathological process underpinning the long-

term effects of CyA is the accumulation of ECM.

In vitro, CyA increased collagen synthesis in endothelial, epithelial cells and
fibroblasts as well as upregulating TIMP-1 and downregulating MMP-2 and 9
expression from fibroblasts; changes that potentially augment accumulation of ECM
165,167 CyA increased TGFP expression in proximal tubule cells, mesangial cells
(genotype permitting), T lymphocytes and fibroblasts'*'"8, In vivo CyA increased
renal TGFP expression in both murine and rat models of chronic CyA
nephrotoxicty'” and antibodies to TGFB blocked CyA induced tubular swelling and
vacuolisation as well as the expression of collagen, fibronectin and TGFf geneslso.

In humans, administration of CyA increased the expression of TGFB1 in the serum of
patients with ESRF'®'. The dose reduction of CyA and the addition of MMF is
associated with a decline in plasma TGF1 expression as well as improvements in
renal function and blood pressure'®2. However a recent study contradicts these
findings stating that plasma TGFB1 expression is unaffected by either the initiation or
cessation of CyA'®. Probably of more relevance is the intra-graft expression of
profibrotic molecules. Immunohistochemistry has suggested that the expression of

TGFp1 is greatest in graft biopsies with CyA toxicity, less in those with acute

rejection and almost absent in ATN'®, CyA has been shown to increase the levels of
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active TGFB1 compared to Tacrolimus although this study was performed in

185 In protocol

diagnostic biopsies that may have prejudiced the findings somewhat
renal biopsies, CyA increased glomerular collagen IIT and TIMP-1 expression at 1
week post-transplantation more than Tacrolimus, although in this study TGFB1 levels

186

were similar . Although TGFP expression is important in the development of

allograft fibrosis, CyA can induce collagen III expression independent of TGFf3
mediated pathways in vivo'®’. Alternative profibrotic cytokines upregulated by CyA

in vitro, such as PDGF and IGF-1 may be responsible for this effect'”™.

1.3 Pathogenesis of chronic allograft nephropathy

1.3a Pathophysiology

Clearly multiple diverse aetiological factors are implicated in the pathogenesis of
CAN. In view of this it has been proposed that initial allograft injury associated with
pre-existing damage, brain death and ischaemia reperfusion injury, is augmented by
immunological damage and acute calcineurin inhibitor toxicity in the early stages
after transplantation and that this is sustained by low grade immune injury, chronic
drug toxicity and other non-immunological factors later in the life of the allograft.
Isolated episodes of allograft injury particularly if relatively minor result in a
stereotypical inflammatory response that usually resolves with few sequelae. However
severe injury or the cumulative effect of multiple insults from different aetiologies
cause the development of CAN, a process characterised by the accumulation of
extracellular matrix and cellular apoptosis throughout the allograft. This hypothesis is
supported by the work of Tullius et al in a rat model of CAN'®. These experiments
suggest that ‘a point of no return’ is reached beyond which, despite removing immune

stimuli, the development of CAN propagated by non-immune factors is inevitable. It
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is not known in humans at what stage CAN becomes irreversible but it presumably
varies between individuals and depends on the overall level of injury that the allograft

has sustained.

The development of intimal hyperplasia throughout the allograft vasculature is
thought to be central to this process16’189. This is initiated by damage to the
endothelium from both immune / non-immune insults and causes subendothelial
accumulation of inflammatory cells as well as upregulation of inflammatory
cytokines, growth factors and vasoactive mediators involved in tissue repair e.g.
TGFp, PDGF, bFGF, IL-1, IFNy, TNFa and angiotensin II. Vascular smooth muscle
cells are stimulated via paracrine and autocrine mechanisms to proliferate and change
from contractile to secretory phenotypes'®*'*. Proteolytic enzymes such as matrix
metalloproteinase inhibitors'®' are up-regulated and disrupt surrounding extracellular
matrix allowing migration of smooth muscle cells from the media to the intima. Once
within the intima, smooth muscle cells stimulate the accumulation of extracellular
matrix resulting in remodelling of the vascular wall and the development of intimal
hyperplasia'®®. It has been suggested that these changes cause the exposure of novel
‘cryptic’ antigens that activate the immune system, perpetuating this response'®>.
Whether this is the case or not, repetitive cycles of endothelial injury, smooth muscle
cell migration and subsequent intimal hyperplasia gradually produce luminal
obliteration causing hypoxic damage to the parenchyma'®*. Increased expression of
cytokines and growth factors following vascular injury or direct tubulointerstitial cell
damage cause recruitment / activation of inflammatory and renal tubular cells. This
stimulates remodelling and accumulation of ECM in the interstitium'®. Enhanced
apoptosis'*® and premature senescence of graft endothelial or tubular cells secondary

197

to multiple insults upon them may also play a role””'. The subsequent failure to
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regulate processes such as tissue repair in a normal manner can cause inappropriate

responses that permit the accumulation of ECM.

Mesangial cells have features in common with vascular smooth muscle cells and it
has been suggested that similar mechanisms cause both allograft vasculopathy and

1% However an additional explanation has also been proposedlgg.

glomerulosclerosis
Allograft injury can cause a reduction in functional renal mass, and this is associated
with increases in glomerular capillary blood flow and pressure resulting in increased
glomerular permeability*®, glomerular hypertrophy?”', mesangial expansion and
ultimately the development of glomerulosclerosis. In addition the loss of glomerular
selectivity results in the delivery of large amounts of protein to the glomerular filtrate.
This in turn is reabsorbed by proximal tubule cells resulting in protein overload and
cellular damage that may contribute to the development of interstitial fibrosis®**.
Glomerular hypertension has been demonstrated in CAN micropuncture studies in
vivo and reducing this improved graft survival, reduced proteinuria and preserved
graft structure '>*® . Furthermore this theory conveniently explains the clinical
observations that a mismatch between recipient metabolic demands and functional
allograft mass results in worse long term graft survival. Studies directly examining
this relationship have been inconclusive mainly due to problems with measuring
nephron mass. Nevertheless, 3 year survival from allografts donated by female, very
young or very old donors is reduced®® and recipients with high body mass also tend to
have worse allograft survival®®, although inadequate immunosuppression may play a
role in this respect. However not all work supports a role for glomerular hypertension
in the development of CAN. Glomerular hypertension in rat isografts does not result

in CAN*®. In addition glomerulosclerosis the pathological hallmark of glomerular

hypertension is not seen in all allografts. Thus it would appear that whilst this may
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enhance the development of CAN, it is only one mechanism amongst several that may

contribute to this process.

1.3b Molecular basis of CAN

1.3b(i) Extracellular matrix

The ECM is a highly complex structure consisting of collagens, glycoproteins such as
laminin, fibronectin and tenascin, proteoglycans such as decorin and biglycan as well
as glycosaminoglycans. In the kidney the fibrillar collagen types I and III and the non-
fibrillar type IV (the principal component of the basement membrane) make up the
bulk of the ECM?%. The tubulointerstitium contains all three collagens whereas
glomeruli contain only collagen types III and IV>%. However collagen I is sparse
being deposited relatively late in fibrosis and is probably the least important type.
ECM matrix can be broken down by four main families of proteinases (Serine-,
metallo- cysteine and aspartic-proteinases) as well as a number of endo- and exo-
glycosidases. The most widely appreciated with respect to renal fibrosis are the matrix

metalloproteinases (MMPs).

Over 15 MMPs have now been identified””’. These zinc-containing
metalloendopeptidases have a number of conserved amino acid sequences in common
and are initially secreted in zymogen form. They can be divided into 5 main classes
(Interstitial collagenases: MMP-1, 8, 13; Gelatinases: MMP-2, 9; Stromelysins:
MMP-3, 7, 10, 11; Elastinases: MMP-12 and Membrane type: MMP-14) that differ
widely in their substrate specificity for ECM proteins>*®. With the exception of MMP-
9 they are produced constitutively but their expression can be regulated at both

transcriptional and post-translational levels. IL-1 activates a common promoter
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sequence in collagenases, stromelysins and gelatinase B and TGFf has a similar
influence on gelatinase A, thus upregulating transcription2°9’21°. Post-translational
control involves either the activation or inhibition of MMPs. All MMPs except those
that are bound to cell membranes are secreted in an inactive form and require
activation by cleavage or disruption of specific domains and both plasmin and
activated MMPs themselves have been implicated in this process21 1212 The inhibition
of MMP activity occurs through the activity of four tissue inhibitors of

metalloproteinases (TIMPs 1,2,3 and 4)213

. These form a 1:1 stoichiometric complex
with MMPs inhibiting both latent and activated forms®'*. Most renal research has
focused on TIMP-1; undetectable in healthy kidney but upregulated in several models
of renal fibrosis as well as human CAN?*"**'¢, In contrast both TIMP-2 and TIMP-3

expression are detectable in healthy kidney with TIMP-2 expression mainly

constitutive’’ and TIMP-3 involved in cell cycle regulationm.

Intimal hyperplasia, glomerulosclerosis and interstitial fibrosis are characterised by
the excessive accumulation of ECM. Under normal physiological conditions ECM
provides a framework around which cells are organised, but in pathological states
accumulation can disrupt the normal architecture of tissues resulting in loss of
function e.g. tubular epithelial cells need intact basement membranes to proliferate
and organise their polarity but if these are disturbed then cells may undergo

apoptotis®'®

or alternatively differentiate into fibroblasts resulting in further ECM
production®?’. There have been very few studies looking at the turnover of ECM in
renal allografts. Nevertheless work in native renal fibrosis suggests that the
accumulation of ECM is a relatively stereotyped process dominated by both increased

matrix synthesis and decreased matrix degradation®®. The proteins discussed above

play an integral role in this process but how they interact with one another as well as
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other molecular species such as antibasement membrane antibodies, often seen in
CAN?'| is not known. Furthermore a number of cytokines and growth factors have

been implicated in the turnover of ECM including PDGF, IGF, EGF and TNFa.

Probably the most widely recognised of these is TGFp.

1.3b(ii) Transforming Growth Factor  (TGFf)

There are 3 isoforms of TGFp in humans, although TGFp-1 has been the focus of
most research. Under normal physiological conditions it can be seen as a regulatory
molecule acting to restore balance after deviations from the norm by either

stimulating or inhibiting cell growth and proliferation. TGF is secreted as an inactive
precursor in a complex bound with a latency-associated peptide*?. Various factors
including changes in pH, several proteolytic enzymes and thrombospondin can release
the active form from this complex223 which can in turn bind to one of 3 types of TGFf
receptor. The function of active TGF can also be controlled by the binding of a

number of ‘local’ proteins such as decorin that inhibit its activity***.

Over-expression of TGFp has been linked with the development of CAN. In vitro
TGFp administration stimulates fibroblasts, mesangial cells and glomerular epithelial
cells to produce extracellular matrix proteins including collagen, fibronectin and
proteoglycans?>??’. In murine and rat models of chronic immune injury the
development of CAN was associated with increases in TGFp mRNA identified by
Northern blotting and immunohistochemistry**®**°. Most human work has shown an
upregulation of TGFP in allografts after renal transplantation. Furthermore
immunohistochemistry has shown that whereas in native kidneys only the renal

tubular compartment stained strongly for TGFp, in allografts not only did this stain
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more strongly but TGFJ was also clearly identified in both glomeruli and blood
vessels®'™2, In CAN, Sharma et al using RT-PCR have shown an increase in the
expression of TGFp in allograft biopsies compared to those without CAN (26/36
(72%) vs 43/91 (47%) biopsies, P=0.01)**, Suthanthiran et al using similar
techniques identified a strong positive correlation between the expression of TGF-1
mRNA in human allograft biopsies and histological evidence of CAN*, Nicholson et
al provided further evidence supporting the profibrotic nature of TGFB by positively
correlating TGF mRNA with immunohistochemical staining for collagen III in 16
stable renal transplant patients235. TGFp expression has also been tentatively linked
with renal function in CAN. An immunohistochemical study (n=40) found that 72%
of patients with allograft fibrosis who expressed high levels of TGF had a much
steeper decline in renal function than those with minimal or low expression of
TGFB>®. However whether TGFp expression represented a cause for declining renal

function or an effect of such changes is not known.

14 Management strategies in CAN

The optimal management of CAN is to prevent it from occurring by the use of high
quality organs, optimal immunosuppression and the appropriate prevention of risk
factors. Once CAN is established management has traditionally been supportive
involving treatment of fluid overload, hypertension and proteinuria as well as
ensuring adequate control of diabetes and hyperlipidaemia. Two agents that may have
benefits with respect to CAN in addition to their supportive primary roles are the ACE

inhibitors / Angiotensin II receptor antagonists and the HMG CoA reductase
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inhibitors. In addition changes to patients’ immunosuppressive regimens have been

advocated in attempts to improve renal function.

1.4a ACE inhibitors and HMG CoA reductase inhibitors

The renin-angiotensin system has been linked to upregulations of TGFp both in vitro
and in vivo models of renal fibrosis and chronic CyA nephrotoxicity'>**’. ACE
inhibitors might be expected to have a beneficial effect in CAN with evidence
suggesting a reduction in both systemic and glomerular hypertension and a decrease
in fibrosis in native chronic renal disease™®. Serum TGFP levels are reduced in
patients with CAN given angiotensin II receptor antagonists alluding to a similar

antifibrotic effect®’

. In a rat model of chronic renal allograft rejection treatment with
enalapril attenuated the development of proteinuria, ameliorated morphological
damage, decreased leucocyte infiltration and prevented a rise in renal mRNA levels of

profibrotic growth factors and cytokines®*’

. However there are only a few small
studies using these agents in patients with renal allograft fibrosis. Renal transplant
recipients with chronic graft impairment have reductions in proteinuria after
administration of ACE inhibitors and some small uncontrolled studies have also

documented a stabilisation of renal function in many patients®*'*2, However larger

studies are needed to confirm these preliminary findings.

Experimental evidence suggests that hypercholesterolaemia may accelerate the
development and progression of intimal lesions in CAN. There have been no clinical
studies in renal allograft recipients examining the impact of HMG CoA reductase
inhibitors in CAN. However a randomised trial in cardiac allograft recipients using
Pravastatin showed that this reduced coronary artery intimal thickening at 1 year’®. In

a further study Wenke et al showed that Simvastatin produced nearly a 3-fold
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reduction in graft vessel disease 4 years after transplantationm. HMGCoA reductase
inhibitors have been shown to have immunosuppressive properties in addition to their
lipid lowering effects but it is currently unclear to what extent these contribute to the
results?*®. Furthermore it is unknown whether these agents will have a similar impact

in renal transplantation.

1.4b Immunosuppressants in denovo renal allografts

Optimal management of renal allograft recipients should entail strategies to limit the
development of CAN. Clearly the earlier this is considered the greater the chances of
success and thus the type of immunosuppressive regimen used in denovo allografts
and its impact on the development of CAN has been investigated. Most modern
denovo immunosuppressive regimens use CyA or Tacrolimus based therapy.

A recent meta-analysis of trials comparing the efficacy of these agents confirms
results from both European and US multicentre trials reporting that Tacrolimus is
more effective than CyA in preventing acute and steroid resistant rejections in

246248 Both CyA and Tacrolimus are nephrotoxic and can

primary renal allografts
cause the development of allograft fibrosis although some work suggests that
Tacrolimus may not upregulate profibrotic cytokines such as TGFf as much as
CyA”. In view of these findings one may expect the incidence of CAN to be lower
for patients taking Tacrolimus but protocol biopsies from a US multicentre trial have
suggested that this is similar for both*. Nevertheless there have been anecdotal
reports of an improvement of renal function in some patients with CAN (5/14)
switched from CyA to Tacrolimus®. It is worth noting that there is stronger evidence

from large multicentre trials in liver transplantation that the use of Tacrolimus reduces

the incidence of chronic rejection”". In a smaller study in liver recipients with
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established CR, 11/13 patients had a partial response or improvement in their liver

function after switching to Tacrolimus compared to 3/15 controls®~.,

Mycophenolate Mofetil (MMF, Cellcept, Roche) is a non-nephrotoxic
immunosuppressant with a similar mechanism of action and utilisation as Aza. It has

an antiproliferative effect on vascular smooth muscle / mesangial cells in vitro®,

254 and inhibited the release of

Furthermore it inhibited early CR in rat aortic allografts
profibrotic cytokines such as TGFf as well as reducing histological evidence of CAN
in rat renal allografts®’. Three large RCTs have shown that MMF reduced the rate of
acute rejection by 50% compared to placebo or Aza in denovo renal transplant
recipients receiving CyA>*®, However only one has shown a statistically significant

>7 Thus despite

reduction in allograft loss censored for death after 3 years follow-up
promising experimental evidence, the impact of MMF on the development of CAN in

denovo allografts is uncertain at the present time.

1.4c Immunosuppressants in established CAN

In view of the importance of immune aetiologies in CAN some investigators have
attempted to treat established CAN by increasing levels of immunosuppression by the
addition of Aza or MMF. Pascual et al added Aza (1-2mg/kg/day) and noted
improvements in chronic graft dysfunction in patients with both chronic rejection
(n=8) and CyA toxicity (n=8)*"%, They suggested that this needed to be performed in
the initial stages as response tended to be worse in those who had high baseline serum
creatinines. Rocher et al reported similar improvements in renal function in such a
setting®’. Campistol et al have added MMF 1g bd instead of Aza to 31 patients with
biopsy confirmed CAN?%, They observed a stabilisation in the rate of decline of renal

function compared to the pre-trial period and an actual improvement of serum
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creatinine in 61% of individuals after 6 months follow-up. The addition of MMF
produced similar findings in 44 patients retrospectively analysed by Fritsche et al’®!,
However this failed to provide any clear benefits in 1 small study and only achieved

minor improvements in renal function in approximately half the patients in

another’®?%. Clearly larger RCTs are required to investigate these findings further.

More recently the profibrotic nature of CyA and its potential contribution to the
development and progression of CAN has been highlighted resulting in the
introduction of regimens that reduce exposure to this agent whilst maintaining
adequate immunosuppression. Complete CyA withdrawal has been investigated in a
number of studies but unfortunately there have been major differences in their
designs, results and conclusions. Some have been controlled****®* but many were
not***%’ Many reported CyA withdrawal to be safe and effective?®*?% but others
reported problems severe enough to prompt the interruption and termination of the
study”*®?®. A meta-analysis of these studies has been performed by Kasiske et al*’®
and has suggested that increased rates of acute rejection followed CyA withdrawal but
that this did not affect short-term allograft or patient survival. Outcome was
unaffected by the manner of CyA withdrawal. In a subgroup analysis of the results of
the randomised trials that compared CyA withdrawal to patients who had never

received CyA, graft survival was better in the former group270.

Relatively few studies have performed CyA withdrawal with the addition of MMF.
The largest of these is a recently published randomised study comparing the addition
of Aza (2 mg/kg) with that of MMF (1g/bd) in 64 stable renal transplant recipients®’ .

Serum creatinine improved to a similar extent in both groups after CyA withdrawal
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but significantly less rejection was encountered in patients converted to MMF

confirming the results of smaller uncontrolled pilot studies%.

Because of concerns relating to increased rates of acute rejection with complete CyA
withdrawal, some investigators have concentrated their efforts more towards CyA
dose reduction with the addition other non-nephrotoxic immunosuppressants. In 23
patients with biopsy confirmed CyA toxicity, 18 patients underwent CyA dose
reduction and 5 complete elimination with the addition of 1-2 mg/kg/day Aza>”. CyA
dose was reduced to 50-70% over a 1 month period resulting in a mean CyA dose of
2.2 mg/kg/day and trough levels between 50-60 ng/ml at 6 months and 1 year. At 2
year follow-up GFR had increased, mean arterial pressure had decreased and at 5
years serum creatinine had also decreased with only 1 patient having an episode of
acute rejection. Similar findings are reported by Kliem et al who performed almost a
40% CyA dose reduction with the addition of Aza producing mean trough levels of 74
ng/ml*’*, Once again there was a long term improvement in graft function mostly
within the first 6 months of conversion that was subsequently sustained over 4-6 years

follow-up without any episodes of acute rejection.

