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Summary and General Discussion

Despite major improvements in immunosuppressive agents and a reduction in
acute rejection episodes, there has been no significant improvement in overall
kidney transplant survival beyond the first 3 months after transplantation '. Up
to sixty percent of all renal allografts are lost within 10 years after
transplantation. Apart from death, the main cause of graft loss is chronic allograft
nephropathy (CAN)23. CAN is characterized by the deterioration of graft function
and structure as a consequence of immunological processes (i.e., chronic
rejection) and/or a variety of often co-existing non-immunological factors that
include: advanced donor age, ischemic injury to the graft during implantation,
chronic calcineurin inhibitor induced nephrotoxicity, hypertension, reflux,
infection, increased ureteral pressure, and glomerular hyperfiltration. The initial
histological characteristics of CAN are the presence of tubulointerstitial fibrosis
and tubular atrophy (IF/TA) 4. Over time, additional features evolve including
vasculopathy, glomerulopathy, and glomerulosclerosis.

Unfortunately, functional studies significantly underestimate the incidence of
graft injury. One of the largest studies with repeated protocol biopsies clearly
showed that CAN is a process that develops early after transplantation. Up to
94% of protocol biopsies obtained one year after renal transplantation exhibited
IF/TA in patients with stable graft function . In addition, Solez et al. have
shown that 2 years after transplantation two thirds of all kidney allografts exhibit
CAN without deterioration of renal function ¢. The most significant predictors
for the development of CAN were the occurrence of acute rejection episodes,
acute calcineurin toxicity, and the initial quality of the transplanted kidney.
Often, the first clinical sign of CAN is the progressive decline in renal function
as measured by increasing serum creatinine or the development of overt
proteinuria 2. Although renal function correlates with glomerulosclerosis,
unfortunately the clinical tests currently available for renal function are not
sensitive enough to detect early lesions associated with CAN. Inulin and
iothalamate clearances are more reliable and precise techniques for measuring
renal function, but they are expensive, difficult to perform, and time consuming;
thus they are unlikely to become routine in daily practice. This situation has
given rise to intensified interest in studies using protocol biopsies that may
identify surrogate markers and provide insight into the development of CAN.
Ideally, a surrogate marker is minimally invasive and amenable to frequent
assessment. However, the least invasive markers in blood or urine samples can
only identify qualities and quantities of structural lesions in the renal allograft
that typically occur in the advanced stages of disease. Currently, protocol
biopsies are considered ‘the gold standard’ for discovering novel surrogate
markers that better predict long-term outcomes for patients.

In this thesis, we focused on identifying molecular markers in kidney transplant
biopsies that could predict long-term allograft survival. The identification of
molecular markers provides a means for superior monitoring of the transplant
condition in order to maintain drug efficacy and limit drug-related
nephrotoxicity. Moreover, potential new therapeutic targets might be discovered
for developing therapies that improve long-term graft survival.
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In chapter 2, a methodological study was described that focused on the
optimization of several steps in the protocol for the extraction and handling of
RNA from renal cortical tissue. We found that the Trizol method was superior
to the NP40 method with RNeasy spin columns and the Trizol method allowed
storage for up to two months at -70°C without affecting RNA integrity. We then
found that ¢cDNA synthesis could be enhanced by using AMV reverse
transcriptase; this provided a better yield of cDNA compared to Sensiscript®
and Superscript RT. Degradation of mRNA is due to exposure to RNase enzymes
during the processing and storage of RNA. Therefore, tissue should be snap-
frozen immediately to maintain mRNA integrity. We found that during storage
and processing at room temperature, incubation of renal tissue in RNA/ater
proved beneficial to RNA integrity in whole cortical tissue. We were able to
detect two-fold more mRNA in the glomeruli of microdissected cortical tissue
treated with RNA/ater compared to the glomeruli of untreated tissue. However,
light microscopy and immunofluorescence revealed that tissue integrity was
diminished after RNA/ater treatment; thus it may not be practical to use this
solution in routine diagnostic practice. This study highlights the need for an
optimal mRNA preservation method that facilitates mRNA expression studies
in routine diagnostic practice.

