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Statement of the problem: Although short-term graft survival in renal transplantation has

improved substantially and the incidence of acute clinical rejection episodes decreased

significantly, the long-term graft survival has not. At present, the diagnosis of acute

rejection can only be made by a renal allograft biopsy, which is expensive, inconvenient,

has some associated morbidity and can therefore not be performed on a regular basis (e.g.

weekly). Non-invasive immune monitoring of the rejection process would benefit patients

by allowing frequent measurements to adjust immunosuppressive drugs to the needs of

individual patients. The aim of this project is to test the hypothesis whether proteomic

technology can identify candidate urine proteins associated with renal allograft rejection.

Methods: For this purpose we used a surface-enhanced laser desorption/ionization time-

oÊflight mass spectrometer (SELDI-TOF-MS) to profile urine samples from rigidly

defined patient groups based on allograft function, clinical course, and allograft biopsy

results.

Results: We found that the SELDI-TOF-MS is a high throughput technology with a good

reproducibility, however, standardization of analysis conditions is essential, and both

ertrinsic (e.g. urine storage) and intrinsic factors (e.g. blood in urine, first-void vs. mid-

stream urine, urine dilution) must be taken into account for accurate data interpretation.

Urine protein profiling of clinical samples showed three prominent peak clusters in 94Yo

of patients with acute rejection episodes, but only in lSYo of patients without clinical and

histological evidence for rejection and in none of the normal controls. In addition, the

presence or absence of these peak clusters correlated with the clinico-pathological course

in most patients. Identification by mass spectrometry revealed that all peaks could be

assigned to a non-tryptic cleaved form of p2-microglobulin with very high confidence.
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Conclusions: The presence of cleaved p2-microglobulin in urine is most likely to be

associated with tubular epithelial cell stress/injury induced by allograft rejection. Further

research efforts will concentrate on the development of an ELISA to reliably measure

cleaved B2-microglobulin as well as the determination and enzymatic measurement of the

involved proteinase(s). After validation, such assays may prove to be useful for non-

invasive monitoring of tubulointerstitial renal allograft rejection.
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2.ll Sisnificânce of reiection eoisodes and over-immunosuppression for long-term

alloeraft and oatient survival

Although short and long-term kidney allograft survival has improved substantially from

1988-1996 (1), this trend did not continue from 1995-2000 (2). Specifically, despite a

continuous decrease in reported acute clinical rejection rates within the l't year post-

transplant in the latter period, death-censored allograft survival even diminished (2). This

was attributed to "a higher proportion of acute rejection episodes which have not resolved

with full functional recovery in recent years" (2), but it may also be due to undetected -

and therefore not treated - rejection episodes (i.e. subclinical rejection) which harm the

allograft over time.

Both immunological and non-immunological (e.9. calcineurin-inhibitor (Cl.ü)-

toxicity, hypertension, recurrent disease) factors contribute to a continuous deterioration

of allograft function, which is referred to as chronic allograft nephropathy (CAN) (3)

Acute allograft rejection is the major immunological risk factor for developing CAN (4,5).

However, as stated above there remains a consistent rate of late graft loss due to CAN

with or without previous acute clinical rejection episodes suggesting the existence of

subtle and'subclinical' degrees of graft inflammation that are capable of progressing to

CAN. Indeed while non-immunological factors may play a role, a recent analysis found

that immunological factors were strong correlates of declining graft function beyond 6

months (6).

Currently about 50Yo of renal allografts are lost due to patient death with a

functioning graft. These patients died mainly from cardiovascular diseases and

malignancies (7,8). Indeed, the incidence of many cancers is increased compared to age-
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matched general population, ranging from 2-fold for colon cancer to 2O-fold for non-

Hodgkin's lymphoma and 90-fold for non-melanoma skin cancers (9). Furthermore, the

risk for developing a fatal or non-fatal cardiovascular event is 2-fold increased compared

to the age- and cardiovascular risk factors-matched general population (10). These

findings may be explained by more potent immunosuppressive regimens used to date,

which increase cardiovascular risk factors (e.g. hypertension, hypercholesterolemia) and

malignancy development. In addition, new emerging opportunistic viral infections such as

polyomavirus BK-type nephropathy (11,12) underscore the observation that over-

immunosuppression may have increased in current years. With this concern in mind, there

has been a recent interest in the implementation of strategies that reduce the net

immunosuppression delivered to the patient by avoidance, minimization, withdrawal or

substitution drug protocols (13). The problem with such strategies, however, is that there

has been to date no way other than a renal allograft biopsy of ascertaining whether the

graft is free of rejection, and several attempts at reducing immunosuppression have been

followed by acute rejection episodes.

Therefore, the individualisation of the immunosuppressive therapy tailored to the

needs of every patient at every time point is a major goal. To achieve this, tools to monitor

the rejection process in the allograft are mandatory. However, this is complicated by the

complex and often redundant biology of allograft rejection.
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2.2) Immunobiolosv of renal allosraft reiection

Rejection of an allograft is mainly driven by differences in the major histocompatibility

complex (MHC), but also by differences in 'minor' antigens (e.9. male H-Y antigen,

endothelial antigens) (1a). Therefore only identical twins share all antigens, whereas

MHC-identical persons may still have differences in minor antigens.