Enthusiasm for CyA reduction regimens increased with the introduction of MMF to
renal transplantation. Several studies have shown a clear benefit for CyA dose
reduction with the addition of MMF'*>?"32"6 (Table].4) although only one
randomised controlled trial has been performed®’’. Critical evaluation of these studies
suggests that 50-75mg of CyA twice daily in combination with MMF (2g/day) is
probably the optimal combination for allografts with established chronic damage

although a large RCT is necessary to confirm this.
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Table 1.4 Summary of trials of CyA dose reduction with

the addition of MMF

Authors

Study
Type

Number
Patients

CyA dose
Reduction
(%)

CyA
levels
post-
reduction

Length
follow-
up
(months)

Results

Weir et
al?’

Prospective,
non-
randomised

28

50

(ng/ml)
nr

7.2

1.Reduction in rate
of loss of renal
function with actual
improvement in
21/28 patients

2.No reduction in BP
3.No AR

Hueso et
a]'%2

Prospective,
non
randomised

16

42

53

1.Improved serum
creatinine and BP

2. Increased GFR
and renal blood flow
3.Reduction in
plasma TGFp levels
4. No AR

Islam et
a]276

Prospective,
non
randomised

35

40

50

15

1.Improved serum
creatinine and
reduction in rate of
decline of renal
function

2.No AR

Nicholson
et al’”’

RCT

10 MMF
vs 11

40

1. MMF improved
the rate of decline in
renal function
compared to controls
2. One episode of
AR and 2 graft
failures in controls

*MMF 2g/day unless stated, nr = not recorded
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1.4d Surrogate markers in CAN

Allograft loss and return to dialysis or re-transplantation constitutes a clinically
relevant end-point for therapeutic intervention studies. However late allograft loss
occurs at the rate of 4-6% annually with 20-30% occurring secondary to death with a
functioning graft in situ. Therefore studies designed to test the efficacy of
interventions to prevent graft loss from CAN will have to follow large numbers of
patients for an extended period of time. The drop out rate and non-compliance even
with short (1-2 year) clinical studies is often significant and thus as demonstrated
above, no large definitive interventional studies have been performed. Therefore the
use of appropriate surrogate end-points has been suggested in order to allow the
design of trials using smaller numbers of patients followed up for shorter periods.
Although acute rejection is probably the most important risk factor for CAN, data
from the UNOS database suggest that it neither paralleled nor predicted late graft loss
and thus is not a suitable surrogate marker”’®. Proteinuria is a risk factor for CAN*
and may cause as well as signify renal damage. It is more common in patients with
CAN than those without but the relatively low prevalence (20-28% in CAN) makes it

useful in only a minority of patientsm

. Clearly deterioration in renal function itself
can be used as a surrogate marker. Although several patterns of declining renal
function have been reported in CAN, once a decline has been established it has been

shown to be unrelenting in over 85% of patients?.

More recently it has been suggested that biopsies may be used to predict allograft
loss. Isoniemi et al examined biopsies taken 2 years post-transplantation and found a
significant correlation between the chronic allograft damage index (CADI) and serum
creatinine between 3 and 6 years as well as long term outcome?’. Other histological

studies using 6 month biopsies to predict 3 year graft survival**°as well as
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histomorphometric analysis of interstitial fibrosis concur with these findings®®..
Although the possibility of sampling error using such techniques has been raised, it
appears that graft histology obtained between 6 months and 2 years may act as a
reliable surrogate marker for CAN. Several studies have taken this further and
studied the expression of extracellular matrix and cytokine mRNA responsible for the
development of the histopathological changes in CAN. TGFp expression has been
correlated with the degree of allograft fibrosis° but the complexity of the molecular
mechanisms underlying CAN has made this a difficult area to study and further work
is necessary to determine if changes in gene expression can predict graft survival per

S€.

1.5 Conclusion

CAN remains a major challenge for the transplant community. It develops as a result
of multiple varied immune and non-immune factors resulting in the accumulation of
ECM in the allograft. Although early graft survival has been significantly improved
with the use of CyA, paradoxically the nephrotoxic and profibrotic properties of this
agent may significantly contribute to the development and progression of CAN thus
limiting long-term graft survival. A number of management strategies have been
attempted in order to limit CAN with varied success, but several small trials of CyA
dose reduction or elimination have improved renal function in such patients. However
few of these have looked at other surrogate markers of outcome after CyA dose

reduction or the addition of new agents in established CAN.
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2.1 Introduction

Rapamycin (Rapa, Rapamune, Sirolimus; Wyeth-Ayerst Pharmaceuticals) is a non-
nephrotoxic immunosuppressant with antiproliferative properties that has recently
been introduced into the clinical arena. It originated as a macrocyclic fermentation
product of Streptomyces hygroscopicus, an actinomycete originally isolated from a
soil sample on Rapa Nui (Easter Island; 1975) 282283 This was initially investigated as
an antifungal / antitumour agent and several years past before it’s lymphopaenic

properties were appreciated, heralding its role as an immunosuppressant.

2.2 Rapamycin in denovo renal transplant recipients

2.2a Mechanism of action

The mainstays of modern immunosuppression CyA and Tacrolimus, bind to the
intracellular cytosolic immunophilins Cyclophilin and FK Binding Protein 12
(FKBP12) respectively, inhibiting calcineurin phosphatase. This prevents
transcription of cytokines (e.g. IL-2) and progression of the T cell cycle from GO to
G124, Rapa has a similar molecular structure to Tacrolimus and also binds to
FKBP12*, However the Rapa-FKBP12 complex has no effect on calcineurin
phosphatase (Fig 2.1a). Instead it binds to one or more proteins known as ‘Targets of
Rapamycin’ (TOR)286. These effector proteins were originally demonstrated as TOR1
& TOR?2 in yeast **’, but a mammalian homologue given various acronyms but now
known as, “Mammalian target of Rapamycin’ (mTOR) was subsequently identified*®®
»1 Both cytokines e.g. IL-2 and the CD28/B7 costimulatory pathway activate mTOR

resulting in downstream events critical for cell cycle regulation (Fig 2.1b). This is
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Fig 2.1a  Mechanism of action of Rapamycin is distinct
from calcineurin inhibition

Cyclosporin:Cyclophilin FK506:FKBP
O %* A FKBP FK506
. . . . IL-2
Donor- -» Calcium-dependentActjvatior*Ca,cjneurjn|-* NFAT.
. . transcription
antigen pathway Upregulation y
li
IL-2 production
TOR p Ribosomal proteins
Tyrosine  Activation.
. . Translation initiation
kinases Upregulation
/ m—Cyclin-dependent kinases

FKBP RAPA

Fig 2.1b mTOR is a critical Kinase in cell cycle progression

Co-stimulatory
pathway

FKBP12

p70 S6
kinase

Ribosome

Translation activation DNA synthesis Protein synthesis

mTOR = Mammalian target of Rapamycin. IL= Interleukin. Rapa inhibits 1. Phosphorylation
of 4E-BP1 preventing release of elF-4E and initiation of translation293294 2.p27 mediated
activation of cdk2-cyclin E and synthesis of proteins important for cell cycle progressionz95
3. p70 S6 kinase activation limiting ribosomaljDrotein S6 phosphorylation and reducing

synthesis of ribosomal / translational proteins296,297.
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complex and the underlying metabolic pathways have not been fully characterized®*

2% However the Rapa-FKBP12 complex binds mTOR and subsequently inhibits both
DNA and protein synthesis resulting in arrest of the cell cycle between late G1 and
the S phase297.

2.2b Immunosuppressive properties

2.2b(i) In vitro

The immunosuppressive properties of Rapa result from inhibition of leucocyte
activity. It blocks T cell proliferation induced by cytokines (IL1, 2, 3, 4, 6, 7, 12 and
15), alloantigen and mitogens in a dose dependent manner ****%, Rapa acts on B cells
independently of its effects on T helper cells causing an inhibition of antigen and
cytokine driven B cell proliferation®®’. In addition it has been shown to inhibit
cytokine dependent (IL-2 & IL-6) differentiation into antibody producing cells, thus

decreasing immunoglobulin synthesis®®.

In contrast to the calcineurin inhibitors, it has been claimed that Rapa has limited
effects on cytokine expression in vitro. It does not inhibit the transcription of IL2, 3, 4

298

or TNF-a in mitogen activated T cells“”” and has been shown to have variable effects

on IFN-y transcription dependent on the stimulus®®

. However work comparing the
expression of TH1 and TH2 cytokines using RT-PCR in Concanavalin A stimulated
splenic cells suggested that Rapa inhibited the expression of IL2, IFN-y, IL4 and IL10
more than non-immunosuppressed controls*®. Indeed Rapa inhibited IL10 expression
more effectively than CyA (100% vs 65% inhibition). Rapa’s main mode of action is
the inhibition of cytokine activated signal transduction but clearly any inhibitory

effect on proinflammatory cytokine transcription (however minor) would complement

its immunosuppressive efficacy.
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The concept of inhibiting cytokine transcription and simultaneously blocking cytokine
mediated signal transduction has been investigated in vitro using CyA/Rapa
combinations. Rapa augmented the inhibitory effects of CyA upon antibody and
phytohaemaglutinin stimulated peripheral blood leukocyte activation®®. Furthermore
relatively high doses of Rapa and CyA alone were required to inhibit cell-mediated
lympholysis in vitro but the same degree of inhibition was produced by a combination
of both at much lower doses. In a further study the IC50s required to inhibit the
proliferation of an IL-2 dependent cell line for Rapa and CyA alone were 90.9 and
2602x10°M respectively, compared to 65 and 260x10°M when combined®. This
work has shown that the combination of Rapa and CyA is highly complimentary.
Reduced doses of both drugs achieve a response much greater than one would expect
from a purely additive effect suggesting a synergistic interaction. The
pharmacokinetic/pharmacodynamic mechanisms underlying this are not clear.
However this combination ensures that only small amounts of cytokine are produced
causing reduced activation of cytokine receptors and an attenuated downstream signal

that is more easily inhibited by Rapa.

2.2b(ii) Animal Studies

The first in vivo studies using Rapa as an immunosuppressant were published by
groups led by R Y Calne and R E Morris (1989)*%*%". Both gave Rapa at various
doses to rats receiving heterotopic cardiac allografts and noted longer graft and animal
survival rates in comparison to non-immunosuppressed controls. Similar benefits have
been demonstrated for skin, renal, small bowel, pancreatic and pancreaticoduodenal
allografts in a number of species including mice, rats, rabbits, pigs, dogs and

primates; although in dogs and primates fatal gastrointestinal side effects frequently
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occurred®?!, 1t is difficult to compare the immunosuppressive efficacy of Rapa
between studies as various doses, routes of administration and allograft models have
been used. However Rapa is 20-100 times more potent than CyA and acted in a dose
dependent manner to prevent acute allograft rejection. Subsequently Rapa (0.8
mg/kg/day iv) was investigated as a potential treatment for ongoing acute rejection
and was found to prolong the survival of presensitized rat skin and cardiac allograft
recipients®>%. This dose dependent effect (Rapa 0.08-0.8mg/kg) was confirmed in

cardiac, renal and pancreas allografts3 232,

The synergy between Rapa and CyA suggested in vitro was also observed in animal
work. Subtherapeutic doses of Rapa (0.01-0.04 mg/kg/day) and CyA (0.5-2.0
mg/kg/day) prolonged rat cardiac and kidney allograft survival compared to either
drug alone or the additive effect of each combination®”®. Similar results were observed

327

in studies using rat lung3 %6 and mouse kidney allografts®*’ as well as a mongrel canine

model’!’.

2.2b(iii) Human studies

In September 1999, Rapa received approval from the US Food and Drug
Administration for marketing as an agent for the prevention of acute rejection in renal
transplant recipients. This was based on early results from several multicentre
prospective randomised trials (RCT) that are currently ongoing. These include a US
(n=719, 38 centres), a Global (n=576, 34 centres), a combined European-US (n=247)
and two European studies (n=83 & 78, 11 & 14 centres respectively).

Both US and Global studies administered combinations of Rapa (fixed dose 2 or 5
mg/day), CyA (and Prednisolone (Pred)) in an attempt to take advantage of the

immunosuppressive synergy between these agents328’329. The US study gave
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azathioprine (Aza, 2-3mg/kg) to controls where as the global study gave a placebo.
Two-year follow-up data from both Global and US groups showed that there was
comparable patient and graft survival for patients taking Rapa compared to controls.
The incidence of AR was reduced in both trials when patients received either 2 or 5
mg/day of Rapa®***!. Similarly good results were observed from a single centre
(Houston)’ 32 This group also investigated the efficacy of a Rapa (0.5-7mg/kg/m>)/
CyA/Pred regimen (n=43) versus CyA/Pred (n=126) in patients with IgG anti-HLA
panel reactive antibodies (PRA) > 10% (i.e. individuals who have an increased risk of
acute rejection and poor graft survival). There was a statistically significant reduction
in the frequency of acute rejection in those patients on Rapa (11.6 vs 67%, p<0.001),
supporting the immunosuppressive efficacy of CyA/Rapa combinations in high-risk

333 However an analysis of the effect of race on the efficacy of Rapa in the

recipients
US study demonstrated that African-American patients receiving Rapa 2 mg/day had
significantly higher rates of acute rejection bompared to non-African-Americans (30.2
vs 13.1 %)**. Rapa 5 mg/day produced similarly low rates of acute rejection that

were less than controls in both racial groups (14.8 vs 11.3 vs 28.6-30.3%), suggesting

that this dose of Rapa should be used in ‘higher risk’ African-American patients.

The success of work combining full dose CyA and Rapa encouraged the introduction
of regimens that maintained the synergy between these agents, yet minimised
exposure to CyA. One hundred and forty-nine denovo renal allograft recipients were
randomised to receive Rapa or placebo with the addition of either full or half dose
CyA (Month 1 trough levels ~300 or ~200 ng/ml respectively) and steroids®>>. The
incidence of acute rejection within 6 months of transplantation in patients receiving
full dose CyA was reduced from 32% to 8.5% in patients receiving Rapa (1-3

mg/mz/day). Similarly low rates of acute rejection (10.7%) occurred in Caucasians
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treated with Rapa (1-5 mg/mz/day) and reduced dose CyA but not in African-
Americans (39%) suggesting that this type of regimen is satisfactory for ‘low risk’
recipients but is less acceptable for those at ‘higher risk’. Those receiving reduced
dose CyA tended to have better renal function compared to full dose CyA recipients
but this was only statistically significant at a Rapa dose of 1 mg/mz/day, 3 months
after transplantation. A similar European/US prospective multicentre study (n=247)
currently ongoing compares full dose CyA and fixed dose Rapa (2mg/day) with
reduced dose CyA and concentration controlled Rapa (10-20 ng/ml)3 36337 The
incidence of acute rejection at 2 months was equally low (13.5 vs 10.9%). However
the aim of this study was to withdraw reduced dose CyA from patients who had not
rejected in the first 3 months post-transplantation. This was achieved in 51/77 (66%)
patients and after 6 months and 1 year of follow-up the incidence of acute rejection in
both groups was similar with significantly improved renal function in those who had

CyA reduction/withdrawal.

Two major European prospective randomised multicentre studies have adopted a
different approach to the use of Rapa®****°, Both compare Rapa triple therapy directly
against CyA triple therapy in an attempt to determine if Rapa could replace CyA as
the primary immunosuppressant for renal allograft recipients. Doses of both drugs
were adjusted according to trough levels (CyA: 200-400 ng/ml for 2 months and 100-
200ng/ml thereafter; Rapa: 30 ng/ml for 2 months and15 ng/ml thereafter. The first
study used Aza (2mg/kg) and Pred whilst the second used Mycophenolate Mofetil 1g
twice daily (MMF) and Pred as additional agents. At 1-year follow-up graft survival,
patient survival and incidence of acute rejection showed no statistically significant
differences when CyA was compared to Rapa. MMF combined with either CyA or

Rapa produced lower rates of acute rejection than these agents and Aza. However
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even patients on MMF and Rapa had a tendency to require treatment for acute
rejection with bolus steroids more often than those on CyA and MMF (20 vs 11,
p=0.068). This suggests that there may be a small price to pay for completely
avoiding the nephrotoxicity of CyA. However the clinical significance of this is
debatable as renal function tended to be better in Rapa treated patients over follow-up

in both studies.

Rapa has also been used to treat refractory acute rejection not responding to either
conventional pulsed steroid or antilymphocyte preparations**. Patients (n=21) were
given Rapa (7mg/m’ for 5 days, followed by 5mg/m? thereafter) with no change in
CyA dose®*'. Ninety percent of patients had successful reversal of rejection producing
an actuarial 1-year graft survival of 81%. These individuals had a mean serum
creatinine of 2.4mg/dl (160 umol/L) at 1 year. Refractory rejection often has a poor
prognosis with many patients requiring dialysis. These results provide reason for

optimism but larger studies are necessary to confirm this.

2.2¢ Nephrotoxicity

Calcineurin inhibition is responsible for both the therapeutic benefits and
nephrotoxicity of CyA. Rapa has a different mechanism of action and thus the
nephrotoxicity seen with calcineurin inhibition does not occur. Work in both pigs
(0.1-0.4 mg/kg) and rats (5 mg/kg/day) has shown that Rapa has no deleterious effects
on GFR or renal blood flow and caused minimal morphological signs of toxicity®*>**.
However supratherapeutic doses of Rapa (1.5-10 mg/kg/day) may cause small
reductions in creatinine clearance in rat native kidneys*******>, Rapa reduced
medullary concentrating ability and increased tubular enzymuria suggesting that mild

tubular injury may occur**®. In humans pooled data from both European trials
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comparing Rapa with CyA triple therapy showed a statistically significant

improvement in both serum creatinine and calculated GFR at 2 years follow-up in
Rapa patients (mean creatinine < 120pmol/L and mean GFR > 65ml/min)3 4 This
suggested that even if Rapa caused mild tubular damage at high doses, it had little

clinical significance.

In humans Rapa (1-13 mg/mz/day) was given to 30 stable renal transplant recipients
taking CyA at normal therapeutic doses with no significant effects on GFR or
creatinine clearance over a 14 day period®*®. Therefore it was rather surprising that the
combination of Rapa and CyA caused an impairment in the renal function of patients
compared to controls in the recent US multicentre study’>®. It has been suggested that
Rapa may in some way potentiate CyA nephrotoxicity although the mechanism
underlying such an occurrence is unclear. Some preliminary evidence supporting this
has noted that Rapa increased CyA area under the concentration-time curves
compared to controls in this study despite the fact that Rapa was given 4 hours after
CyA in an attempt to prevent any interaction between these agents at the level of p-

glycoprotein or P450 enzymes in the gastrointestinal tract®>®

. In a salt depleted rat
model of CyA toxicity the Rapa / CyA combination produced a functional and
morphological deterioration®*, However it is difficult to know the relevance of such
findings when CyA trough levels were as high as 2850ng/ml and Rapa trough levels
were not recorded. A study in the Wistar-Furth rat showed that the combination of
oral Rapa 0.4mg/kg and CyA 2.5mg/kg produced a moderate reduction in GFR
compared to either drug alone. However when the doses Rapa and CyA were doubled
(0.8 and 5 mg/kg/day respectively) this produced an extremely marked decline.

Although low doses of Rapa had no effect on CyA trough levels higher doses

(>0.4mg/kg) increased them and this was offered as an explanation for these
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findings®*°. Furthermore it has also been observed that Rapa increases CyA levels in
renal tissue to a greater extent than in whole blood concentrations®'. In humans CyA
average concentrations (Cay) and Rapa trough levels (TL) (655 samples, 96 patients)
were compared with the calculated GFR at each timepoint*”, Increasing Rapa
exposure was not associated with decreased renal function. However as Rapa TLs
increased the CyA Cav necessary to achieve optimal renal function fell. Further
prospective studies are clearly required to determine the pharmacokinetic relationship

between Rapa and CyA and its impact on nephrotoxicity.

2.2d Side effects

Rapa is poorly tolerated by certain species. Dogs given Rapa at low doses (0.05
mg/kg/day) develop anorexia, fever, vomiting, leucocytosis and hyperamylasaemia.
Higher doses (0.3-2.0 mg/kg/day) are often fatal and autopsy findings suggest that

Rapa produces a submucosal vasculitis with mucosal erosion/ulceration®®-!7318, A

32! but is not seen in all species.

similar but less frequent syndrome occurs in baboons
Regular administration of Rapa produces a number of side effects in humans. These
can occur at low daily doses (1-2+ mg/day) and include headaches, polyarthralgia,
mild stomatitis, epistaxis, diarrhoea and skin complaints e.g. mild acne. However

myelosuppression, hyperlipidaemia and problems related to over-immunosuppression

remain the major concerns.