In chapter 3, we compared the fibrogenic effects of cyclosporine (CsA) and
tacrolimus (Tac) at the mRNA and the protein levels in transplant protocol
biopsies of cortical tissue. The biopsies were from rejection-free patients that
were exposed to tailored regimens of these drugs. Since the introduction of
calcineurin inhibitors in the early 1980’s, there has been a reduction in the
occurrence of acute renal transplant rejection episodes '. However, calcineurin
inhibitors are nephrotoxic and long-term use can lead to the development of
CAN and result in loss of graft function 78. Previous studies have shown that
CsA exerted a fibrogenic effect on the kidney °; however, there was no conclusive
evidence that Tac had the same effect 2'°. It has also been shown that calcineurin
inhibitors caused nephrotoxicity in the form of fibrosis brought about through
the induction of TGF-B in the kidney ''-'3. Thus, TGF-B can mediate the
nephrotoxic effects of CsA, in accordance with its capacity to induce extracellular
matrix (ECM) deposition 416,

To investigate the fibrogenic effect that CsA and Tac exert in renal allografts,
we employed Q-PCR to assess steady-state levels of TGF-B, collagen a1(l), and
collagen a1(lll) mRNA in protocol cortical biopsies. Furthermore, we used com-
puter-aided digital image analysis to measure the extent of protein deposition
of TGF-B, a-smooth muscle actin (a-SMA), and interstitial collagens in the
renal cortex. We found that both CsA and tacrolimus induced an increase in the
expression of fibrogenic molecules over time, and we found no difference bet-
ween treatment groups. These findings suggest that these drugs have similar
effects on the mRNA synthesis of TGF- and collagens a1(I) and a1(lll). A previous
study showed that CsA targeted the promoter of collagen a1(lll) '7 and thus
affected the rate of mRNA transcription. The same may be true for collagen
al(l). It is not clear whether Tac has the capacity to interact with response
elements in the collagen genes.

Thus, in chapter 3 we showed that the extent of TGF-B and interstitial collagen
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protein deposition did not significantly differ in patients receiving CsA or Tac.
From these results, we conclude that in renal allografts the fibrogenic res-
ponse is similar for both calcineurin inhibitors. Future investigations into the
exact mechanisms underlying calcineurin inhibitor induction of ECM deposition
will aid clinicians in adjusting therapeutic strategies to better maintain stable
long-term graft function.

In chapter 4 focused on the investigation of prognostic markers in renal
transplant biopsies taken during an episode of acute rejection. The occurrence
of acute rejection episodes is a major risk factor for the development of CAN 8-
20, Through the use of microarray analyses, we identified several genes that
were associated with the progression to CAN within 5 years after transplantation.
Some markers showed a two-fold difference in expression between patient
groups with different outcomes; these were validated by Q-PCR and
immunohistochemical analysis. Furthermore, in situ hybridization was performed
to localize the cells that expressed the prognostic markers identified. We found
that differences in the mRNA levels of surfactant protein-C (SP-C), S100 cal-
cium-binding proteins A8 (ST00A8), and A9 (S100A9) allowed distinction bet-
ween acute rejections that were associated with stable graft function and acute
rejections that were associated with progression to CAN within 5 years post
transplantation.

This study was the first to show the presence of SP-C in renal transplant biopsies.
SP-C is a molecule that reduces surface tension at the air-liquid interface in
the lung. It was shown to be expressed during embryogenesis of the ureteric
bud 222, SP-C causes amyloid fibril formation in the lung, and thus might be
associated with the development of pulmonary disease 2324, We found that
increased SP-C expression was associated with progression to CAN, suggesting
that it may represent a process of tissue remodeling. In this study cohort we
also showed that increased mRNA expression of STO0A8 and S100A9 in acute
rejection biopsies were associated with stable graft function at 5 years post
transplantation. These molecules have been shown to play a role in wound
repair, and may contribute to TGF- and IL-10 mediated inhibitory effects on
macrophages and lymphocytes 25-27. It remains to be clarified whether the
presence of these markers in renal transplant protocol biopsies may be of
predictive and therapeutic value. Currently, studies in a STO0A9 knock out
mouse model are underway to investigate the roles of STO0OA8 and ST00A9 in
fibrogenesis.

In chapter 5 we investigated whether EMT-related markers were associated
with early renal transplant fibrosis in protocol biopsies. Tubulointerstitial fibrosis
results from the disruption of homeostasis in the extracellular matrix (ECM) 28.
Differentiated myofibroblasts are key players in the homeostasis of ECM during
tissue repair, but they can also cause an overt accumulation of ECM that results
in interstitial fibrosis 2°. It was recently proposed that the epithelial cell transition
into an ECM-producing mesenchymal phenotype (EMT) may be involved in the
development of fibrosis 3°-32, To investigate this pathway, we used the mole-
cule ST00A4, homologous to mouse fibroblast specific protein-1, to identify
the mesenchymal phenotype. We first optimized a double stain (with Alexa®
Dyes) that included a tubular epithelial marker and the mesenchymal marker,
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S100A4. We investigated the colocalization of these markers in ten renal
transplant biopsies. Some were obtained on clinical indication (showing acute
rejection, ischemia, or acute tubular necrosis) and some obtained via protocol
after transplantation (showing either fibrosis or no obvious morphological
alterations). Only three out of the ten evaluated biopsies showed colocalization
of STO0A4 and the tubular epithelial marker, indicating EMT: one showed remains
of acute tubular necrosis, one protocol biopsy without morphological
abnormalities, and one protocol biopsy showed fibrosis. These findings were
not sufficiently conclusive to indicate an association between EMT and a
particular type of damage or lesion.