2.2d(i) Myelosuppression

This was first observed in mice when Rapa delayed recovery from 5-fluorouracil
induced leucopaenia and thrombocytopaenia in a reversible manner’>>. The

underlying mechanism is unknown, but may relate to inhibition of signal transduction
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from haematological growth factor receptors that have sequence homology with the
cytokine receptors whose action is inhibited by Rapa e.g. IL-11 receptor that
stimulates platelet production has the same gp130 B chain as the IL-2 receptor 334353,
Rapa produced a dose dependent reversible thrombocytopaenia and leucopaenia in
stable renal transplant recipients within 2 weeks that persisted but improved over
treatment. Rapa doses of 1-3, 5-6 & 7-13 mg/m”/day reduced mean platelet counts by
14, 80 & 97 cells/mm?’ respectively. A reversible leucopaenia also occurred, with a
mean reduction of ~2 x 10°/L for all Rapa doses®*®. The European multicentre
(Aza/MMF) studies documented thrombocytopaenia in 37 and 45% of Rapa patients
(Controls 0 and 8% respectively, p<0.05). Thirty-nine percent on Rapa/Aza/Pred had
leucopaenia (Control 14%, p<0.05) but in those receiving MMF there was no
significant difference between Rapa and controls (28 vs 18%). CyA/Rapa
combinations produced a similar incidence and severity of leucopaenia /

thrombocytopaenia that correlated with Rapa TLs**

. Although quite common
myelosuppression is usually mild at the doses used in current studies. In the minority

of individuals where it is significant or causing a clinical problem Rapa dose

reduction/discontinuation causes signs of recovery usually apparent within 5 days.

2.2d(ii) Hyperlipidaemia

Both calcineurin inhibitors and steroids promote hyperlipidaemia®*®, glucose
intolerance®*’, and hypertension®*® well-recognised risk factors for the development of
cardiovascular disease. In contrast Rapa has little influence on blood pressure or
serum glucose concentrations and an early study in pigs reported that hyperlipidaemia
was mild and similar to that observed with CyA*'®. Human Phase I studies were also

encouraging with only higher Rapa doses (5-13 mg/m*/day) causing statistically
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significant hypercholesterolaemia and no significant effects on triglycerides®®.

However this data only reflected a 15-day course and longer administration has shown

a different picture.

The European (Aza) study comparing Rapa and CyA triple therapy noted that Rapa
caused significantly more frequent and severe hypercholesterolaemia and
hypertriglyceridaemia than CyA (44 vs 14% and 51 vs 12% respectively)®®’.
Hyperlipidaemia was maximal after 2 months (triglycerides (TG) 5.3 vs 2.1 mmol/L
p<0.001, cholesterol (Chol) 9.2 vs 6.4 mmol/L p<0.001) when Rapa target levels were
high (30ng/ml) but as these were reduced (15ng/ml) this improved (6 month TG: 3.6
vs 1.6 mmol/L p=0.007, 6 month Chol: 6.9 vs 6.1 mmol/L p=0.15)*>®. This
improvement was sustained at 2 years follow-up when a combined analysis of lipid
parameters for both Aza and MMF European muiticentre studies was performed (TG:
2.40 vs 1.82 mmol/L p=0.051, Chol: 6.46 vs 5.93 mmol/L p=0.087)**°. Lipid
lowering agents were administered to 53% of those taking Rapa compared to 24% in
controls. An analysis of both US and Global studies has shown a similar picture. Rapa
produced a dose related increase in Chol and TGs by 3 months that was persistent but

%0 The use of statins/fibrates was effective in the

reduced at 1 year follow-up
majority, causing significant decreases in Chol/TG levels respectively with few

serious clinical consequences. Hypertriglyceridaemia can be severe with CyA/Rapa
regimens (11.7-42 mmol/L) particularly at higher Rapa doses, but is reversible after

dose reduction or cessation of Rapa®®’

. However discontinuation of Rapa in the
Global/US trials was rare (0.4% Rapa 2mg, 2.5% Rapa 5 mg). Analysis of 1-year
cholesterol values using The Framingham model suggested that Rapa would cause
only a small increased incidence of ischaemic heart disease in renal transplant

recipients (2 and 3 new cases/1000 persons/year; Rapa 2 and 5 mg respectively)3 60,
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Dose reduction or elimination of CyA from Rapa patients may reduce this risk further

and results are awaited with interest.

2.2d (iii) Over-immunosuppression

This predisposes patients to both typical / atypical infections as well as increasing the
risk of neoplasia and post-transplant lymphoproliferative disease (PTLD). The
European (Aza) study noted a higher incidence of herpes simplex (24 vs 10%,
p=0.08), and pneumonia (17 vs 2%, p=0.03) in Rapa patients compared to controls®®,
However when MMF replaced Aza as the secondary agent the incidence of herpes
simplex was similar in both Rapa and control patients and although an increased
incidence of pneumonia occurred it was not statistically significant (15 vs 5%)>>°. The
multicentre trials combining CyA and Rapa reported similar significant increases in
herpes simplex infections (Global) and pneumonia (US). However the incidence of

life threatening infections and CMV were not increased despite the

immunosuppressive synergism between these drugs.

Clinical use of Rapa is still at an early stage and its impact on post transplant
lymphoproliferative disease is currently unknown. Kahan has followed up 250
patients treated with Rapa (3-48 months) and noted only 2 cases of PTLD (0.8%)*%, a
statistic comparable to the general transplant population®®. Multiple small bowel
segments were involved in one and nuchal lymph nodes in the other. Rapa withdrawl
and CyA dose reduction resulted in remission with both patients alive and well 6 and
36 months later. Two year follow-up of 1295 patients from the Global and US trials
has shown that only 2 patients (0.7%) have died as a result of neoplasia. Rapa has

antiproliferative properties and has been investigated as an antitumour agent >**. The
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impact of this with respect to neoplasia / PTLD will become apparent over long-term

follow-up.

2.3 The effect of Rapamycin on CAN

The histology of CAN is dominated by the growth factor driven accumulation of
extracellular matrix in response to persistent or repetitive insults to the allograft. A

number of lines of evidence suggest that Rapa may theoretically influence this

23a Invitro

Rapa inhibits growth factor-mediated proliferation of the major cell types involved in
the pathogenesis of CAN. The development of intimal hyperplasia is associated with
proliferation of endothelial and more importantly vascular smooth muscle cells. Rapa
exerted an antiproliferative effect in non-stimulated as well as bFGF, IGF-1 and
PDGF driven vascular smooth muscle cells**>® that was greater than either MMF or
Tacrolimus®®, A similar effect was encountered in bFGF induced bovine aortic and
human umbilical vein endothelial cells*®. The pivotal cell type involved in the
development of interstitial fibrosis is likely to be the fibroblast and both PDGF/bFGF
stimulated rat cardiac and human lung fibroblast proliferation are inhibited by
Rapa’"**". These antiproliferative properties were antagonised by combination with
Tacrolimus in molar excess, suggesting that the formation of the Rapa/FKBP12
complex is an important underlying mechanism®’?. Proliferation of mesangial cells is
one of the central features of glomerulosclerosis. Rapa has been shown to inhibit both
mitogen independent and PDGF stimulated mesangial cell proliferation (via *H-

373

thymidine uptake) in a dose dependent manner”'~. However Rapa does not uniformly
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inhibit all cell proliferation as some haematopoietic and epidermoid cell lines are

unaffected by its administration®’**”.

Although such in vitro evidence supports the use of Rapa in CAN, a recent study by
Dodge et al has introduced an element of caution®’®. It has been noted that under
certain conditions Rapa and TGFf have similar immunoregulatory effects. Thus
splenic leucocytes from BALB/c mice were stimulated in vitro with anti-CD3 or in
vivo with allogeneic cells in the presence or absence of Rapa. Rapa had an
antiproliferative effect on leucocytes stimulated both in vitro and in vivo and was
associated with an increased TGFf production in both instances compared to controls.
Thus it is possible that the antiproliferative effect of Rapa is in part mediated by this
increased TGFP production. In the early phases of allograft rejection TGFf
production may be beneficial in inhibiting acute immune activation. However
sustained expression of TGF may promote fibrosis and thus CAN. A similar
upregulation of TGFP expression occurs with CyA administration and is thought to
contribute to the profibrotic properties of this agent (discussed earlier). A further
study has examined the effect of combining Rapa and either CyA or Tacrolimus on
the proliferation of PHA activated lymphocytes and quantified the presence of both
IL-2 and TGFP using RT-PCR and an ELISA technique®”’. In this work Rapa in
combination with either CyA or Tacrolimus significantly inhibited lymphocyte
proliferation, inhibited IL-2 expression and induced TGFp compared with any single
drug alone. Furthermore the levels of TGFf and IL-2 correlated positively and
negatively respectively with inhibition of leucocyte proliferation thus supporting this
as an important mechanism by which such combination regimens exert their powerful

immunosuppressive effects. However because several current clinical trials use Rapa
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in combination with CyA and TGFp is such an important profibrotic cytokine there is
concern that both agents may synergise not only with respect to immunosuppression

but also fibrogenesis.

2.3b In vivo models of vascular injury and fibrosis

Intimal injury and subsequent hyperplasia is common to most solid organ allografts
undergoing CR. Although it only represents one histological aspect of CAN it is
thought to play a pivotal role in the development of this condition. Both immune and
non-immune models have been used to recreate this in vivo. Rapa treatment reduced
the degree of intimal thickening and associated local cytokine expression at doses of
1.5 mg/kg/day after mechanical vascular injury (angioplasty balloon catheter)’’. A
similar dose reduced intimal hyperplasia in the central part of femoral allografts®”.
Rapa also reduced the severity of established intimal hyperplasia in rat femoral artery
allografts when given 14, 21 and even 30 days after the onset of alloimmune injury3 »,
However larger Rapa doses were required (3-6 mg/kg/day) and intimal hyperplasia
was most successfully reduced when Rapa was added at an early stage i.e. when
intimal hyperplasia was relatively immature. Rapa (1.5 mg/kg/day) in combination
with MMF was also highly effective after balloon catheter damage. Administration of
Rapa and MMF for 14 days after injury inhibited intimal hyperplasia at day 14, but by
day 40 intimal hyperplasia had returned and was similar to untreated controls.
However if administered 3 days before and 14 days after insult there was little intimal
hyperplasia observed at day 40°®, presumably as sufficient concentrations were
present to dampen the initial cytokine cascade immediately after injury, generating a

smaller intimal response that resolved with few sequelae.
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At the molecular level, rat aortic allografts treated with Rapa (0.5 mg/kg/day) had
little intimal hyperplasia but significant inducible nitric oxide synthase (iNOS)
expression at 30 days. In contrast CyA treatment was associated with marked intimal
hyperplasia but no detectable iNOS expression®®’. Nitric oxide (NO) inhibited the
proliferation of vascular smooth muscle cells in both balloon injured and aortic
allograft models and also prevented the development of arteriosclerosis®****, Thus
one possible explanation for Rapa’s actions is that iINOS expression is maintained,
causing high local NO levels that limit vascular smooth muscle responses to injury.
Future work combining Rapa with selective iNOS inhibitors will delineate this

process further.

These studies show that the vascular response to both immune and non-immune injury
is inhibited by Rapa but the interplay between the antiproliferative and
immunosuppressive properties that contribute to this is unclear. The balloon injury
model lends support to an antiproliferative effect. However, Rapa (3 mg/kg/3x/week)
prevented both acute rejection and longer-term arteriosclerotic changes in rat aortic

allografts®®*

. The positive correlation noted between these processes suggested that
the immunosuppressive properties of this agent also play an important role.

Rapa has also been shown to inhibit the development of fibrotic changes in other non-
vascular models. Wistar rats underwent clamping of the right renal pedicle and left
nephrectomy, a model of ischaemia-reperfusion injury known to be associated with an
upregulation of profibrotic gene expression. The addition of Rapa (1mg/kg/day) over
a 4 month period was associated with a decrease in TIMP 1,2 and 3 and TGFB mRNA
expression (detected using RT-PCR) compared to controls as well as improved renal

function / proteinuria. However it should be noted that the lower dose of Rapa used

(0.5mg/kg/day) did not show such benefits*®’. In a model of obliterative bronchiolitis,
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a larger dose of Rapa (6 mg/kg/day) prevented the development of luminal fibrosis or
loss of respiratory mucosa in rat tracheal allografts more effectively than CyA or
MMF?%, The effects of Rapa (1.5 mg/kg/day) have also been investigated in a carbon
tetrachloride model of rat hepatic fibrosis in vivo and on hepatic stellate proliferation,
an important component of the hepatic fibrogenic process, in vitro> . Rapa inhibited
histological evidence of extracellular matrix deposition compared to untreated
controls and a decrease in collagen deposition was confirmed using a hydroxyproline
assay. Northern blot hybridisation analysis was performed on this tissue and mRNA
levels of procollagen and TGFPB1 were significantly decreased following
administration of Rapa. However although Rapa inhibited PDGF induced
proliferation of hepatocytes and fibroblasts, it had no significant effect on procollagen

III or TGFPB mRNA production in vitro.

The models discussed above are very different and none of them completely reflect
the pathological changes occurring in CAN. However they provide molecular and
histological support that Rapa inhibits the accumulation of extracellular matrix and
fibrosis in both a vascular and extravascular setting. This has important implications
with respect to CAN although clearly additional work in models of CAN is required

before this can be confirmed.

2.3c In vivo allografts

The effect Rapa on CR in whole organs has been investigated in rat cardiac allografts
where it is manifested as graft vessel disease (GVD). Meiser et al were the first to
observe that Rapa inhibited GVD in such circumstances®®. Further work has shown
that inhibition of transplant vasculopathy and graft vessel luminal obstruction

secondary to myointimal changes (100 days postoperatively) was most effective when
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Rapa was given at high doses (5 mg/kg/day for 14 days followed by 2.5 mg/kg/day
thereafter)*®. Lower Rapa doses (0.5 and 2 mg/kg/day) were less effective but did
still produce a significant reduction in vasculopathy (Control 59+7% vs Rapa 0.5
mg/kg/day 25+15% vs Rapa 2 mg/kg/day 22+11%). The addition of Rapa (0.5
mg/kg/day) to low dose CyA (1.5 mg/kg/day) for 14 days reduced lymphocytic
infiltration but did not cause an additional reduction in vasculopathy. The
immunosuppressive synergism between these agents appeared to have little beneficial
impact on GVD at the low doses used, over this short time period. However the
combination of CyA (15 mg/kg/day) and Rapa (1 mg/kg/alternate days) for 12 weeks
after rat cardiac allografting reduced the frequency and severity of both acute

rejection and GVD compared to CyA alone®®

. Rapa/CyA allografts showed sparse
infiltration of inflammatory cells, little expression of adhesion molecules, no
expression of IFNy/TNFa and little GVD. These findings suggest that the synergism
between Rapa and CyA plays an important role in the inhibition of chronic rejection,
contradicting earlier work. Wasowska et al confirmed these findings*' and also
investigated the expression of monocyte associated chemokines involved in the
development of arteriosclerosis® . The expression of IL-12, MCP-1 and RANTES

were significantly decreased by CyA/Rapa therapy, providing further evidence that

the synergism between these drugs may be beneficial in GVD.

Rats with established cardiac GVD received Rapa 3mg/kg/day over a 30-day period 2
months after transplantation in order to determine if this process was reversible®®”.
Rapa compared to an equipotent dose of CyA led to a significant reduction in GVD
although the overall level of graft inflammation and perivascular infiltrate was similar

implying analogous levels of immunosuppression. Presumably Rapa had an

antiproliferative effect causing the reduction in GVD. As with models of vascular
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injury both the antiproliferative and immunosuppressive properties of Rapa seem

important in the prevention of CR in cardiac allografts.

2.3d Evidence from human studies

Rapa has been clearly shown in vitro, in vivo and in humans to be a powerful and
effective immunosuppressant, particularly in combination with calcineurin inhibitors
where it reduces both the rate and severity of episodes of acute rejection compared to
controls. Under-immunosuppression and severe, recurrent or late episodes of acute
rejection are all risk factors for the development and progression of CAN. Thus the
addition of Rapa may have a significant impact on the incidence and severity of CAN

in the future. However long term follow-up data is required to determine this.

Cyclosporin produces chronic nephrotoxicity, a further risk factor for CAN, and thus
the advent of Rapa may allow safe reduction or even elimination of CyA potentially
limiting the contribution of such nephrotoxicity to CAN. Multicentre trials in denovo
allograft recipients utilising such regimens have recently been instituted (discussed
earlier). However it will be several years before meaningful data with respect to CAN
becomes available and thus the use of surrogate markers of CAN such as profibrotic
gene expression and quantitative assessment of interstitial fibrosis have been

advocated.

In response to in vitro studies suggesting that Rapa increased TGFp production,
serum TGFp1 levels in 20 renal allograft recipients receiving either Rapa and CyA
(n=10) or Rapa alone (n=10) over a mean of 15.2 months were analysed394. No
histological evidence of CAN was observed and only 1 patient taking Rapa alone had

any detectable (ELISA) TGFB1 in their plasma, contrasting significantly to the
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authors previously published findings of detectable TGFB1 in 75% of 103 patients on
CyA mono or triple therapy with Aza. This study appears to contradict the findings
relating to TGFP in vitro and lends further support to a beneficial effect of Rapa on
CAN. However it only assesses serum TGFp and this may not reflect levels within the
allograft that are obviously more relevant in the development of CAN. A study that
goes some way to addressing this issue has been performed by Xavier et al, who
looked at fine needle aspiration biopsies from renal allografts that were cultured for
48 hours before assessment of the culture supernatants using an ELISA technique®®’.
TGFpB1 levels were significantly greater in those patients taking Rapa compared to
those taking a conventional triple therapy regimen of CyA, Aza and prednisolone
suggesting that the changes in TGFp observed in vitro may also occur in vivo.
However further studies using alternative techniques to quantify TGFP expression are

required to confirm these findings.

A further small human study has attempted to assess the impact of the combination of
Rapa and CyA on histological evidence of chronic CyA toxicity found in protocol

3% There was no difference in either the

biopsies one year after transplantation
percentage change in interstitial fibrosis or arteriolopathy over this time when 8
patients on Rapa / CyA therapy were compared to 12 taking CyA / Aza / Pred.

Although these results are encouraging they must be treated with caution as the

number of patients in this study is small.

Currently only 1 or 2 studies have investigated the influence of Rapa on patients with
established CAN and it is thus unclear whether CyA should simply be reduced in dose
or completely eliminated in this setting. The more cautious approach with respect to

concerns about the development of late episodes of AR is CyA dose reduction. One
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such report of 19 patients who received a 47% CyA dose reduction and conversion
from MMF to Rapa was disappointing. There were 7 allograft failures, 4 patients
withdrawn from Rapa due to side effects and little change in renal function in the
remainder over a mean 7 month follow-up period®®’. However this was a small non-
randomised study and remains unconfirmed. On a more promising note a further non-
randomised series of 23 patients taking either CyA or Tacrolimus based
immunosuppression a median time of 54.9 months after renal transplantation had their
calcineurin inhibitors stopped and started Rapa (although the dose and Rapa trough

*%_Over 8 months follow-up median serum creatinine improved

levels are not stated)
from 211umol/L to 174umol/L (p<0.05). Proteinuria did not alter and although
anaemia, thrombocytopaenia and dyslipidaemia occurred the most worrying
complication was seen in 8 patients who developed an interstitial pneumonitis. These
results are encouraging, particularly as no acute rejection occurred during the switch
between immunosuppressants and renal function improved. However the safety of
this regimen remains in question because of the frequency of pneumonitis (35%) and
it would be useful to know the trough levels of Rapa in these patients as these may

have been quite high. Ultimately, prospective randomised controlled trials will be

necessary in order to determine the optimal approach.

Outside the field of renal transplantation Rapa has been used in a sequential series of
16 liver transplant recipients with chronic rejection either with or without
Tacrolimus®®. Rapa levels were maintained at 10-15 ng/ml resulting in 50% of these
patients having resolution of CR after a median follow-up of nearly 3 years, with
responders having significant improvements in liver function. Similarly in cardiac
transplantation successful salvage of 2 allografts with declining function secondary to

graft vascular disease has been published*®. Although these reports lend some weight

74



to Rapa as an agent that may be beneficial in chronic rejection, they are anecdotal and

thus larger randomised studies are necessary in order to confirm their validity.

Despite the experimental evidence that Rapa may limit the development and
progression of cellular and histological changes seen in CAN, several confounding
factors need to be considered. As previously discussed although Rapa is not itself
nephrotoxic, used in ccmbination with CyA in denovo allografts renal function was
impaired when compared with controls. Furthermore Rapa may augment the
expression of TGFp, a profibrotic cytokine also upregualted by CyA. Rapa also
causes hyperlipidaemia, a risk factor for the development of CAN. Any potential
therapeutic benefit with respect to CAN may be reduced by such a tendency.

Although hyperlipidaemia can usually be corrected by appropriate medication,
starting patients on one drug to counteract the effects of another can produce
significant side effects as well as incurring substantial costs that may or may not be
justified by improved long-term outcome. Arguably a more important issue is whether
the relatively low doses of Rapa given to humans (0.2-0.3 mg/kg/day Rapa alone and
0.01-0.17 mg/kg/day in Rapa/CyA combinations) are large enough to effectively
inhibit CR. In rat models the inhibition of intimal hyperplasia occurs at 1.5 mg/kg/day
and increases significantly as Rapa doses are elevated. If such doses were
administered to humans side effects and over-immunosuppression would be poorly

tolerated.

2.4 Conclusion

There is good evidence supporting the use of Rapa in denovo renal transplant

recipients. It reduces the incidence of acute rejection when given alone but most
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effectively in combination with CyA. However such combination regimens may
enhance nephrotoxicity and thus regimens utilising CyA reduction or elimination are
currently under investigation and should reduce both toxicity and side effects.
Although there is substantial in vitro and in vivo work suggesting that Rapa could also
be beneficial for patients with respect to CAN, several factors discussed above may
limit it’s therapeutic potential. Long-term follow-up from the current multicentre
trials should determine whether the use of Rapa can inhibit the development of CAN
in de novo recipients. However at the present time there have been very few human
studies using Rapa in patients with established CAN. Thus there several unknowns
including whether this agent at human doses can be effective in such an arduous
setting and secondly whether the use of reduced dose CyA with the addition of Rapa,

or CyA substitution with Rapa will obtain the best results.

Clearly a large multicentre study with long-term follow-up would be the ideal solution
to address these issues but the practicalities of such a study in patients with CAN is
daunting. Furthermore the length of follow-up does not provide us with evidence to
guide treatment of patients at the present time. Thus in this thesis surrogate markers
such as renal function, gene expression and histomorphometry have been utilised in
an attempt to predict the impact of CyA dose reduction with the addition of Rapa on

established CAN.

2.5 Aims of thesis

1. To investigate the safety and efficacy of CyA dose reduction with or without

the addition of Rapa in patients with established CAN.
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2. To investigate the molecular impact of CyA dose reduction with or without the

addition of Rapa in this setting.

3. To investigate the effect of CyA dose reduction with or without the addition of

Rapa on established allograft fibrosis.
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3.1 Study Design

A prospective randomised open label single centre study comparing the effects of
CyA reduction alone to CyA reduction with the addition of Rapa in patients with
established CAN was performed. Local ethical committee approval was granted and
written informed consent was obtained from each patient recruited. Enrolment took
place between August 1999 and January 2000. Inclusion criteria required that patients
were aged 18-70 years old and had received an allograft more than 6 months before
study entry. Each individual had a renal transplant biopsy prior to randomisation and
only those with histopathological evidence of CAN were enrolled. Patients were
considered ineligible if the biopsy showed evidence of acute rejection or recurrent
renal disease. In addition, if a normalised single shot radioisotope (*'Cr labelled
EDTA) glomerular filtration rate (GFR) was less than 15 ml/min/1.73m” patients were
excluded. Other exclusion criteria were radiological evidence of renal artery stenosis
or ureteric obstruction, multi-organ transplants, pregnant or breast feeding women, a
history of non-compliance with immunosuppressive therapy, patients who had taken
part in other trials using alternative immunosuppressive agents and a documented

hypersensitivity to macrolide antibiotics or their derivatives.

Power calculations were performed based on a previous study comparing GFR and
immunohistochemical staining for collagen III, six months post-transplantation in
protocol renal allograft biopsies. In order to detect a difference in collagen III
immunostaining difference of 12.5 % with a power of 80% and an a = 0.05, fifteen
patients would need to be entered into each arm of the study (i.e. A total of 30
patients). A similar calculation using 6 month GFR as the end point suggested that in

order to detect a difference in GFR of 10 ml/min with a power of a 80% and an o =
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0.05, fourteen patients would be required in each group. In view of these calculations
it was initially hoped that recruitment of 32 patients could be achieved but due to the
strict inclusion and exclusion criteria this was not possible and 31 patients were
enrolled. Blocked randomisation using a series of computer generated random
numbers was performed in order to ensure similar numbers were randomly allocated
to either a control or Rapamycin treated group. Patients were recruited in blocks of 4.
The first two unique numbers between 1 and 4 from the computer generated series of
random numbers represented the position of those individuals randomised to Rapa in
that block of four patients e.g. if these numbers were 1 and 3, then the first and third
patients out of that set of four individuals were allocated to Rapa whilst the second
and fourth were allocated to the control group. This was repeated using a different
row of random numbers for each block of 4 patients ultimately randomising 15

patients to the control group and 16 to the Rapa group.

Before recruitment, patients received 1.8-6.5 mg/kg/day CyA (Neoral™, Novartis) ,
5mg/day or 10mg/alternate day Pred and 1-2 mg/kg/day Aza (19 individuals). The
number of patients originally taking Aza was similar in both control (n=9) and Rapa
groups (n=10) after randomisation. At study entry Aza was stopped and patient’s

immunosuppressive regimens were amended as shown below:-

1. Control group: 40% CyA dose reduction adjusted to maintain
trough levels at 50-75 ng/ml
2. Rapa group: 40% CyA dose reduction adjusted to maintain trough levels

at 50-75 ng/ml with the addition of Rapa 2mg/day

Rapa was dispensed as a single loading dose of 6mg, followed by a daily maintenance

dose of 2 mg adjusted to maintain trough levels of 5-15ng/ml. CyA was taken twice
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daily with doses administered 12 hours apart in both groups. Rapa oral suspension
was diluted with water or orange juice and taken 4 hours after the first daily dose of
CyA. Patients continued Pred and all other routine medication without interruption.
The primary outcome measure was the change in renal function over a 6 month

treatment period. In addition the safety / tolerability of each regimen was assessed.

3.2 Assessment of renal function

Both clinical and biochemical assessments of renal function were undertaken as

described below:-

1.

2.

Blood pressure and weight pre-trial and then at weeks 1,2,4,6,8, 3 and 6 months.
Proteinuria indicated by early morning urinary albumin / creatinine ratio at study
entry, 3 and 6 months.

Serum urea, electrolytes and creatinine pre-trial and then at weeks 1,2,4,6,8, 3 and
6 months.

Cockroft and Gault estimated creatinine clearance was used as a surrogate marker
for GFR at these time points as well as over the 6 month pre-trial period. This
estimate is based on patient age, sex and body mass according to the following
equation®”’.

Cockroft & Gault equation for males = 1.23 (140-age (years)) x body mass (kg)
Serum creatinine (umol/L)

Cockroft & Gault equation for females = 1.04 (140-age (years)) x body mass (kg)
Serum creatinine (umol/L)

Normalised single shot radioisotope (°'Cr labelled EDTA) GFR at study entry and
6 months. This provides an actual measurement rather than an estimation of GFR

and is thus considered to be a ‘gold standard’ technique to assess renal function.
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6. Renal allograft failure with return to dialysis or re-transplantation.

3.3 Assessment of Safety Profile

CyA whole blood trough concentrations were determined locally using an enzyme
immunoassay technique (Behring Diagnostics, Milton Keynes, UK) and assessed at 1,
2,4, 6, 8 weeks, 3 and 6 months. CyA dose reduction has been shown to be safe in
several previous studies””> ", Nevertheless there is the potential for patients to
develop late episodes of acute rejection as a result of a reduction in
immunosuppression. Therefore any patient who developed clinical evidence of acute
allograft dysfunction or had a sustained rise in 10% or greater in their serum
creatinine in the absence of a urinary tract infection or evidence of obstruction,

underwent a diagnostic renal allograft biopsy.

Rapa has a number of both clinical and metabolic side effects that are related to its
serum trough level and have been discussed previously. Both control and Rapa
patients were asked to complete a simple questionnaire at study entry and 6 months in
order to determine the prevalence of these in individuals with CAN. In view of the
haematological and hyperlipidaemic side effects of Rapa a FBC and fasting serum
lipids / lipoproteins were measured at 1, 2, 4, 6, 8 weeks, 3 and 6 months. Rapa blood
trough concentrations were determined at a central laboratory (Analytical Unit,
Cardiological Sciences, St George’s Hospital Medical School, London) at the same
time periods. Initially the Abbott IMx immunoassay was used but 6 months into the
study this was changed to a high performance liquid chromatography assay with mass

spectrometric detection. Based on a cross validation analysis between these

82



techniques a conversion formula was calculated, (HPLC-MS value = 0.8 x IMx

value) in order to provide comparable results using this new technique.

34 Statistical analysis

Patients included in the study were analysed on an intention to treat basis. All
continuous data was assessed for normality of distribution and analysed using t-tests.
On the occasions that only 2 measurements were assessed a p-value < 0.05 was
considered significant. When multiple measurements of a single variable were
assessed a Bonferroni correction was made based on the number of consecutive
variables assessed (8 in this study). A p value < 0.00625 was considered significant.

Categorical variables were compared using Fisher’s exact test.

3.5 Results

Both groups had similar patient demographics (Table 3.5(a)). Mean (+sd) CyA doses
before and after dose reduction were not statistically different in either group
(PreCyA: 3.8 (£1.5) vs PreRapa:3.3 (£0.9), p=0.19 and PostCyA: 2.5 (£0.9) vs
PostRapa 2.0 (+0.6) mg/kg/day, p=0.08). As expected CyA trough levels fell in both
groups after dose reduction and remained stable thereafter with similar levels in both
groups throughout the study (Figure 3.5(i)). Rapa trough levels were maintained

within the target range (5-15 ng/ml) throughout (Figure 3.5(i)).

One control patient died 4 months into the study after an episode of acute pulmonary
oedema secondary to left ventricular dysfunction. There were no episodes of acute
rejection or allograft failures in either group. Two patients taking Rapa discontinued

the drug. The first developed jaundice 2 weeks after starting Rapa. This was stopped
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because of concerns regarding Rapa induced cholestasis and the jaundice resolved
without sequelae over the next 5 days. A subsequent ultrasound scan confirmed the
presence of gallstones in the gallbladder and the patient underwent laparoscopic
cholycystectomy. The second reported a maculo-papular rash over both upper and
lower limbs after 4 weeks that resolved without treatment within a week of stopping
Rapa. Both individuals were subsequently maintained on reduced dose CyA without

Rapa.

3.5(1) Renal function

Body mass remained stable in both groups over the 6 month treatment period
(Fig3.5(ii)). Likewise neither systolic nor diastolic BP varied significantly (Fig
3.5(ii1)). Eleven (69%) Rapa and 9 (60%) Control patients required an increase in
antihypertensive treatment over this time but ACE inhibitors were only initiated in

one of these (Control).

Early moming urinary albumin: creatinine ratio increased in 10/15 (67%) control
patients and 11/16 (69%) Rapa patients over the study. However there was wide inter-
individual variation in the values obtained with proteinuria being minimal in some
patients but so great in others that it exceeded the assay range. Thus although the
mean urinary albumin : creatinine ratio increased over the first 3 months of treatment

in both groups, this was not statistically significant (Fig 3.5(iv)).

Serum creatinine showed a similar pattern in both groups with an initial significant
improvement compared to pretrial values (Fig 3.5(v)). This was sustained for 2 weeks
in Rapa and 8 weeks in control patients. Subsequently a small non-significant increase

occurred in both groups.
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At entry into the study the estimated GFR was similar in both groups. After dose
reduction no significant differences between groups were noted. However there was a
significant increase compared to pretrial values at week 4 in controls that did not
reach significance in the Rapa group. If the mean (sd) linear trend in GFR over the
pre-trial and trial 6 month periods were compared within each group, this remained
unchanged for Rapa patients (-0.03 (0.13) vs -0.16 (0.27) ml/min/wk, p=ns) but
showed an improvement in controls that was of marginal statistical significance (-0.24
(0.20) vs -0.04 (0.27) ml/min/wk, p=0.07) with 12 controls compared to only 6 Rapa
patients (p=0.03) reducing the rate of decline in estimated GFR over time (Fig

3.5(vii).

Normalised single shot radioisotope (°'Cr labelled EDTA) GFR was similar in both
groups initially and decreased over the 6 month study period. However this fall was

only statistically significant in Rapa patients (Fig 3.5(viii), p=0.003).

3.5(ii) Adverse Effects

The new onset of adverse effects over the study is shown in Table 3.5(b). Arthralgia,
mild gastrointestinal symptoms and hypertriglyceridaemia occurred more frequently

in patients taking Rapa (p<0.05).

A significant reduction in haemoglobin compared to pretrial values occurred in Rapa
patients at weeks 8 and 12, however this subsequently resolved. Rapamycin caused a
significant fall in white cell count at week 2 compared to pretrial values that also
resolved. These haematological changes were minor and were of little clinical
significance (Table 3.5(c)). Serum cholesterol remained relatively stable in both

groups (Fig 3.5(ix)) and only 3 patients, 1 control and 2 Rapa, developed
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hypercholesterolaemia requiring the initiation of HMG CoA reductase inhibitor
therapy over the study. There was an increase in serum triglycerides compared to
pretrial values in the Rapa group that was significant at 6, 8 and 12 weeks although as
above this was not dramatic or sustained. There were no significant changes in serum
LDL or HDL (Fig3.5(x)). There were no myocardial infarctions, cerebrovascular

events or episodes of acute pancreatitis.

86



Table 3.5a Patient characteristics
Group
Rapa (n=16) Control (n=15)
Patient Age (years) 43 (12) 47 (11)
Sex (male / female) 11/5 8/17
Race (Caucasian / Afro- 14/0/2 12/2/1
Caribbean / Asian)
Months post-transplant 84 (40) 69 (30)
Donor type (cadaveric / 14/1/1 11/2/2
non-heart beating / live)
HLA mismatches 2.7(1.2) 23(1.2)
Previous delayed graft 5 5
function
Previous acute rejection 7 7
Diabetic patients 0 2
Pre-trial Azathioprine 10 9
Pre-trial HMG CoA 2 2
reductase inhibitor
Pre-trial ACE inhibitor 0 2

Values expressed as raw data or mean (+sd). No significant differences noted.
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Fig 3.5(i) Variation in Cyclosporin and Rapamycin
trough levels
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Values shown are mean +sd (error bars). No significant differences noted.



Fig 3.5(ii) Variation in body mass
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Values expressed as mean +sd (error bars). No statistically significant differences
noted.
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Fig 3.5(iii) Variation in blood pressure
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Values expressed as mean +sd (error bars). No statistically significant differences
noted
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Fig 3.5(iv) Variation in urinary albumin: creatinine ratio
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Values expressed as mean £sd (error bars). No statistically significant differences
noted.
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Fig 3.5(v) Variation in serum creatinine
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Values shown are mean +sd (error bars). * Statistically significant vs pretrial value,
Paired t-test with Bonferroni correction (p<0.00625).
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Fig 3.5(vi) Variation in Cockroft and Gault estimated GFR
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Values shown are mean £sd (error bars). * Statistically significant vs pretrial value,
Paired t-test with Bonferroni correction p<0.00625.

93



Fig 3.5(vii) Comparison of individual trends in estimated
GFR in the 6 months preceding and 6 months after dose

reduction
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12 Control patients vs 6 Rapa patients showed an improvement or reversal in the rate
ofdecline GFR when changes seen in the pretrial and trial 6 months were analysed,
p=0.03, Fishers’ exact test.
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Fig 3.5(viii) Variation in normalised single shot
radioisotope (SICr labelled EDTA) GFR
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Values shown are mean +sd (error bars), *p=0.003 vs Pre-trial, Paired t-test.
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Table 3.5(b) New onset of adverse events over study

Group
Rapa (n=16) Control (n=15)

Metabolic-fasting

Hypertriglyceridaemia (>2.0 mmol/L) 8 (50)* 2 (13)

Hypercholesterolaemia (>6.6 mmol/L) 6 (38) 1)

Hyperglycaemia (>6.0 mmol/L) 319 3 (20)
Haematological

Anaemia (<13.5g/d1 M, <11.5g/d1 F) 2(13) 3 (20)

Leucopaenia (<4 x10°/L) 4 (25) 1(D

Thrombocytopaenia (<150x10% L) 3(19) 1(7)
Infections

CMV (viraemia) 0 0

Herpes simplex 1(6) 0

Viral/URTI 8 (50) 6 (40)

UTI 2(13) 3(20)

Pneumonia 0 0
Other

Arthralgia 6 (38)* 0

Headaches 8 (50) 3 (20)
Gastro-intestinal symptoms 8 (50)* 2(13)
Peripheral oedema 4 (25) 0
Increased antihypertensive drugs 11 (69) 9 (60)
Malignancy 0 0

Values expressed as raw data (% of group). *p< 0.05 vs Control, Fisher’s exact test.
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Table 3.5(c)

Haemoglobin, leukocyte and platelet counts

Group
Rapa (n=16) Control (n=15)
Haemoglobin (g/dl
Pretrial & (g/dh 12.3 (1.6) 12.1 (1.8)
Wkl 12.0 (1.7) 12.4 (1.9)
Wk2 11.8(1.5) 12.1 (2.0)
Wk 4 11.7 (1.6) 11.9 (1.9)
Wk 8 10.8 (1.1) 12.0 (1.9)
Wk 12 11.2 (1.8)* 12.2(1.7)
Wk 26 11.6 (1.8) 12.2(1.5)
White cell count (x10°/L)
Pretrial 7.5 (2.6) 7.8 2.5)
Wkl 6.8 (1.9) 7.4 (1.8)
wWk2 5.9(2.0)* 8.0(3.0)
Wk 4 6.4 (1.8) 7.4 (2.5)
Wk 8 7.1 (2.5) 7.8 (2.9)
Wk 12 6.7 2.0) 79 (2.2)
Wk 26 7.4 (1.7) 752.4)
Platelet count (x10°/L)
Pretrial 215 (66) 248 (95)
Wki 193 (71) 266 (101)
wWk2 218 (77) 254 (100)
Wk 4 227 (81) 244 (88)
Wk 8 237 (70) 248 (92)
Wk 12 244 (73) 277 (178)
Wk 26 224 (77) 242 (94)

Data expressed as mean +sd (error bars).* Statistically significant vs pretrial value,

Paired t-test with Bonferroni correction p<0.00625.
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Fig 3.5(ix)
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Values shown are mean +sd (error bars). * Statistically significant vs pretrial value,

Paired t-test with Bonferroni correction (p<0.00625).

Fasting serum cholesterol and triglycerides
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Fig 3.5(x) Fasting serum lipoproteins
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3.6 Discussion

Although CyA dose reduction between 40% and 50% with the addition of Aza or
MMF has beneficial effects on renal function in patients with CAN with few episodes
of acute rejection reported273'275, this is one of the first studies and the only
prospective randomised controlled trial to assess the impact of the addition of Rapa in
such a setting. Theoretically the clinically relevant end-point for this trial would be
allograft failure and return to dialysis. However with late allograft loss occurring at
the rate of 4-6% annually and a significant proportion of these secondary to death
with a functioning allograft it would require the follow-up of large numbers of
patients over prolonged periods of time*’®. It has been suggested that renal function is
an acceptable surrogate marker of the severity of CAN and thus this was utilised in

order to assess the efficacy of Rapa in this setting®”

. Although the number of patients
is relatively small and results therefore subject to type II statistical error, this data
suggests that the addition of Rapa 2 mg/day to a regimen of reduced dose CyA
produced no additional benefits in terms of renal function compared to CyA dose

reduction alone. Indeed, in some respects patients given Rapa have actually fared

worse than their ‘control’ counterparts.