When the whole cohort of protocol biopsies at 6 and 12 months were assessed
for the percent of area stained by TGF-B, BMP-7, S100A4, and o-SMA antibodies,
we found that none of the markers predicted renal function over time. However,
in 6-month and 12-month biopsies, increased TGF-B staining was associated
with reduced scores for tubular atrophy. In addition, increased o.-SMA staining
at 6 months was associated with increased tubular atrophy scores. Bone
morphogenic protein-7 (BMP-7) is a natural antagonist of TGF-f . Accordingly,
we found a positive relationship between the protein deposition of these markers
at 6 and 12 months. Both ST00A4 and a-SMA are markers for a mesenchymal
phenotype; thus, it was not surprising to find that the protein expression of
these markers correlated with each other at both time points. Due to the absence
of an indisputable relationship between the expression of EMT-markers and
renal function or histomorphology, we concluded that EMT does not play an
evident dominant role in the development of early renal transplant fibrosis.
Following the protein expression study described in chapter 5, in chapter 6 we
investigated EMT at the mRNA level. We used protocol biopsies obtained at 6
months in the same patient cohort. Here, we compared the 6 month protocol
biopsies from patients with improvement in renal function between 6 and 24
months to patients with deterioration in renal function. Interestingly, we found
that improvements in renal function were associated not only with an increase
in STO0A4 mRNA expression, suggesting an increase in EMT, but also an increase
in TGF-B, collagen al(l), and collagen al(lll) mRNA expression, indicating an
increase in ECM production.

These results go against the current dogma presented in the literature that
EMT in the kidney contributes to the development of interstitial fibrosis leading
to long-term graft failure. There are two main points that may explain the
discrepancy between our findings and those from others. First, the biopsies in
our study were obtained according to protocol from patients that received a
tightly controlled immunosuppressive regimen. These might not be comparable
to biopsies used in other studies as those biopsies were obtained based on
clinical indications and at an advanced state of disease. Second, we obtained
the biopsies at 6 months after transplantation. It is known that renal function
improves and stabilizes within the first year after transplantation. The results
presented in this study might therefore represent a process of connective tissue
remodeling. This hypothesis is illustrated in Figure 1. In response to
environmental changes in the kidney, for example ischemia, damaged tubular
epithelial cells may either de-differentiate (EMT) into cells that express
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Figure 1. Speculative schematic illustration of a possible role for EMT in the renal
allograft.

ECM: extracellular matrix, EMT: epithelial to mesenchymal transition, MET:
mesenchymal to epithelial transition, ST00A4: human homologue to fibroblast specific
protein-1, o—-SMA: a-smooth muscle actin.

myofibroblastic markers like vimentin and S100A4, or may enter into apoptosis.
The cells that de-differentiate produce ECM proteins, including collagens, and
aid in tubular regeneration; thus they help restore kidney tissue architecture
and function. After restoration of the kidney, the tubule cells that transiently
expressed myofibroblastic markers revert to functioning tubule cells by entering
the mesenchymal to epithelial transition (MET). Under extreme conditions, when
environmental damage persists, most of the tubular epithelial cells that
expressed myofibroblastic markers eventually enter into apoptosis, thus
contributing to tubular atrophy. The small fraction that does not enter into
apoptosis may permanently change into a mesenchymal phenotype. These cells,
together with mesenchymal cells acquired through local proliferation and
recruitment from bone marrow, will produce extracellular matrix molecules
and thus contribute to the development of interstitial fibrosis. The result of
(extreme) persistent environmental damage is the development of IF/TA, the
initial histological characteristic of CAN, and eventually the deterioration and
loss of renal allograft function.

The results presented at the mRNA level in chapter 6 are not completely con-
sistent with the results presented at the protein level in chapter 5. First and
foremost, the relationships presented at the mRNA level were significant, but
not strong, and results at the protein level were insignificant. We therefore
challenge the notion that EMT plays a dominant role in the development of
early interstitial fibrosis in human renal transplants.
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Through the work in this thesis, we aimed to identify key factors that would
help develop therapies that maintain long-term renal allograft function. We
have found several prognostic markers that require further evaluation and testing
in larger patient cohorts. Future research should focus on the crystallization of
the role of (acute) rejection and its mediators in the development of interstitial
fibrosis and subsequent renal function deterioration. In addition, future stu-
dies should aim to elucidate the role of calcineurin inhibitors in the development
of fibrosis.