Renal function was assessed in a number of ways including proteinuria, serum
creatinine, calculated and measured GFR. Proteinuria measured as the urinary
albumin:creatinine ratio showed massive variation between patients with some having
minimal (lowest = 0.5) and others having very high values (highest >400). Thus the
mean values obtained at 0,3 and 6 months were impossible to interpret in a
meaningful manner. This concurs with previous studies noting significant proteinuria
in less than 1/3 of patients with CAN? and suggests that this is not a good surrogate

marker of outcome when looking at groups of individuals with CAN.
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The most commonly used measurement of renal function in clinical practice is serum
creatinine. However this does not take into account variations in creatinine production
due to age, sex or body mass and thus can be misleading. Therefore calculated GFR
has been advocated, the most widely used of which is that of Cockroft and Gault*"’.
This reduces the variability seen with serum creatinine values in populations of males
and females of different ages. Furthermore by comparing change in estimated GFR in
the pretrial and post-tﬁal periods, each patient can effectively act as their own control.
Thus although there were no sustained differences in estimated GFR in either group,
control patients demonstrated a reduction in the rate of decline in their GFR when the
pre and post-trial periods were compared, that was not present in Rapa patients.
However the Cockroft and Gault formula consistently overestimates GFR in obese or
oedematous patients and does not take into account extrarenal elimination of
creatinine, tubule absorption / secretion or inaccuracies in laboratory assessments of
serum creatinine*”. Furthermore it does not correlate well with measured GFR in

403 Therefore actual measurement of the GFR was also

renal transplant recipients
undertaken in order to confirm these findings. Although inulin clearance has long
been considered the gold standard substance for this technique it is both expensive
and relatively scarce and radionucleotide bound substances have been advocated, the
most popular of which has been >'Cr labelled EDTA*®, This fell significantly in
patients taking Rapa over time but not in controls. Neither group had an allograft

failure presumably reflecting the relatively short follow-up and the exclusion of

allografts that had normalised *'Cr labelled EDTA GFR < 15ml/min/1.73m’.

The lack of stabilisation or improvement in renal function in Rapa patients was
disappointing as it was hoped that Rapa would have similar or better efficacy than

MMF after CyA dose reduction. However these results compare favourably to a series
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of 19 patients with CAN who received a 47% CyA dose reduction and conversion
from MMF to Rapa. This reported 7 allograft failures, 4 patients withdrawn from
Rapa due to side effects with the remainder showing little change in renal function (31

vs 30 ml/min) over a mean 7 month follow-up period3 7,

The safety of CyA dose reduction in patients with CAN with or without the addition
of Rapa 2 mg/day was investigated in this current study. Rapa had an acceptable side
effect profile in patients with CAN. There were no episodes of pneumonitis,
contrasting significantly with the findings of a previous study where CyA was

eliminated and replaced with Rapa®”®

. Arthralgia and mild gastrointestinal upset
occurred more frequently but these had few clinical consequences and resolved over
time. Although haematological and lipid abnormalities occurred these were not
marked and had little clinical significance. The relatively minor side effect profile was
not unexpected as the Rapa dose used produced relatively low mean trough levels.
This was clearly an important factor in ensuring long-term compliance in a group of
patients who were several years post-transplantation and had grown accustomed to a
stable immunosuppressive regimen. CyA dose reduction has been reported to increase

renal plasma flow and GFR with subsequent improvements in blood pressure'®2.

However these were not seen in either group.

Several factors (discussed briefly in Chapter 2) may explain the lack of therapeutic

benefit following the addition of Rapa:-

1. In order to give the therapeutic changes instituted a realistic chance of improving
renal function in humans, individuals with a normalised GFR < 15ml/min/1.73m?
were excluded as it was felt that such allografts had sustained potentially irreversible

damage and would be likely to fail irrespective of intervention. Nevertheless
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allografts had been in situ for long periods (mean 69-84 months) and thus the
pathological changes of CAN were severe in many cases. It is well recognised that the
histopathological changes of CAN often precede a deterioration in renal function™.
Thus it is quite possible that many of the allografts in this study had reached a point of
no return at and beyond which outcome was unlikely to be altered significantly by a

pharmacological intervention despite only moderate impairment in renal function.

2. A further factor is the relatively low 2mg daily dose of Rapa (~0.03 mg/kg/day)
used in this study. Rapa has been shown to be a powerful immunosuppressant in its
own right, having similar efficacy to CyA in triple therapy regimens in de novo renal
transplant recipients. Experience in combining Rapa and CyA in vitro, in vivo and in
humans suggests that there is a potent immunosuppressive synergy between these
agents and even 2 mg / day Rapa combined with CyA produced low rates of acute
rejection in de novo allograft recipients®2***, Therefore this relatively low dose was
chosen in the current study in order to limit the possibility of over-
immunosuppression particularly as the majority of patients have had allografts in situ
for 5 years or more. The oral bioavailability of Rapa is low (~15%) but it exhibits
significant inter and intra-individual variability suggesting blood levels are more
important than actual dose given***. In this study 2mg/day Rapamycin produced
trough levels of 7-8 ng/ml. These are within the recommended range for the
prophylaxis of acute rejection in humans (5-15 ng/ml). However in rat models of
vascular injury and chronic cardiac allograft rejection, larger doses (=1.5 mg/kg/day)
were required to inhibit intimal hyperplasia / GVD with efficacy increasing in a dose
dependent manner’ %2, Differences in the route of administration as well as between
different species may alter the bioavailability of Rapa in these models. As Rapa

trough levels have not been assessed in this in vivo work, the significance that should
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be attached to these large doses is not known. However if such dosages are required
to inhibit CAN in humans, then the subsequent over-immunosuppression and side
effect profile would be poorly tolerated making such regimens unusable in this

context.

3. Although the pathogenesis of CAN is multi-factorial, hyperlipidaemia may play a
role (chapterl). Rapa caused an increased incidence of hypertriglyceridaemia with
only a mild transitory increase in mean TG levels at 6, 8 and 12 weeks but no
significant changes in serum cholesterol. Thus Rapa induced hyperlipidaemia is
unlikely to have played a major role in the progression of CAN in this study.
Hyperlipidaemia was less severe than has been reported in de-novo allograft trials
presumably because both CyA and steroid doses were relatively low in comparison to
those given to new transplant recipients. However it should be noted that Rapa causes
hyperlipidaemia in a dose dependent manner’® and thus in studies using higher doses

the therapeutic benefits of Rapa with respect to CAN may be reduced.

4. The final point that should be considered is the possibility that Rapa may augment
CyA induced nephrotoxicity. The European multicentre studies comparing Rapa with
CyaA triple therapy in denovo allograft recipients have confirmed that Rapa is non-
nephrotoxic at human doses®*****, However in a large multicentre trial combining
Rapa and CyA, renal function was impaired at both 6 and 12 months follow-up
compared to controls®*®. It has been suggested that Rapa may in some way potentiate
CyA nephrotoxicity although the mechanism underlying this is unclear. A study in the
Wistar-Furth rat suggested that decreases in GFR when CyA and Rapa are combined
could be attributed to an increase in serum CyA levels®”. It has been noted previously

that Rapa and CyA can interact via both p-glycoproteins and CYP P450 enzymes in

104



the gastrointestinal tract, potentially affecting the absorption of both drugs. Thus in
both the denovo multicentre studies, and our trial, Rapa and CyA were administered 4
hours apart in order to reduce the chances of such an occurrence. After CyA dose
reduction trough levels were low in both groups with no statistically significant
differences between groups. However CyA trough levels do not have a very strong
correlation with total exposure to CyA determined by area under the concentration
versus time curve’>®. Some preliminary evidence has noted that Rapa increased CyA
area under the concentration-time curves compared to controls®*%, but further studies
will be required to investigate whether this occurs across the spectrum of CyA / Rapa
dosages. Although the serum exposure of drugs often reflects tissue exposure (and
thus the beneficial / toxic effects of an agent) this is not always the case. It is therefore
worth noting that a recent study in rats has suggested that Rapa may increase tissue
levels of CyA more than in plasma®”', although there has been no comparable work in
humans to date. Clearly the interaction between CyA and Rapa is not well understood
at the present time and additional studies are necessary to characterise this further.
However in CAN the functional reserve of organs is often minimal resulting in
particular sensitivity to any increases in CyA exposure associated with Rapa
administration even if these were quite small and this may help to explain the lack of

a beneficial response to Rapa observed in this study.

A recently published Tri-continental multicentre trial in denovo renal allograft
recipients who had taken CyA, Rapa (TLs> 5 ng/ml) and Pred for immunosuppression
for 3 months, randomised patients to remain on this therapy or to have CyA
withdrawn and immunosuppression maintained with Rapa (TLs 20-30 ng/ml) and
Pred. At 12 months patient and graft survival were similar in both groups but despite a

slightly higher rate of acute rejection in those withdrawn from CyA (9.8 vs 4.2%,

105



p=0.035), both renal function and blood pressure had significantly improved*®. A
similar large study (discussed in chapter 2) has reported equally promising
improvements in renal function following CyA withdrawal without an increase in the
incidence of acute rejection®>®**’. This approach has been attempted on a smaller
scale in patients with established chronic allograft damage. A non-randomised series
of 23 patients taking either CyA or Tacrolimus based immunosuppression a median of
54.9 months after renal transplantation had their calcineurin inhibitors eliminated and
replaced with Rapa. Over 8 months follow-up median serum creatinine improved
from 211pmol/L to 174pmol/L (p<0.05) although proteinuria did not alter’".
Similarly improvements in renal function have been reported in a series of 12 patients
with chronic calcineurin inhibitor toxicity switched from CyA to Rapa S5mg /day after
6 months follow-up*®. These preliminary results are encouraging, particularly as
acute rejection was not a problem in either study. The improvements in renal function
suggest that future regimens introducing Rapa in patients with CAN should perform
CyA elimination rather than dose reduction as this appears safe, abolishes CyA
nephrotoxicity and avoids any potential interaction between CyA and Rapa. Currently
none of the trials that have attempted this approach are very large and their results
need to be confirmed in a multicentre study. Furthermore none have had control
groups and it is thus unclear whether the use of Rapa produces any additional benefit

over agents such as Aza or MMF in such a setting.
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4.1 Acquisition of renal allograft tissue and isolation of
glomeruli

The renal allografts of the patients studied in Chapter 3 were biopsied at enrolment
and after 6 months (Fig 4.1(i)). On each occasion, 10 mls 1% lignocaine with
adrenaline was infiltrated around the upper pole of the renal allograft under aseptic
conditions. A 16 gauge trucut® needle mounted on a spring loaded biopsy gun was
introduced percutanedﬁsly and advanced onto the capsule of the allograft using real
time ultrasound guidance (Fig 4.1(ii)). Two biopsy cores of renal cortex (Fig 4.1(iii))
were taken and haemostasis obtained using direct pressure for 5-10 minutes followed

by bed rest for 4 hours.

Immediately after the first biopsy core was taken 3 glomeruli were plucked from this
by hand, using ultra-fine forceps under a stereoscopic microscope (Fig 4.1(iv)). These
glomeruli and a small section of interstitium were placed into separate Eppendorf
tubes containing 100ul of lysis-binding buffer (an inhibitor of mRNA breakdown,
Appendix A) and frozen at -20°C until required. The remaining core was placed in 4%

formaldehyde and subsequently mounted and sectioned for histological examination.

4.2 Principles of Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR)

The genetic template in all human cells consists of double stranded DNA configured

to form chromosomes. Within each chromosome small fragments of DNA, ‘genes,’

encode for the various intra and extracellular proteins. If there is an appropriate signal

these undergo transcription producing mRNA species specific for each gene that in

turn can be translated to produce a final protein product. Proteins often accumulate

within cells and if measured may not reflect the current state of protein synthesis
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Fig 4.1(i) Renal allograft biopsy under ultrasound guidance

Fig 4.1(ii) Ultrasound image of a renal allograft biopsy

16G trucut®
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capsule into the
cortex
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Fig 4.1(iii) Core biopsy from renal allograft

Fig 4.1(iv) A single glomerulus in a biopsy core (x25)



merely what has happened in the past. In addition the combination of identification
and isolation of a specific proteins and the small sizes of samples such as glomeruli,
makes quantitative assessment of protein composition impractical and thus mRNA

assessment has been proposed.

Several techniques have been used to identify mRNA expression such as Northern
blotting, RNase protection assays, in situ hybridisation and RT-PCR. While Northern
blotting and RNase protection assays provide excellent quantitative measures they
both require relatively large clinical samples. In situ hybridisation techniques use
smaller samples and provide a direct evaluation of the type and frequency of the cells
expressing mRNA but are very labour intensive and often difficult to standardise
precluding analysis of large numbers of samples or multiple genes. However RT-
PCR allows the evaluation of large numbers of samples and multiple genes with high

sensitivity*?’.

Messenger RNA is highly unstable and is degraded by the high temperatures
necessary for PCR. Furthermore the enzyme integral to PCR, Taq polymerase, cannot
amplify mRNA. Thus RT-PCR relies upon the isolation of mRNA from genomic
DNA and the production of a complementary cDNA sequence using a reverse
transcriptase enzyme. This requires optimal pH and temperature as well as an
abundant supply of nucleotides. It is this single stranded cDNA product that is used as

the template for the identification of specific genes using PCR.

The PCR reaction is an in vitro technique for the selective exponential amplification
of a single fragment of DNA that is so massive that when performed in a complex
mixture of DNAS results in the relative purification of the DNA fragment of interest.

The reaction takes place in a single tube and requires a ‘target’ sequence of DNA to
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be amplified, an excess of nucleotides, a DNA polymerase, a buffer solution and both
a ‘forward’ and ‘reverse’ oligonucleotide ‘primer’ complementary to a small
sequence of DNA (typically at least 20 nucleotides) at the 5’ of each DNA strand.
These ‘primer’ sequences bind to their respective complementary DNA fragment and
provide the focal point at which DNA polymerase activity is initiated. It is important
to ensure that both primers are specific to the gene of interest in order to minimise the
chances of non-specific DNA amplification. Both the composition and length of
primer can affect this**®*?’. Primers containing a majority of Cytosine-Guanine base
pairs reduce non-specific binding as they can withstand higher annealing
temperatures*’®. If short primers are used the risk of non-specific binding is increased.
However if excessively long sequences are used it becomes possible for the non
specific binding to occur within the primer itself, producing a tertiary structure that
prevents binding to the original template DNA*®. In addition complimentarity
between the forward and reverse primers should be avoided as this encourages
binding to one another rather than the template DNA thereby producing ‘primer
dimers’ and reducing the efficiency of the PCR reaction*®. In order to minimise these
potential problems computer software is now available to design primer sequences for

target genes.

The first step of the PCR reaction involves separation of double stranded DNA into 2
single stranded DNA templates by heating to 95°C. The temperature is then reduced
to 50-60°C allowing the 2 oligonucleotide primers to bind or ‘anneal’ to their
respective target sequences. The optimum annealing temperature varies from primer
to primer but should be identified as it reduces non-specific binding thus ensuring
maximum yield from each cycle of the PCR reaction. DNA polymerase binds to the

gene of interest adjacent to each primer sequence and when the temperature reaches
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72°C synthesises a new strand of DNA in the 5’ to 3’ direction along each single
stranded DNA template. The new strands of DNA extend past the site to which the
complementary primer attaches such that when the new strand is separated from its
template by heating to 95°C a complementary site for each primer is exposed thus
enabling the synthesis of the next new DNA strand in the opposite direction. This
cycle of steps can be performed repeatedly with an effective doubling of the PCR
product on each occasion such that only 20 cycles produces a theoretical million-fold
amplification (2”° copies) assuming that each reaction is 100% efficient*'°. Although
automated thermal cyclers and the use of Taq polymerase from the thermostable
organism Thermus aquaticus have revolutionised the speed and efficiency of modern
PCR the principles of this technique have not changed since the initial description by

Mullis et al*'.

4.3 Investigation of proﬁbrotic mRNA expression

The use of RT-PCR to identify mRNA expression in renal tissue has been previously
described**"2. In the present study this technique was learnt using samples obtained
from nephrectomy specimens. Subsequently both glomeruli and interstitium from the
15 control and 16 Rapa patients taken at study entry and after 6 months were assessed.
Because of the limited material available reverse transcription was performed in small
batches of 3 samples at a time in order to limit any losses as a result of technical error.

Full details of the reagents and protocols used are given in Appendices A and B.

4.3a. mRNA extraction

All equipment was immersed in 3% H,0, for 30 minutes and then washed with DEPC

treated water in order to ensure it was free from RNases. Each sample was defrosted,
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homogenised with a ‘Pellet pestle’ and then incubated with 10ul of Proteinase K at
37°C for 1 hour. The homogenate is often viscous due to released DNA and as this
can impair the extraction of mRNA, a DNA shearing step was performed. This was
achieved by pressing the homogenate 3 times through a 21-gauge needle using a 1 ml
syringe. Foaming was reduced by centrifugation at 10000 rpm for 1 minute and the
supernatant removed, taking great care to avoid visible contamination from the
cellular debris and DNA that has been forced to the bottom of the centrifuge tube. The
mRNA rich supernatant was then added to 10pl of oligo-dt-linked Dynabeads®
(Dynal®) for isolation and purification. Each mRNA species has a repetitive sequence
of adenine nucleotides at its 3’ end known as a ‘poly-A tail’. Dynabeads® are small
paramagnetic beads that each has a repetitive sequence of thymidine nucleotides
known as a ‘poly-T tail’. Adding the supernatant to the Dynabeads® allows the poly-
A mRNA tails to anneal to the poly-T Dynabead® tail thus isolating mRNA. After a
10 minute annealing period the Dynabeads® undergo a series of purification steps in
order to minimise DNA contamination. This involves the thorough mixing of 50 ul of
washing buffer, initially with and then without LiDS (twice and 3 times respectively)
with each Dynabead® sample. The Dynabeads® are placed in a magnetic field and
form a pellet separate from the contaminated wash buffer allowing this to be
discarded with minimal loss of Dynabeads®. When this has been completed the
purified mRNA linked Dynabeads® are re-suspended in 10ul of DEPC labelled water

in preparation for reverse transcription.

4.3b. Reverse Transcription

This step was always performed immediately after mRNA extraction. A ‘mastermix’

containing Syl of AMV RT5X buffer, 2.5ul of 10mM DEPC treated nucleotides,
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8.4l of DEPC treated water and 0.6pl of 40U/ul RNasin to prevent degradation of
mRNA, was made for each reaction. Eight micro-litres of Dynabeads® in DEPC
treated water were added to 16.5ul of ‘mastermix’ followed by 0.5ul of 10U/ul Avian
Myeloblastosis Viral Reverse Transcriptase (RT+ sample) and incubated at 42°C for 1
hour. The ‘poly-T tails’ of the Dynabeads® act as the primer for reverse transcriptase
and thus allow the synthesis of cDNA directly onto the beads. In order to control for
genomic DNA contamination, the remaining 2l of Dynabead® DEPC treated water
mixture from each mRNA extraction was included in a similar reaction without
reverse transcriptase (RT- sample). A PCR reaction using GAPDH primers was
subsequently performed for each RT+ and RT- sample and the PCR product was
visualised by agarose gel electrophoresis (Appendix D). If the mRNA extraction was
of poor quality or there was significant DNA contamination the sample was

discarded.

The Dynabead® ‘poly-T tails’ are non-specific primers for the reverse transcription of
all species of mRNA. Theoretically each mRNA molecule is primed equally and
therefore this method enables production of a cDNA library, the size and composition
of which accurately reflects the quantity of mRNA in each sample at the time of
biopsy. Twenty-five micro-litres of cDNA-Dynabead® linked library is produced each
time and can be stored at 4°C indefinitely. Thus the activity of multiple genes can be

assessed, as only 1-2ul of cDNA is required for each PCR reaction.
4.3c. Design and work-up of Primers for PCR

As discussed earlier each gene has specific forward and reverse primers required that

affect the efficiency and selectivity of the PCR reaction. These were designed using
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the Wisconsin computer software package from the Genetics Computer Group. The
original oligonucleotide sequences were obtained from the European Molecular
Biology Laboratories database and each was tested for homology with up to 2
mismatches against all human sequences in the database. The forward primer was
biotinylated to enable capture and quantification of each PCR product using an
ELISA technique (discussed later). The optimum annealing temperature for each
primer was determined by performing sequential PCRs at different annealing
temperatures and the temperature that yielded the PCR product with the best ELISA
result was used. The optimum number of PCR cycles was determined in a similar
fashion for each gene of interest. Details of the forward and reverse primer sequences,
annealing temperatures and number of PCR cycles used for each gene studied are

given in Tables 4.3(i) and 4.3(ii).

4.3d. Polymerase Chain reaction

Effective mRNA extractions and reverse transcription were obtained from 27 pre-
study and 23 six-month glomerular samples. Likewise this was successful in 27 pre-
study and 28 six-month interstitial samples. Large PCRs for each of the 9 genes
studied were performed using all pre-study or all 6-month cDNA samples
simultaneously. Glomeruli and interstitium were analysed separately. GAPDH, a
glycolytic enzyme constitutively expressed in all cells was the first gene assessed. The
expression of this ‘housekeeping’ gene was regarded as an indicator the quality of
mRNA extraction and subsequent reverse transcription for each sample. Thus if
relatively small amounts of an abundant gene such as GAPDH were identified, then
the expression of other less common mRNA species would be significantly reduced
and double the amount of cDNA was used as the initial PCR template in such

circumstances.
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Table 4.3(i) Forward and reverse PCR primer sequences

Primer Primer Oligonucleotide Sequence (5’ - 3")
GAPDH (Forward) AGA ACA TCA TCC CTG CCT C*
GAPDH (Reverse) GCC AAA TTC GTT GTC ATA CC

TIMP-1 (Forward)

TGG GGA CAC CAG AAG TCA AC*

TIMP-1 (Reverse)

CAG GGG ATG GAT AAA CAG GG

TIMP-2 (Forward)

AAC GACATT TAT GGC AAC CC*

TIMP-2 (Reverse)

ACC TGT GGT TCA GGC TCT TC

Collagen III (Forward)

CCT GGT ACA TCT GGT CAT CC*

Collagen III (Reverse)

CCATTT TCA CCC TTT AAT CC

TGFB-1 (Forward)

AAG TTA AAA GTG GAG CAG C*

TGFB-1 (Reverse)

CAC TTG CAG TGT GTT ATCC

MMP-2 (Forward)

ATT GAT GCG GTA TAC GAG GC*

MMP-2 (Reverse)

GGC ACC CTT GAA GAA GTA GC

MMP-9 (Forward)

TTC TAC GGC CAC TAC TGT GC*

MMP-9 (Reverse)

CGC CCA GAG AAG AAG AAAAG

iINOS (Forward)

GCC CAA GGT CTA TGT TCA GG*

INOS (Reverse)

GTC CTT CTT CGC CTC GTA AG

Tenascin (Forward)

TGA ACA AAA TCA CAG CCC AG*

Tenascin (Reverse)

CAG TGG AACCAGTTA ACG CC

*Biotylinated
Table 4.3(ii) Optimum annealing temperatures and number of
PCR cycles
Gene Annealing temperature Number of PCR cycles
(C)

GAPDH 59 35

TIMP-1 59 40

TIMP-2 59 40

Collagen III 59 40

TGFB-1 59 40

MMP-2 59 40

MMP-9 59 40

iNOS 59 40

Tenascin 59 40
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The PCR protocol is described in Appendix C. In summary a ‘mastermix’ containing
all the reagents required for the sample batch to be assessed was produced. Frozen AJ
10X buffer was thawed and then centrifuged at 10,000 rpm for 1minute in order to
pellet the precipitated BSA present. Precipitated BSA inhibits the PCR reaction but in
solution BSA promotes the efficiency of PCR by preventing Taq polymerase from
coating the plastic Eppendorf tubes used for each reaction. AJ 10X buffer was
carefully separated from any precipitated BSA and 5ul was combined with 2l of
5pmol/ul forward and reverse primer mix, 41.6pl of sterile distilled water and 0.4l of
2.5U/ul Jump-start Taq Polymerase for each sample. The addition of Jump-start Taq
to the ‘mastermix’ reduces any methodological errors introduced by adding Taq
individually to each reaction tube. Despite this it retains the advantages of the
‘hotstart’ technique used with conventional Taq. This involves adding Taq at the
primer annealing temperature, after DNA denaturation in order to reduce the non-
specific DNA amplification obtained. The Jump Taq polymerase binding site is
masked by an antibody that is tightly bound to it preventing premature activation.
This is cleaved during the first DNA denaturation at 95°C thus initiating Taq activity

thereafter in a similar fashion to the ‘hot start’ technique.

Forty-nine pl of ‘mastermix’ were added to the Eppendorf tubes containing each
individual’s bead linked cDNA. One drop of mineral oil was added to the meniscus of
each tube in order to prevent evaporation of the reagents and the Eppendorfs were
transferred to the thermocycler and the annealing temperature and cycle number set.

A water blank containing only the components in the ‘mastermix’ but no bead-linked
c¢DNA was also prepared for each PCR. This allowed the identification of cDNA

contamination in any of the components of the ‘mastermix’ that if unappreciated
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would result in false elevation of the PCR product. In addition a positive DNA control
containing 49ul of ‘mastermix’ and 1pl of 1:100,000 concentration of the DNA
species of interest was included in each PCR. This not only confirmed the efficiency
of PCRs but also provided a means to correct for variability between the pre-trial and
6 month reactions when these were compared for each gene.

Following completion of each PCR, the amplified PCR product underwent agarose
gel electrophoresis (Appendix D) for 45 minutes prior to visualisation of the bands
under UV light using a computerised gel documentation system. The cDNA in each
well migrates towards the positive electrode when an electric current is passed
through the gel at a velocity determined by its mass. By inclusion of a reference ‘base
pair’ ladder the size of the DNA species can be determined according to its position
on the gel and thus its identity confirmed. This technique was performed prior to
ELISA for each PCR in order to ensure the absence of DNA contamination and the
efficiency of the PCR (Fig 4.3(1)). Subseciuently, each Eppendorf containing the

remaining PCR product was stored at 4°C prior to quantitation.

4.4 Principles of Enzyme Linked Immunosorbent Assay
(ELISA)

The method of detecting and measuring the products of RT-PCR is important. Many
studies have used densitometry to analyse the bands seen after gel electrophoresis.
This has several disadvantages including variability introduced by differences in gel
thickness and staining from gel to gel, as well as the use of radioisotopes. The use of
‘phosphor’ imaging devices can compensate for differences between gels but is highly
specialized and expensive. The application and reproducibility of ELISA for the

quantitation of PCR products has been previously described**'%,
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Fig 4.3(i) GAPDH cDNA viewed by Agarose gel
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A schematic representation ofthe ELISA technique is shown in Fig 4.4(i). The
biotinylated forward strand of each cDNA molecule is attached to the ELISA plate by
covalently bonding to a biotin-avidin protein complex on the surface ofthe plate. A
digoxygenin labelled probe specific for the DNA species of interest is then attached to
each cDNA molecule and this in turn is bound by an anti-digoxygenin antibody
conjugated with alkaline phosphatase. Surpluses ofboth ‘unbound’ probe and
antibody are removed from each ELISA well using a thorough wash protocol after
each of'these steps. The addition of PNPP allows the alkaline phosphatase present to
catalyse a colorimetric reaction producing one unit of yellow colour for each bound
probe. As only one probe can bind to each cDNA molecule and this is the only probe
remaining at this stage, the number ofunits of colour generated reflects the number of
cDNA molecules present. This can be accurately quantified using an optical
colorimeter producing results that range from zero to over four for each individual
well on the ELISA plate. The relationship between the number of units of colour
detected and time must be linear in order to ensure the accuracy ofthis technique. In
order to confirm this, ELISA reactions were performed on a series of 16 samples and
the expression of TGFp-1 and Collagen III cDNA was determined at a number of
expression increased in a reasonably linear fashion with time below ELISA values of
3.0. However at values greater than 3.0, expression tended to plateau off. Thus values

greater than 3.0 were ignored when pre and post-study gene expression was analysed.
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Fig 4.4(i) Schematic representation of the detection of a
single cDNA molecule using ELISA
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Fig 4.4(ii) TGF-P ELISA values over time for each sample

30 40

Time (mins)

Fig 4.4(iii) Collagen III ELISA values for each sample
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4.5 Assessment of PCR product using ELISA

The PCR products from all pre and post study samples for each mRNA species of
interest were quantified using the same ELISA in order eliminate any variability
between different ELISA assays. The probes required to detect the forward mRNA
strand for each gene of interest were designed using the Wisconsin computer package
from the Genetics Computer Group and oligonucleotide sequences obtained from the
European Molecular Biology Laboratories database. These are shown in Table 4.5.
Each probe was labelled with digoxygenin and full details of this and the ELISA

reagents and techniques used are described in Appendix E.

In summary, each well on the streptavidin coated ELISA plate was treated with 100ul
of 1% solution of BSA in PBS for 15 minutes. This was aspirated and a further 25ul
1% BSA/PBS was added to each well into which 2ul of PCR product was also
dispensed. A further 75ul of BSA/PBS was added and the biotinylated forward strand
c¢DNA were allowed to bind to the plate for 30 minutes. Unbiotinylated reverse
stranded cDNA was denatured from the forward strand by the addition of 100ul of
0.25M sodium hydroxide for 10 minutes. Each well was subsequently washed three
times in Amersham wash buffer leaving only forward strand cDNA bound to the
ELISA plate. One hundred microlitres of digoxygenin labelled probe in
0.2pmol/100ul Rapid-Hyb buffer was then added and incubated at 42°C for 2 hours.
Following this each well was re-washed with Amersham buffer before the addition of
a 1:500 dilution of anti-digoxygenin antibody in 1%BSA/PBS for 30 minutes. A final
wash at this time was followed by the addition of 100! of 1mg/ml solution of PNPP
in DEA that in turn required incubation at 37°C for 1-5 hours. Subsequently ELISA

plates were analysed using the Labsystems Multiskan EX colorimeter that detects
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colour at 405nm with a differential reading at 630nm. The results were recorded using
the Genesis software package from Syngene®. Controls were included for each plate

in order to confirm the quality of the ELISA (Appendix E).

4.6 Data and Statistical Analysis

Each sample was assessed in duplicate and the mean ELISA value used in data
analysis. A number of steps were undertaken in order to allow accurate comparison

between samples using the RT-PCR-ELISA technique described.

1. Intra-batch variability was limited by the use of master-mixes so that the
only difference between RT-PCR reactions was the amount of mRNA /

12 Two large PCR batches utilising all the

cDNA present in each sample
pre and all the post trial samples respectively were performed for each
gene. A correction for inter-batch PCR variation caused by changes in the
efficiency of reactions performed at different times was made in order to
allow comparison between these PCRs. Each PCR performed included 1pl
of 1:100,000 concentration of the DNA species of interest as a positive
control. The efficiency of each PCR reaction was reflected in the ELISA
value obtained for this positive control and when this was compared for
pre and post trial PCR batches it allowed an appropriate correction for
PCR efficiency.

2. The volume of cDNA-linked dynabeads used (1pl or 2ul) for each PCR
was taken into account.

3. Non-specific probe binding was measured for each ELISA by assessing a

non-specific binding control; i.e. an equivalent dilution of unrelated DNA
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instead of the target DNA (e.g. B-actin instead of GAPDH) was used. The
ELISA result from this control was subtracted from the ELISA value
obtained from the target DNA in order to correct for non-specific probe
binding.

4. GAPDH is a constitutively expressed housekeeping gene. As such its
expression can provide an assessment of cellularity for each biopsy

07 Results were therefore presented as a ratio to GAPDH

sample
expression (in arbitrary units), in order to apply a correction for the

variation in cell numbers seen between biopsy samples.

Patients included in the study were analysed on an intention to treat basis using the
SPSS v 8.0 software package. Messenger RNA expression for each gene studied from
both glomeruli and interstitium at entry and 6 months follow-up was normally
distributed and thus results were expressed as means (+sd). Statistical analysis
between groups and within each group over the study was performed using student’s
t-tests and a p-value < 0.05 was considered significant, with p-values > 0.05 - 0.10
considered marginally significant. The relationship of the different mRNA species
with one another, with renal function and with interstitial volume fraction of Sirius
red staining was assessed using either Pearson’s correlation (rp) or Spearman’s rank

correlation (1) according to the normality of the data.
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Table 4.5 Probe oligonucleotide sequences identifying

each forward cDNA strand of interest

Probe Oligonucleotide sequence (5’-3’)

GAPDH GTT GAA GTC AGA GGA GACC

TIMP-1 GTA GTG ATG TGC AAG AGT CC

TIMP-2 TCT ATA TCC TTC TCA GGC CC

Collagen III ACC AGA TGG ACC TAT AGC AC

TGFB-1 CGG TGA CAT CAA AAG ATA AC

MMP-2 CTC CAG AAT TTG TCT CCA GC

MMP-9 GTT GCA GGC ATC GTC CAC CGG ACT CAA AGG
iNOS GCG CTC GTA AGG AAA TAC AG

Tenascin

TGA TGG CTG AAT CTG TGT CC
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4.7 Glomerular profibrotic gene expression

4.7a Results

Mean glomerular collagen III cDNA expression (Fig 4.7(i)) was initially similar in
both groups. After 6 months there was a significant increase compared to the pretrial
value in Rapa patients that did not occur in Controls. However when 6 month
collagen III expression was compared between groups there was no significant

difference.

Mean glomerular TIMP-1 and TIMP-2 ¢cDNA expression (Fig 4.7(ii) & Fig 4.7(iii))
was similar in both groups at the onset of the study. There was a significant increase
in TIMP-1 cDNA expression in both Control and Rapa patients over 6 months that
was comparable for both groups. However only Rapa patients developed a significant

increase in TIMP-2 cDNA expression over time.

Mean glomerular MMP-2 cDNA expression (Fig 4.7(iv)) was initially low but
increased in an equivalent fashion in both groups over the study. MMP-9 expression
was only detected in 2 pretrial and 6 post-trial samples. These numbers were too small

to warrant further analysis.

Mean glomerular TGFB cDNA expression (Fig 4.7(v)) was similar in both groups
initially. This fell over time in the Control group but remained constant in patients on
Rapa, although the 6 month values were not statistically different when compared.
Mean iNOS cDNA expression (Fig 4.7(vi)) was once again similar in both groups
initially. It increased markedly in a comparable manner in both groups over the study.
Mean glomerular tenascin cDNA expression (Fig 4.7(vii)) showed no significant

change over time or between groups.
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4.7b Relationship between different glomerular profibrotic

c¢DNA species and their correlation with GFR
All pretrial samples were compared in order to determine whether the expression of
different genes was related and also if gene expression correlated with renal function.
The relationships between different glomerular cDNA species are shown in Table
4.7(viii). Statistically significant positive correlations were found between TIMP-1 vs
TIMP-2, TIMP-1 vs TGFp, TIMP-2 vs TGFp, TGFp vs Collagen III, TGFB vs MMP-
2 and MMP-2 and Collagen III. No significant correlation was observed when the
glomerular and interstitial cDNA expression for each gene studied was compared

(data not shown).

Estimated GFR showed a significant negative correlation with a number of profibrotic
genes. This included TGFB, TIMP-1 and TIMP-2 (Fig 4.7 (ix), Table 4.7(x)).
However no significant correlation was found between estimated GFR and the other
genes studied (Table 4.7(x)). In addition there were no significant relationships
between radio-isotope (*’Cr labelled EDTA) GFR and glomerular profibrotic gene

expression (data not shown).
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Fig 4.7(i) Glomerular collagen III cDNA expression

Values expressed as mean +sd (error bars). Pre-trial results were obtained in 11
Control and 15 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in collagen III cDNA in Rapa patients (p=0.01) not observed in
controls. However expression at 6 months was similar in both groups.
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Fig 4.7(ii) Glomerular TIMP-1 ¢cDNA expression

Values expressed as mean +sd (error bars). Pre-trial results were obtained in 11
Control and 15 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in TIMP-1 ¢cDNA in both control (p=0.003) and Rapa
(p=0.004) groups over the study with similar levels of expression at 6 months.
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Fig 4.7(iii) Glomerular TIMP-2 ¢cDNA expression

Values expressed as mean £sd (error bars). Pre-trial results were obtained in 11
Control and 10 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in TIMP-2 ¢cDNA in Rapa patients (p=0.04) not observed in
controls. Expression at 6 months was similar in both groups.
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Fig 4.7(iv) Glomerular MMP-2 ¢cDNA expression

Values expressed as mean £sd (error bars). Pre-trial results were obtained in 11
Control and 10 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in MMP-2 cDNA in Rapa patients (p=0.01) and a similar trend
(p=0.07) in controls. Expression at 6 months was similar in both groups.
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Fig 4.7(v) Glomerular TGF-pi cDNA expression

Values expressed as mean £sd (error bars). Pre-trial results were obtained in 11
Control and 15 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was a decrease in TGF-pi ¢cDNA in controls (p=0.049) not observed in Rapa
patients. Expression at 6 months was similar in both groups.
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Fig 4.7(vi) Glomerular iNOS ¢cDNA expression

Values expressed as mean +sd (error bars). Pre-trial results were obtained in 11
Control and 15 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in iNOS ¢cDNA in both control (p<0.001) and Rapa (p<0.001)
groups over the study with similar levels of expression at 6 months.
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Fig 4.7(vii) Glomerular tenascin cDNA expression

Values expressed as mean £sd (error bars). Pre-trial results were obtained in 11
Control and 15 Rapa patients. Post-trial results were obtained in 11 Control and 11
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests. No
significant changes in tenascin expression were noted.
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Fig 4.7(viii) Relationship between different glomerular
cDNA species
c¢DNA species TIMP-1 TIMP-2 TGFB-1 | Collagen III MMP-2 iNOS Tenascin
TIMP-1 -Tp 0.60 0.59 0.29 0.31 0.01 -0.17
-P 0.004 0.002 0.15 0.17 0.97 0.40
TIMP-2 -Tp 0.60 0.55 0.43 0.37 -0.13 -0.23
-P 0.004 0.01 0.05 0.10 0.57 0.31
TGFB-1  -rp 0.59 0.55 0.54 0.65 0.00 0.05
-P 0.002 0.01 0.005 0.001 0.99 0.79
Collagen ITI -rp 0.29 0.43 0.54 0.80 0.34 0.12
-P 0.15 0.05 0.005 0.001 0.09 0.57
MMP-2 -rp 0.31 0.37 0.65 0.80 0.41 -0.16
-P 0.17 0.10 0.001 0.001 0.07 0.50
iNOS -rp 0.01 -0.13 0.00 0.34 0.41 0.08
-P 0.97 0.57 0.99 0.09 0.07 0.70
Tenascin -Tp -0.17 -0.23 0.05 0.12 -0.16 0.08
-P 0.40 0.31 0.79 0.57 0.50 0.70

1p - Pearson’s correlation coefficient

P - p-value generated via Pearson’s correlation

Significant positive correlations (highlighted in bold print) were found between

TIMP-1 vs TIMP-2, TIMP-1 vs TGFB, TIMP-2 vs TGFp, TGFp vs Collagen III,

TGFB vs MMP-2 and MMP-2 and Collagen III.
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Fig 4.7(ix) Relationship between Cockroft and Gault
estimated GFR and TGFp-1 ¢cDNA expression
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4.7(x) Relationship between Cockroft and Gault estimated
GFR and other glomerular cDNA species

Glomerular cDNA ‘rp value’ p-value*
TIMP-1 -0.51 0.008
TIMP-2 -0.57 0.007
Collagen I1I -0.29 0.15
iNOS 0.32 0.11
MMP-2 -0.25 0.26
Tenascin 0.07 0.73

*Pearson’s correlation
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4.8 Interstitial profibrotic gene expression

4.8a Results

Mean interstitial collagen III cDNA expression (Fig 4.8(i)) was initially similar in
both groups. After 6 months there was a significant increase compared to the pretrial
value in Rapa patients that did not occur in Controls. However when 6 month
collagen III expression was compared between groups there was no significant

difference.

Mean interstitial INOS cDNA expression (Fig 4.8(ii)) showed a similar pattern with a
highly significant increase over time in Rapa patients that was not present in controls,
but no significant difference was noted when 6 month values were compared.
However neither Cyclosporin dose reduction alone or with the addition of Rapa had
any significant effect on the mean interstitial TIMP-1, TIMP-2, MMP2, MMP-9,
TGF-B1 and tenascin cDNA expression over the time period assessed. These results

are summarised in Table 4.8(iii).