Future Perspectives

Chapter 3 was devoted to the investigation of the differences in the fibrogenic
potential of the calcineurin inhibitors CsA and Tac. In this study we showed
that there was no difference between the calcineurin inhibitors in the expression
of fibrogenic markers either at the mRNA or the protein levels. Another way to
interpret these results is that both calcineurin inhibitors have a fibrogenic ef-
fect that is associated with increased ECM production, leads to the development
of interstitial fibrosis, and eventually leads to loss of renal function %910,
Calcineurin is a signaling molecule made up of two subunits, the catalytic A
subunit and the regulatory B unit. The calcineurin inhibitors, CsA and Tac,
target the catalytic A subunit of calcineurin 3334, This A subunit has three
isoforms, a, B, and y. The Ayisoform is mainly found in testis and brain, and the
Ao and Ap isoforms are found in most tissues 3*. Mouse models lacking either
the Ac or the AB isoform have been developed 333, Mice lacking the Ap isoform
exhibit a defective immune response that is similar to that exhibited by mice
after administration of CsA. Indeed, Bueno et al. have shown that calcineurin
AB plays a critical role in the development and function of lymphocytes 3.
Isoform Aa—null mice have a short, infertile lifespan and exhibit failure to thrive.
The Aa-null mice also exhibit impaired kidney function and increased collagen
deposition 37. Furthermore, inactivation of calcineurin Ao has been shown to
cause an increase in fibronectin expression in fibroblasts in culture. This increase
was accompanied by an increase in active TGF-f 38. Heterozygous mice that
lacked only one allele of the Aa isoform developed histological changes and
ECM deposition similar to those associated with progressive nephrotoxicity in
patients 32,

With the current understanding of calcineurin isoforms and their function, three
distinct research paths can be pursued. First, the area under the concentration-
over-time curves of calcineurin inhibitors should be linked to the levels of
MRNA expression of individual calcineurin isoforms in cortical renal allograft
tissue. Through analyzing mRNA steady-state levels of the calcineurin isoforms
it might be possible to assess which concentration of calcineurin inhibitor is
potent enough to prevent an acute rejection episode without causing the
development of interstitial fibrosis. Second, a noninvasive method should be
developed to assess the expression levels of individual calcineurin isoforms.
For example, urine proteomics could be used to investigate urine calcineurin
isoform concentrations, and thus allow clinicians to optimally dose therapy.
Finally, more research should be directed towards the development of new
immunosuppressive drugs that specifically target the calcineurin AB isoform.
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This may further increase long-term survival by diminishing the negative side
effects observed with conventional calcineurin inhibitors that target both the o
and B isoforms.

Identification of the underlying cause of the slow development of interstitial
fibrosis and tubular atrophy in renal allografts remains a major objective of
many research groups. One potential mechanism that might be involved in this
process is the silent presence of cytotoxic T-lymphocytes that induce apoptosis
and thus promote tubular atrophy and subsequent deterioration of graft
function. It was previously shown that a higher percentage of cells contained
cytotoxic granule protein GMP-17 (TIA-1) in allograft biopsies that exhibited
acute cellular rejection compared to biopsies that represented other histological
diagnoses 3. Eighty percent of the TIA-1 positive cells were cytotoxic T-cells;
the remainder were T-helper cells, natural killer cells, and macrophages. Re-
search directed towards quantifying the presence of cytotoxic T-cells in
sequential renal transplant protocol biopsies might provide insight into the
mechanisms underlying the development of CAN. A double-stain assay using
TIA-1 with a background stain of Sirius red could be performed on paraffin
sections to analyze the localization of TIA-1 positive cells in different cortical
compartments “°. In addition, changes in the number of TIA-1 positive cells in
atrophic tubules might be associated to the Banff score for chronic changes in
follow-up biopsies. Furthermore, the presence of intra-epithelial TIA-1 positive
cells in biopsies of patients with stable graft function might be a predictor of
renal function over time.

The results presented in this thesis contribute to the search for prognostic
markers for renal allograft outcome. In the future, through the combined efforts
of the different subspecialties involved in treating renal transplant patients,
more strategies can be designed for maintaining stable graft function and
prolonging graft survival. Standardized methods in the histomorphological
evaluation of the renal biopsy and in serum creatinine assessment should be
combined with novel methods including urine genomics, proteomics, and/or
metabolomics to identify therapeutic targets and subsequently guide and mo-
nitor therapeutic interventions. This interdisciplinary approach is likely to
facilitate the ambitious goal of improving long-term renal allograft survival for
our patients.
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