4.8b Relationship between different interstitial profibrotic
cDNA species and their correlation with GFR

The relationships between different interstitial cDNA species are shown in Table
4.8(iv). Statistically significant positive correlations were found between TIMP-1 vs
TIMP-2, TIMP-1 vs TGFB, TIMP-1 vs MMP-2, TIMP-2 vs TGFf, TIMP-2 vs
MMP-2, TGFB vs MMP-2, TGFf vs iNOS, MMP-2 and Collagen III vs iNOS.
There were no significant correlations between interstitial cDNA expression and

either estimated or measured GFR (data not shown).
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Fig 4.8(i) Interstitial Collagen III ¢cDNA expression

Values expressed as mean £sd (error bars). Pre-trial results were obtained in 11
Control and 16 Rapa patients. Post-trial results were obtained in 12 Control and 15
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in collagen III cDNA in Rapa patients (p=0.02) not observed in
controls. However expression at 6 months was similar in both groups.
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Fig 4.8(ii) Interstitial INOS ¢cDNA expression

Values expressed as mean +sd (error bars). Pre-trial results were obtained in 11
Control and 16 Rapa patients. Post-trial results were obtained in 12 Control and 15
Rapa patients. Statistical analysis was performed using unpaired student’s t-tests.
There was an increase in iNOS cDNA in Rapa patients (p=0.006) not observed in

controls. However expression at 6 months was similar in both groups.
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Table 4.8(iii) Interstitial TIMP-1, TIMP-2, MMP-2, MMP-9,

TGF-B1 and tenascin cDNA expression

Values expressed as mean (+sd). Statistical analysis performed using unpaired
student’s t-tests with no significant differences between or within groups noted.

Interstitial Control Rapa

cDNA species Pre Post Pre Post
TIMP-1 0.55 (0.37) 0.68 (0.39) 0.47 (0.38) 0.66 (0.43)
TIMP-2 0.30 (0.17) 0.27 (0.26) 0.18 (0.21) 0.21 (0.19)
TGF-p1 0.13 (0.12) 0.22 (0.11) 0.10 (0.12) 0.16 (0.12)
MMP-2 0.02 (0.04) 0.08 (0.07) 0.02 (0.04) 0.09 (0.11)
MMP-9 0.15 (0.16) 0.19 (0.19) 0.09 (0.14) 0.16 (0.14)
Tenascin 0.40 (0.45) 0.57 (0.42) 0.31 (0.40) 0.59 (0.65)
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Fig 4.8(iv) Relationship between different interstitial

cDNA species
cDNA species TIMP-1 | TIMP-2 TGFB-1 | Collagen MMP-2 MMP-9 iNOS
111
TIMP-1 -Tp 0.42 0.39 -0.33 0.46 -0.26 -0.07
-P 0.04 0.04 0.10 0.02 0.25 0.72
TIMP-2 -rp 0.42 0.60 0.08 0.61 -0.06 -0.20
-P 0.04 0.001 0.70 0.001 0.80 0.32
TGFg-1 -Tp 0.39 0.60 0.03 0.43 -0.24 0.55
-P 0.04 0.001 0.87 0.03 0.29 0.003
Collagen III - rp -0.33 -0.08 0.03 -0.15 0.39 0.41
-P 0.15 0.69 0.87 0.47 0.08 0.03
MMP-2 -rp 0.46 0.61 0.43 -0.15 0.08 0.07
-P 0.02 0.001 0.03 0.47 0.73 0.74
MMP-9 -rp -0.26 -0.06 -0.24 0.39 0.08 0.22
-P 0.25 0.80 0.29 0.08 0.73 0.33
iNOS -rp -0.07 0.20 0.55 0.41 0.07 0.22
-P 0.72 0.32 0.003 0.03 0.74 0.33

rp - Pearson’s correlation coefficient

P — p-value

Significant positive correlations (highlighted in bold print) were found between
TIMP-1 vs TIMP-2, TIMP-1 vs TGF@, TIMP-1 vs MMP-2, TIMP-2 vs TGFf, TIMP-
2 vs MMP-2, TGFB vs MMP-2, TGFP vs iNOS, MMP-2 and Collagen III vs iNOS.
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4.9 Discussion

This is the first prospective randomised human study that has attempted to look at the
effect of CyA dose reduction with or without the addition of Rapa (2 mg/day) on
molecular markers thought to be involved in the pathogenesis of CAN. It has been
suggested in earlier work that such molecular analysis would prove to be a useful tool
in the investigation of CAN and furthermore could provide sensitive measures of the
efficacy of different treatment strategies™°. The process of ECM remodelling that
underpins the histological changes in CAN is complex, being determined by a balance
between the rate of matrix synthesis and the rate of its degradation. This study
assessed genes involved in both the synthesis (TGF-B1, Collagen III, Tenascin
mRNA) and degradation (TIMP-1, TIMP-2, MMP-2, MMP-9 mRNA) of extracellular
matrix. The main findings were that CyA reduction alone reduced glomerular TGF-$1
expression and stabilised collagen III expression over the study. The addition of Rapa
attenuated the reduction in TGF-B1 expression and was associated with increased
expression of collagen III in both glomeruli and interstitium. CyA dose reduction
with or without Rapa was associated with increases in the transcription of genes that
both activate and inhibit the degradation of ECM in glomeruli but not in interstitium.

The expression of iNOS increased in both groups.

Expression of TGF-B1, a profibrotic cytokine thought to be upregulated in human
CAN®*2* was initially assessed. Glomerular but not interstitial expression fell over
time in patients receiving a CyA dose reduction alone. CyA is a profibrotic agent that

174,175 .
175179180 21 d in humans has

increases TGFP expression both in vitro and in vivo
been shown to increase the expression of TGFB1 in patients with ESRF'®'. Thus the

reduction in glomerular TGFp expression observed was not unexpected and concurred
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with the decline in plasma TGFpB1 seen by Hueso et al following CyA dose reduction
with the addition of MMF in a recent study'®2. The addition of Rapa after CyA dose
reduction was not associated with a reduction of TGFB1 expression. These findings
are supported by recent in vitro and in vivo studies. In vitro, it has been suggested that
Rapa increased TGFp expression’’®. Such increases may be augmented significantly

d*”. In vivo, TGFB1 levels from human renal

when CyA and Rapa are combine
allograft fine needle aspirates cultured for 48 hours before ELISA assessment were
significantly greater in those patients taking Rapa compared to those taking a
conventional triple therapy regimen of CyA, Aza and Pred*”. Furthermore, a recent
study from our unit in Leicester using rat aortic interposition allografts has suggested
that the combination of Rapa and CyA significantly increased the expression of the
profibrotic genes TGFp and collagen III compared to Rapa alone*'®. It is possible that
upregulation of TGFP expression may contribute to the immunoregulatory properties

of Rapa in the short term but clearly in the longer term this remains a profibrotic

cytokine and persistent elevation may be linked to the progression of CAN.

Collagen III is a major constituent of the ECM in both glomeruli and interstitium. It
has been observed in previous work that levels of TGF1mRNA have a strong
positive correlation with collagen III protein identified by immunohistochemistry®>.
After CyA dose reduction alone expression of both glomerular and interstitial
Collagen III mRNA remained stable. This was unsurprising as the profibrotic
influence of CyA had been reduced although clearly other profibrotic stimuli were
still present. Tenascin is a glycoprotein constituent of the ECM that is produced when
matrix remodelling is active and may reflect the development of new fibrosis rather

than old scarring?®. There were no significant changes in its expression following
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CyA dose reduction alone supporting the findings with Collagen IIl. However in
patients receiving Rapa, Collagen III mRNA increased in both compartments over the
study. Glomerular TGFB1 mRNA expression had a significant positive correlation
with the levels of Collagen IIl mRNA. Since mean TGFB1 expression remained stable
in patients taking Rapa this implied that other profibrotic mediators e.g. PDGF, IGF
etc (not assessed in this work) could be responsible for the increases in collagen III
expression observed although further studies will be required to confirm this.
Somewhat surprisingly tenascin expression remained unchanged in the Rapa group,

but the significance that should be attached to this is unclear.

The MMPs and their tissue inhibitors (TIMPs) are one of several enzyme systems
involved in breakdown of ECM. There is enormous functional heterogeneity in this
system, the full complexities of which are not completely understood. MMP and
TIMP expression was identified in both glomeruli and interstitium but significant
changes in expression over the study were only noted in glomeruli. Both groups
demonstrated upregulation of glomerular TIMP 1 and MMP-2 mRNA with patients
taking Rapa also demonstrating an increase in TIMP 2 expression over time. As both
antidegradative (TIMPs) and prodegradative (MMPs) genes were upregulated
simultaneously the balance of these opposing forces will determine the fate of the
ECM. However one could speculate that in patients taking Rapa increased TIMP-2
expression may tip the scales more against ECM degradation than in patients
receiving a CyA dose reduction alone. Interestingly significant positive correlations
were noted between TGFB1 and TIMP-1, TIMP-2 and MMP-2. in both glomeruli and
interstitium, confirming the findings from a previous study235 and suggesting that
TGFB-1 may be influence the expression of MMPs and TIMPs although the

mechanism underlying this is not known.
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The role of iNOS and its product the vasodilator NO in both native and transplanted
kidneys is incompletely understood. In vitro CyA inhibits macrophage, vascular
smooth muscle cell and renal parenchymal cell NO production““m. In vivo, CyA
caused a reduction in urinary NO metabolites and renal iNOS mRNA and protein'®.
In a model of chronic CyA nephrotoxicity, reductions in NO synthesis were
associated with upregulations of TGFf, collagen I, biglycan, fibronectin and PAI-1
and increased renal fibrosis, whereas increases in NO had the opposite effect
suggesting that NO mediated pathways may be important contributors to chronic CyA
nephrotoxicity and thus CAN'®”. Glomeruli contain a high density of iNOS

producing cells and in this work glomerular iINOS expression increased after CyA
dose reduction as one might expect. Unlike CyA, Rapa has been shown to preserve
iNOS expression in rat aortic allografts and it has been suggested, although not
proven, that this may have a beneficial effect with respect to the development of
arteriosclerosis®®'. iNOS expression increased in both glomeruli and the more sparsely
populated interstitium, supporting a permissive role for Rapa in this respect. However
although increases in NO were thought to be beneficial it has also been proposed that
upregulations of iNOS play a role in the CyA activated apoptosis of renal cells that in
turn pre-empts the acellular fibrosis of late CyA nephrotoxicity'®®. Thus it is currently
unclear whether increased iNOS expression has a positive or negative influence on the

progression of CAN and further work is necessary to look at this further.

The technique of RT-PCR-ELISA has been described in previous work from the
Leicester unit**”*'2, A number of methodological modifications were made in order to
minimise intra-batch and correct for inter-batch PCR variation (see methods). The

major limitation of this technique is that semi-quantitative assessment of mRNA
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levels only gives an indication of current gene transcription. The assumption usually
made is that these transcripts reflect the amount protein produced and that this in turn
produces a biological effect. However TGF is secreted as an inactive precursor in a

complex bound with a latency-associated peptide222

. Various factors including
changes in pH, several proteolytic enzymes and thrombospondin can release the
active form from this complex’?. Furthermore the function of active TGFp can also
be controlled by the binding of a number of ‘local’ proteins such as decorin that
inhibit its activity”**, Thus the significance of changes in TGFB1 mRNA expression is
difficult to interpret. as it is difficult to distinguish between biologically active and
inactive cytokine. Post-translational modifications are also important in determining
MMP activity and thus a similar problem applies in this respect. Therefore in order to

put these molecular changes into context it is necessary to assess the actual changes

that have occurred in the extracellular matrix itself (Chapter 5).

Molecular analysis was performed on 2 major compartments in the allograft.
Glomerular haemodynamic factors are known to be important determinants of
progressive renal disease in both native and transplanted kidneys, ultimately causing
glomerulosclerosis. This can be a patchy process and thus 3 glomeruli were assessed
for each patient at study entry and after 6 months follow-up. However glomeruli only
account for a small fraction of the allograft interstitium and in view of this whole
interstitium was also analysed. Although glomeruli and interstitium are intimately
anatomically related, changes in gene expression seen in glomeruli were not always
accompanied by similar changes in the interstitium. Previous studies from our
laboratory have noted that RT-PCR ELISA (as described above) tends to identify
changes in gene expression in glomeruli more than in interstitium (unpublished data)

although the reasons for this are not clear. Glomeruli and interstitium are composed of
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different cell types and have unique functional roles and this may account for the
differences observed. When the relationship between gene expression in glomeruli
and interstitium was assessed there were no significant correlations noted between the
2 compartments, a finding consistent with the functional integrity suggested above.
However it is also worth considering a methodological explanation. Glomeruli are
relatively fragile and have a high density of cells thus requiring little manipulation in
order to facilitate successful mRNA extraction. However allograft interstitium,
particularly in CAN, contains significant amounts of extracellular matrix with a
correspondingly lower cell density that resists manual disaggregation. Despite
enthusiastic manipulation it is quite possible that mRNA extraction is less efficient in

this setting potentially explaining the different findings in glomeruli and interstitium.

A number of glomerular mRNA species have been noted to have statistically
significant relationships with estimated GFR. TGF-B1 expression was negatively
correlated with GFR. This supported the results of an immunohistochemical study in
40 patients with chronic allograft fibrosis where the 72% of patients who expressed
high levels of TGFP had a much steeper decline in renal function than those with
minimal or low expression of TGFB**. Both glomerular TIMP-1 and TIMP-2 also
demonstrated significant negative correlations with GFR suggesting that inhibition of
ECM degradation plays an important role in determining the functional outcome of
allografts with CAN. Furthermore it lends additional weight to arguments supporting

the use of these molecular markers as surrogate markers of long term graft outcome.
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Chapter 5

Does the addition of Rapamycin after Cyclosporin
dose reduction influence histomorphometric evidence
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5.1 Introduction and principles of Sirius Red staining

The progression of CAN is caused by expansion of the ECM and the development of
fibrosis. This process is dominated by the accumulation of collagens I, IIT and IV in

ft2%. Measurement of the hydroxyproline content per mg protein tissue has

the allogra
been described to quantitatively assess the proportion of collagen in tissues*'’.
However it has the disadvantage that it does not visualise what it is measuring and is
thus susceptible to misleading results as a result of tissue necrosis or excessive
collagen deposition around large blood vessels. Thus techniques utilising sectioned
material have been proposed as this allows a direct correlation of collagen content
with the histological image. Immunohistochemistry is one such method and the
degree of staining using this technique for collagen III in renal allograft biopsy
sections at 6 months has been found to predict renal function at 2 years?®. This
technique can be quite technically difficult and in addition does not identify all

collagen subtypes accumulating in the allograft. Therefore alternative approaches

such as Sirius Red staining have been advocated.

Sirius Red F3BA is an azo dye that stains the major collagen subtypes. Observed
under polarized light, collagen bundles reveal a strong birefringency with either
yellow-red or green colours*'®, It had been suggested that these colours could be used
to distinguish the collagen subtypes I, II and III or between mature and foetal
collagen*'***. However more recently it has been pointed out that this may be
misleading, as the colour of individual fibres also appeared to vary according to the
orientation of the slide on the microscope*’. There are numerous papers describing
Sirius Red as a method for visualizing collagen in tissues and it has been used to

422-425

estimate cardiac, liver and lung and pancreatic fibrosis as well as for the
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quantitation of the reduction of renal fibrosis by pharmacological therapy in the rat
5/6™ nephrectomy model of renal disease*”®. In both a rat model of liver fibrosis and
in humans with liver fibrosis in non-A non-B hepatitis, Sirius red staining correlated
strongly with total liver collagen as determined by collagen hydroxyproline
assay427’428. In human renal biopsies Sirius red staining has been quantitated using
automated image analysis and has been shown to correlate with the interstitial volume

fraction of the cortex as measured by a manual point counting method*?.

5.2 Materials and methods

Renal allograft biopsies were obtained from each patient before the study and after 6
months as previously discussed. PCR experiments only require small samples from
each individual and the remaining tissue was embedded in paraffin and 3um sections
mounted on microscope slides. Staining with Sirius red (Appendix F) involved
deparaffinizing and hydrating each section before removal of the fixative and
exposure to 0.1% Sirius red dye for 12 hours. Excess dye was removed and then

sections were dehydrated prior to re-mounting. Sections were stained in batches of 20.

5.3 Computerised histomorphometry

Computerised histomorphometry is a well-established technique for the quantification
of histological changes. The system used here has been validated in previous work by
Nicholson et al*°. Sirius red stained slides were viewed under polarised light using a
Zeiss photomicroscope III (x10 objective) with an attached JVC TK 120E video
camera. This was linked to an Apple Macintosh 7100/80 computer that was able to
directly import the image into the image analysis program, NIH-Image (Fig 5.3(i)).

Sequential grey-scale images of renal cortex (Fig 5.3(ii)) were analysed by moving
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along the central line of each biopsy specimen from one end of the available cortex to
the other, without overlapping. Glomeruli were ignored but if renal medulla was
present this was not analysed. In order to calculate the area fraction of cortex stained
with Sirius red, a threshold was applied to each image at a constant level that
distinguished between the stained component (rendered black) and the unstained
background (rendered white). The proportion of black to white pixels in the image
was then calculated as a percentage, representing the percentage volume fraction of
each image stained with Sirius red. Five or more images were obtained for each
section of cortex and the mean value expressed as the Interstitial Volume Fraction
(IVF). All measurements were performed by one person (RNS) and sections were

analysed in a blinded manner on the same day.

The reproducibility of the histomorphometric system for the assessment
immunostained collagen III has been confirmed in a previous study*’. However in
order to validate the Sirius red staining technique this was repeated. Ten serial
sections were obtained from one biopsy specimen and either stained together and
analysed on the same day or stained on separate days but analysed on the same day.
As it was possible to perform the analysis on one day without changing microscope

settings analyses of the same section on different days was unnecessary.

5.4 Statistical analysis

Patients included in the study were analysed on an intention to treat basis using the
SPSS v 8.0 software package. Coefficients of variation were calculated in order to
ascertain the reproducibility of this technique. The IVF stained with Sirius red was

normally distributed and thus results were expressed as means (+sd). Statistical
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analysis between groups and within each group over the study was performed using
unpaired student’s t-tests and p-values < 0.05 considered significant with p-values >

0.05 — 0.10 considered marginally significant.

5.5 Results

5.5(i) Reproducibility

The results of analysing serial sections from one biopsy are shown in Fig 5.5(i). The
coefficient of variation was 16.2% for Group A (10 sections stained together and
analysed on the same day) and 13.6% for Group B (10 sections stained on separate
days but analysed on the same day). There was no significant difference noted

between mean [VFs in groups A and B.

5.5(ii) Sirius Red staining

Fig 5.5(i1) shows Sirius red stained images from patients with mild and severe
interstitial fibrosis respectively. The IVF for both groups before and after the study is
shown in Fig 5.5(iii). There was a trend suggesting a reduction in IVF stained with
Sirius red following CyA dose reduction alone over time and also compared to Rapa
patients after 6 months. However in Rapa patients Sirius red IVF remained unchanged
over follow-up. Somewhat surprisingly no statistically significant correlations were

noted between IVF and GFR or IVF and mRNA expression for the genes studied.
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Fig 5.3(i) Renal cortex visualised using polarised light
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Fig 5.5(i) Sirius red staining reproducibility studies

Values expressed as mean =+ sd (error bars). Statistical analysis was performed using
unpaired student’s t-tests. There was no significant difference between Groups A and
B.
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Fig 5.5(ii) Sirius red stained allograft biopsies
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Fig 5.5(iii) Interstitial volume fraction stained with
Sirius Red

Values expressed as mean = sd (error bars). Statistical analysis was performed using
unpaired student’s t-tests. There was a reduction in Control IVF of marginal
significance(p=0.06) that was not observed in Rapa patients. At 6 months there was a
trend suggesting that control IVF was lower than Rapa IVF (p=0.07).
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5.6 Discussion

Experiments assessing mRNA expression using RT-PCR-ELISA are limited because
they only describe transcriptional changes in tissues. Such changes may not always
represent changes in extracellular matrix protein and cytokine activity. The translation
of mRNA to a protein product can be interrupted. Furthermore post-translational
modifications can occur that either activate or inhibit proteins. Therefore in order to
put the changes in gene expression (chapter 4) into context it was important to assess
the effect of CyA dose reduction with or without the addition of Rapa on ECM

deposition. Thus Sirius red staining was undertaken.

CyA dose reduction alone caused a marginally significant reduction in Sirius red
stained cortex. CyA is a profibrotic agent in both native and transplanted kidneys and
promotes the accumulation of ECM>**, These findings suggest that reducing the CyA
dose by 40% decreased the profibrotic stimulus associated with CyA and allowed the
turnover of ECM to shift in favour of degradation rather than accumulation. Changes
in the expression of a many genes are likely to be responsible for this shift. However
it is worth noting that of the genes studied in chapter 4, expression of profibrotic
genes fell (TGFp) or were stabilised (Collagen III and TIMP-2) whilst expression of

the degradative gene (MMP-2) was increased.

In patients taking reduced dose CyA and Rapa there was little change in Sirius red
staining suggesting that the favourable changes in ECM turnover after CyA dose
reduction alone had been attenuated. The molecular mechanisms underpinning either
the reduction in degradation or the increase in synthesis of ECM responsible for this

effect are highly complex and not fully characterised. However increases in both
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TIMP-2 and Collagen III gene expression in Rapa patients, not observed in Controls

(Chapter 4), imply that both mechanisms may play a role in this respect.

The failure of Sirius red IVF to correlate with gene expression was surprising,
particularly as collagen III represents one of the most important of the collagen

206 A possible explanation may be the different time

subtypes in renal interstitium
frames over which such changes occur. Gene expression is a highly sensitive
parameter that may change significantly over relatively short periods of time in
response to numerous stimuli. However although the turnover of ECM is a dynamic
process, changes occur over much longer periods. Thus gene expression at 6 months
follow-up reflects that occurring at that point in time whereas the Sirius red IVF
reflects the changes that have occurred over the whole of the preceding 6-month
period. Furthermore the relatively small number of genes studied represents only a
fraction of those responsible for the changes observed. It is the complex interactions
between these and the many other enzymes and cytokines present, rather than the

level of individual genes expression that determines the Sirius red IVF potentially

explaining why no direct correlation could be obtained.

The relationship between renal function and graft histology is one that has always
been difficult to assess in CAN. Like gene expression renal function can change
rapidly over short time periods. Furthermore it can be preserved despite abnormal
histology until sudden deteriorations occur'*. A number of studies have attempted to
study this relationship using scoring systems for graft histology e.g. CADI (see
Chapter 1) or immunohistochemistry to in an attempt to determine if these can be
correlated with renal function at that time or alternatively predict renal function at

some point in the future’®*’. A similar study has documented a significant correlation
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between Sirius red staining of human allografts and GFR*°. However this and other
studies were all performed on relatively new allograft recipients (between 6month
and 2 years post-transplantation). No such work has been performed on older
allografts, as in this study, where allograft damage is often extensive and renal
function significantly impaired. It is therefore unclear whether the correlation between
GFR and IVF persists in this setting. The results from this study suggest that it may
not but clearly a definitive study involving large numbers of patients is necessary to

confirm this.
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Chapter 6

Conclusions and future developments
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CAN remains the most common reason for late allograft loss in renal transplantation.
However its multifactorial aetiology and complicated pathogenesis have made it a
difficult problem to treat. Despite its potent immunosuppressive properties the
introduction of Cyclosporin in the 1980s has had little impact on this as any potential
benefit appeared to be counter-balanced in the longer term by nephrotoxicity and the
development of allograft fibrosis. A number of small studies have advocated CyA
dose reduction with the addition of alternative immunosuppressants in patients with
CAN. Improvements in renal function and blood pressure were reported and such
regimens are currently acknowledged as having the potential to retard the progression
of CAN, although no large studies have been performed to confirm this*27
Patients in the control arm of the current study received a 40% Cyclosporin dose
reduction alone. In common with other work in the field, the number of patients
studied was relatively small. However the major differences between this and other
studies is that this was a prospective randomised study and that the molecular and
histological changes underpinning changes in renal function were characterised. CyA
dose reduction stabilised declining renal function in the majority of patients and was
associated with a reduction in glomerular TGFp expression, stabilisation of collagen
IIT expression and increases in the expression of genes involved in the turnover of
ECM. A reduction in ECM stained with Sirius red supported these findings and
suggests that CyA dose reduction was associated with increased ECM degradation.
Thus CyA dose reduction appears to have significant functional, molecular and
histological advantages in established CAN (mean 5 years + post-transplant). The
implication being that prior to dose reduction the profibrotic / nephrotoxic properties
of CyA tended to outweigh the immunosuppressive benefits of this agent and that

40% CyA dose reduction had gone some way to redress this balance.
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Despite the longevity of allografts studied, concerns exist that immune mediated
injury may be precipitated by regimens that reduce levels of immunosuppression.
However these were not substantiated as there were no episodes of AR and chronic
immune damage appeared minimal on the basis of the molecular and histological
results obtained. Thus CyA dose reduction appeared both safe and efficacious and the
work of this and other studies should now encourage the design of a large RCT to
confirm these findings. CyA dose reduction early in the life of the allograft is likely to
prove more effective at limiting the speed and intensity with which CAN progresses,
rather than later dose reductions when fibrosis secondary to CAN is well established.
However it is in the early stages that allografts are at their most immunogenic and
thus the risks of CyA dose reduction initiating episodes of AR or accelerating chronic
immune injury are greatest. Clearly the timing of such intervention is important to
maximise the potential benefits whilst minimising the associated risks and this needs

to be addressed in future work.

Rapa is a new immunosuppressant that appears as effective as CyA at preventing AR
in humans without the nephrotoxic properties of this agent”***, Furthermore there is
experimental evidence both from in vitro and in vivo work that Rapa may reduce the
development and progression of histological changes associated with CAN (Chapter
2). However there have been few studies investigating the effect of Rapa on human
CR / CAN. At the inception of this current work it was hoped that the addition of
Rapa following CyA dose reduction would produce additional benefits for patients
but the results do not support this. Renal function continued to deteriorate in this
group. The reduction in TGFP following CyA dose reduction alone was not seen and
collagen III expression increased in both glomeruli and interstitium. Like CyA dose

reduction alone expression of genes involved in ECM degradation was also enhanced
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although in contrast ECM Sirius red staining in Rapa patients remained constant
rather than being reduced. The combination of reduced dose CyA and Rapa appears to
have attenuated the functional, molecular and histological benefits seen after CyA
dose reduction alone. It has transpired in the last 12 months that the higher doses of
Rapa and CyA used in denovo allograft recipients in the US multicentre trial was
associated with worse renal function than controls®*®. There is good in vivo and
human data to suggest that Rapa alone is not nephrotoxic at treatment doses and thus
it has been suggested that the combination of Rapa and CyA may enhance the
bioavailability and hence nephrotoxic effects of CyA, possibly at tissue level’?®. There
is only limited experimental evidence to support this theory and work is underway to
characterise the interaction between CyA and Rapa further. Although the doses of
CyA and Rapa are lower in this study, allografts with impaired renal function
secondary to CAN are particularly susceptible to nephrotoxicity and a similar

explanation may account for the current findings.

Although the results from this thesis do not encourage the addition of Rapa in humans
taking reduced dose CyA, several small studies in patients with chronic allograft
damage have reported encouraging results with CyA elimination and the addition of
Rapa®*®#%_ This takes advantage of the immunosuppressive and antiproliferative
properties of Rapa as well as avoiding the nephrotoxicity of CyA and is thus
potentially beneficial with respect to CAN on two accounts. Such regimens may well
provide the best hope for the attenuation of CAN over the next decade but will require

alarge RCT to prove their efficacy and safety before use becomes widespread.

166



Appendix A
Appendix B
Appendix C
Appendix D
Appendix E

Appendix F

Appendices

Dynabead extraction of mRNA
Reverse transcription

Polymerase chain reaction

Agarose gel electrophoresis

Enzyme linked immunosorbent assay

Sirius red staining

167



10.

11.

Appendix A: Dynabead extraction of mRNA

Sample Preparation

Glomerular and interstitial samples were stored at 4°C in individual eppendorf
tubes containing 100l of Lysis binding buffer until required.

All equipment used was made mRNA ‘free’ by immersion in H,0, for 20
minutes before rinsing with DEPC water (1L DEPC water: 1 ml DEPC, 1 L
sterile distilled water).

Samples were homogenised for 2 minutes using a "Pellet Pestle." and pressed
at least 3 times through a 21-gauge needle attached to a 1 ml syringe.

5 pl of 1 mg/ml proteinase K (1 mg proteinase K in 1 ml 0.05 M Tris pH 7.65)
was added to the biopsy lysate and this was then incubated for 1 hour at 37°C.

The lysate was then centrifuged for 1 minute at 10,000 g to pellet any debris
and this was then aspirated and discarded.

Dynabead Preparation

10 pl Dynabeads were dispensed into a sterile Eppendorf and pelleted by
exposure to a magnetic field (Dynal MPC) for 10 seconds until the supernatant
was clear.

The supernatant was removed and the dynabead pellet was resuspended in 20
ul of Lysis/Binding Buffer (50 ml Lysis/Binding Buffer: S ml 1 M Tris pH
8.0, 1 ml of 0.5 M EDTA pH 8.0, 1.06 g LiCl, 5 ml of 10% LiDS/ SDS, 250 pl
of 1 M DTT, 38.75 ml DEPC water).

Steps 6 and 7 were repeated once.

The Dynabead pellet was subsequently resuspended in 10 ul of Lysis/Binding
Buffer.

Extraction of mRNA

The biopsy lysate was added to the Dynabeads taking great care avoid transfer
of any small particles of debris not previously identified. The mixture was
allowed to anneal for 10 minutes at room temperature.

The Dynabeads were then pelleted using the Dynal MPC for 10 seconds and
the supernatant discarded

The Dynabeads were then mixed thoroughly with 50 ul Washing Buffer +
LiDS (50 ml Washing Buffer + LiDS: 0.5 ml of 10% SDS, 49.5 ml Dynal
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Washing buffer) before they were pelleted until the solution was clear and the
supernatant discarded. This step was repeated once.

12. The Dynabeads were subsequently mixed with 50 pl Washing Buffer (50ml
Washing buffer: 0.5 ml 1 M Tris pH 8.0, 0.1 ml of 0.5 M EDTA pH 8.0, 0.318
g of LiCl, 49.4 ml DEPC water) before they were pelleted once again and the
supernatant discarded. This step was repeated twice.

13. The remaining Dynabead pellet was resuspended in 10ul of DEPC labelled
water prior to reverse transcription.
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Appendix B: Reverse transcription

. The dynabeads suspended in 10ul DEPC water were known as the RT+
sample. 6.5 pl DEPC-treated water was pipetted into a second 0.5 ml
Eppendorf and 2 pl of Dynabeads from the RT+ sample added to this. This
was known as the RT- sample.

. An RT mastermix (5 pl AMV RT 5X buffer, 2.5 ul 10 mM DEPC-treated
dNTPs (2.5 ml DEPC treated dNTPs: 250 ul dATP, 250 pl dTTP, 250 pl
dCTP, 250 ul dGTP, 1500 pl DEPC water), 0.6 ul 40 U/ul Rnasin (25 U), 8.4
ul DEPC-treated water per reaction) was made and 16.5 ul added to each RT-
sample.

. Into the remainder of the mastermix, 0.5 pl of 10 U/ul AMV RT (5 U) was
added for every RT+ sample and 17 pl added to each RT+ sample.

. Samples were mixed well and incubated at 42°C for 1 hour using the thermal
cycler. In order to confirm the efficiency of mRNA extraction and reverse
transcription, a PCR was performed and the products identified by agarose gel
electrophoresis.

. Samples were subsequently stored in 24 pl 1x TE buffer (100 ml 1xTE buffer:
0.1211g Tris, 0.0372g EDTA, 0,5ml1 DEPC water and adjust with 1M HCL to
ph 8.0, 99.5 ml DEPC water) at 4°C.
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Appendix C: Polymerase chain reaction

. AJ 10X buffer 2ml AJ 10 X buffer: 900 ul of 1 M Tris pH 8.8, 220 pl of 1 M
(NH4),S04,90 pl of 1 M MgCl,, 40 pl each of 100 mM ultrapure
dATP/dGTP/dCTP/dTTP, 110 pul of 20 mg/ml ultrapure BSA, 8.8 pl of 1 mM
EDTA pH 8, 501.8 pl of sterile distilled water, 9.4 ul of neat -
mercaptoethanol) was prepared. This was mixed thoroughly and then
centrifuged at 3000-4000 g for 1 minute to pellet precipitated BSA (an
inhibitor of PCR) which was removed.

. A PCR mastermix was prepared (5 pl AJ 10X buffer, 2 pl of 5 pmol/pl
forward + reverse primer mix, 0.1l Jumpstart Taq (10U/pl) and 41.9 pl
sterile distilled water per sample).

. The Dynabeads were pelleted using the Dynal MPC, the supernatant
discarded, and then resuspend in 1 X TE buffer to the correct volume
(depending on the volume of dynabeads already used).

1 or 2 ul (depending on efficiency of mRNA reaction and reverse
transcription) from each RT+ sample was pipetted into an eppendorf. If 2 ul
was used the dynabeads were pelleted using a Dynal MPC and 1ul of
supernatant removed thus doubling the concentration of dynabeads in the
remaining 1pl.

. 49 pl PCR mastermix was added to each sample.

PCRs to check the quality of an mRNA extraction utilised both RT- and RT+
samples. Once this was confirmed experimental PCRs used only RT+
samples.

. A water blank containing a complete reaction mixture, but without the
Dynabeads, to check for contamination of AJ buffer, primers, water and Taq
was run for each experiment.

. A positive control containing 1 ul 1:100000 pure DNA (specific for the
primers used) with 49ul PCR mastermix was also run for each experiment.

A drop of mineral oil was placed over each sample at this stage in order to
prevent evaporation. Samples were then transferred to the thermal cycler and
PCR process initiated using the appropriate program (See optimal cycle
number and temperature settings).
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Appendix D — Agarose gel electrophoresis

. Casting trays were prepared

. 100 ml of 1x TAE (1 litre 50x TAE: 242 g Tris, 842.9 ml sterile distilled

water, 100ml of 0.5 M EDTA, 57.1 ml glacial acetic acid. To make 1x TAE
dilute 50x with sterile distilled water) was mixed with 3g of agarose in a
conical flask to make a 3% solution.

. This was microwaved at full power for 3 minutes to form a gel. 15 pl of
ethidium bromide solution (20 ml ethidium bromide solution: 0.2 g ethidium
bromide, 20 ml sterile distilled water) was added and the gel was poured into
the casting tray to set.

. The gel was then submerged in an "electrophoresis" tank of 1 X TAE and 15-
20 pl of ethidium bromide added at the "positive electrode" end of the tank.

. A series of Eppendorf tubes were arranged and 15ul of DNA from each PCR
sample was mixed with 2 pl of 5x loading buffer (20 ml 5x loading buffer: 20
mg bromophenol blue, 8 ml sterile distilled water, 2 ml of 50 x TAE, 10 ml
glycerol) in each of these.

. 15pl of each sample + loading buffer was pipetted into individual wells in the
agarose gel and a further well was filled with 15ul of 100 bp ladder.

. A DC current of 150V was applied across the gel for 45 minutes.

. The gel was subsequently photographed under ultraviolet illumination to
confirm the success of the PCR reaction and to rule out contamination
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Appendix E — Enzyme linked immunosorbent assay

End Labelling of Oligonucleotides with Digoxygenin

10 pl of the 10 pmol/ul oligonucleotide probe of interest was pipetted into a
0.5 ml Eppendorf.

A labelling mastermix was made up by mixing 4 ul Boehringer TdT 5X
buffer, 2 ul of Boehringer 25 mM CoCl,, 2 ul of 1 mM Digoxigenin-11-dUTP,
1 pul of 10 mM dATP and 3 pl of 15U/pl Boehringer rTdT.

This was added to the probe and incubated at 37°C for 15 minutes.

The labelling reaction was halted with 1 pl of 0.2 M EDTA and 77 pl of
ultrapure water was added to give a final labelled oligonucleotide probe
concentration of 1 pmol/pl oligo.

This was stored in 25l aliquots at —20°C until required.

Controls

A number of controls were used for each ELISA plate in order to ensure that the
results were accurate:

a. A substrate only blank, (SOB) i.e. an untreated pre-streptavidinylated well

b. A PBS/BSA blank, (PBS) i.e. no DNA added

c. A non-specific binding control for each probe used, (NSB) i.e. an equivalent
dilution of unrelated test DNA instead of the target DNA (e.g./# actin instead
of GAPDH)

d. A positive DNA control for each target DNA tested, (POS) i.e. an equivalent
dilution of the same DNA species, previously amplified and then frozen in
aliquots

e. A positive plate/enzyme control, (PLATE) i.e. a 1:10 dilution of digoxigenin-
labelled biotinylated PCR primer

DNA Binding

A 1% solution of PBS/BSA was made up (0.3g BSA added to 30mls PBS).
100 pl PBS/BSA was added to each well, except SOB, and left for 15 minutes
at room temperature before aspiration of each plate using the Labsystems

Wellwash Ascent leaving each well dry.

25 pl PBS/BSA was then added to each well of the plate, except SOB and 2 pl
of PCR product or DNA positive, or unrelated DNA, or diluted digoxigenin-
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labelled biotinylated primer, added to the appropriate wells. A further 75 pl
PBS/BSA was pipetted into each well except SOB and left for 30 minutes at
room temperature.

100 pl of 0.25 M NaOH was then added to each well except SOB and left. for
10 minutes at room temperature.

The ELISA plate was subsequently washed 3 times with Amersham wash
buffer (1L Amersham wash buffer: 200 pl Tween 20, 1L PBS), using the
Labsystems Wellwash Ascent, leaving each well dry.

The appropriate probe labelled with digoxigenin (see above) was further
diluted to 0.2 pmol per 100 pl of Rapid Hyb buffer and 100ul of this solution
added to each well except SOB and PLATE. 100 pl neat Rapid Hyb buffer
was added to PLATE. The ELISA plate was then covered with labfilm and
incubated for 2 hours at 42°C.

Immunosorption

The ELISA plate was washed 3 times with Amersham wash buffer, using the
Labsystems Wellwash Ascent, leaving the wells dry.

Anti-digoxigenin-antibody was diluted 1:500 in PBS/BSA and 100 pl added to
each well except SOB and BSA.

After 30 minutes at room temperature the ELISA plate was washed 3 times
with Amersham wash buffer, using the Labsystems Wellwash Ascent, leaving
the wells dry.

DEA (1L DEA: 105 ml (99%) diethanolamine, 800 ml distilled water adjusted
to pH 9.8 using concentrated HC1 and then made up to 1 litre with purified
water) was prewarmed to 37°C and 5mg PNPP were dissolved per 5 ml DEA
used.100 pl of this solution was added to each well and the ELISA plate
incubated for 1-5 hours at 37°C.

The colour of each well on the ELISA plate was subsequently measured at
405 nm with a 630 nm differential using the Labsystems Multiskan EX.
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Appendix F — Sirius red staining

Paraffin sections baked at 37°C overnight were deparaffinized and hydrated
by immersing them in the following solutions:-.

2x xylene for 5 minutes

2x 100% ethanol for 2 minutes

1x 95% ethanol for 2 minutes

1x 80% ethanol for 2 minutes

1x 60% ethanol for 2 minutes

o a0 o

These sections were bathed in 0.1% Picrosirius red solution (100ml 0.1%
Picrosirius red solution: 10 ml 1% Sirius red (0.1g Sirius red, 10ml sterile
distilled water), 90 ml saturated picric acid (3g picric acid, 90 ml sterile

distilled water), picric acid crystals added to saturate solution (pH 2.0)) for 12

hours.

Subsequently they were immersed in 0.01 M HCI for 2 minutes before
dehydration by in 1x 70% ethanol for 45 seconds, 1x 80% ethanol for 2
minutes, 1x 95% ethanol for 2 minutes, 2x 100% ethanol for 2 minutes each
and 2x xylene for 2 minutes each.

Sections were then mounted with DPX mountant and coverslips.
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