From numerous experiments and in vivo observations the immune response to the

kidney allograft can be divided into five phases (Figure 1). The first phase consists of

immediate activation of the innate immune system upon reperfusion of blood through

ischemic tissue. This leads to infiltration of inflammatory cells (e.g. neutrophils,

macrophages), activation and deposition of complement and platelets, upregulation of

adhesion-, MHC- and costimulatory molecules on allograft cells and particularly tissue

residing donor antigen-presenting cells, as well as cytokine/chemokine release from

various cells (15). Subsequently, these changes may trigger activation of the adaptive

immune system. In cadaveric donors, brain death with its associated disturbances in the

circulatory, endocrine and immune system precedes these events and cause injury to the

graft even earlier (16). This may explain the increased incidence of delayed graft function

(DGF), early acute rejection rates and inferior graft survival rates of allografts from

cadaveric donors compared to living donors (1).

The second phase consists of antigen encounter and recognition, where recipient

T-cells recognize allo-antigens presented either by donor-APC (direct allorecognition) or

by recipient-APc (indirect allorecognition) (1a). It has been shown that about 10% of T-

cells are reactive to allo-MHC-molecules, which underscores that the donor-MHc

molecule itself rather than the presented peptide on the donor-APC is responsible for the
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activation of corresponding recipient T-cells. Direct allorecognition is thought to be

mainly responsible for early rejection episodes, but later on donor-APC may become rare

or even all undergo apoptosis. In contrast, indirect allorecognition requires uptake,

processing and presentation of donor-derived antigens by recipient-APc, which needs a

longer period to start up (14). Therefore, indirect allorecognition may largely be

accountable to later rejection episodes and continues to happen over the lifetime of an

allograft.

The third phase involves the differentiation and proliferation of antigen-specific

CD4* and CD8* T-cells. The local microenvironment, the APC and their presented

antigens can influence the differentiation into Thl- and Th2-cells. Some earlier studies

suggested that a Thl-response is associated with rejection, whereas a Th2-response is

protective and favours tolerance (17,18). But even'pure' Th2-responses with eosinophils

as their major effector cell can lead to allograft rejection (19,20,21,22,23,24,25,26). Most

often there is a mixture of Thl and Th2 cells and their relative amount may determine

through a complex and redundant signalling process (e.g. INF-y,IJ..-4,IL-5, IL-13), which

effector cells are stimulated and activated. Both antigen encounter/recognition and

differentiation/proliferation of T-cells happen in secondary lymphoid organs (i.e. lymph

nodes, spleen) and are necessary for the adaptive immune response. This is supported by

an experiment in mice, where vascularized transplants were accepted indefinitely in the

absence of secondary lymphoid organs (27). The responsible mechanism was shown to be

immunologic ignorance and not tolerance.

The fourth or effector phase can be divided into cellular and humoral rejection

responses (2S). The cellular rejection involves mainly cytotoxic CD8* T-cells (CTL),
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macrophages and CD4* T-cells. CTL can kill target cells through Fas-FasL interaction or

through secretion of perforin and granzyme B, macrophages through secretion TNF-c¿ and

CD4* T-cells through Fas-FasL interaction. Even eosinophils are able to injure and kill

graft cells through release of toxic molecules (e.g. major basic protein). There is some

evidence that the presence of many eosinophils in the graft is associated with a poor

outcome (22,23,29,30). Whether the increased presence of eosinophils in the graft itself is

responsible for the poor outcome or whether they are only an indicator of a stronger

activation of the whole effector phase is unknown. Cellular rejection (i.e. CTL,

macrophages, CD4* T-cells) is histologically characterized by an interstitial infiltrate with

tubulitis, but it can also lead to arteritis and glomerulitis, which both have vvorse prognosis

than tubulointerstitial rejection (31,32) (Figure 2). Humoral rejection consists of plasma

cell-derived donor-specifrc antibodies against MHC- or other antigens (e.g. endothelial

antigens). The antibodies bind almost exclusively to antigens on endothelial cells of

glomeruli and peritubular capillaries. A-fter binding their targets, the antibodies can either

activate the complement system or they can bind FcyR-bearing cells (e.g. neutrophils and

macrophages) (la). Several mechanisms exist to protect the endothelial cells from being

damaged after binding of the antibodies. The antibody-antigen complex can be removed

from the surface by shedding or internalising. In addition, bound complement can be

inactivated by CD59, CD55, protein I and other complement regulatory proteins (33).

Once activated, complement leads to necrosis of endothelial cells through the membrane-

attack complex (MAC). Most complement proteins are rapidly cleared from the cell

surface after completing their task, but covalently bound C4d is a remnant that is readily

detectable by immunohistochemistry on allograft biopsies and is widely used to døermine

18



Figure 2. Histolory of cellular renal allograft rejection. Cellular rejection is
characferized by tubulitis, interstitial infiltrates and arteritis. T-cells pass through the
basement membrane of tubuli and attack the tubular epithelial cells (white affows in top
left graphic). The interstitial compartment shows diffuse infiltrate consisting mainly of T-
cells and macrophages (top right graphic). T-cells can also target arteries. After passing
underneath the endothelial cells T-cells lead to inflammation of the arterial wall (black
¿urows in bottom graphic).
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complement activation in vivo. Finally, necrosis of endothelial cells exposes the

basement membrane, which activates the coagulation system and the platelets leading to

intravascular microth¡ombi. Pure humoral rejection is almost exclusively seen in patients

with circulating donor-specific antibodies at the time of transplantation and is mostly

detected within the first 1-10 days after transplantation (personal observation by

P.Nickerson, (34)). It is histologically characterized by the presence of neutrophils,

macrophages and microthrombi in peritubular capillaries, glomeruli and rarely arteries,

C4d deposits in peritubular capillaries (33,35,36) and circulating donor-specific antibodies

(28) (Figure 3). Plasma cells are normally not abundant or absent in allograft biopsies, but

their presence is associated with a poor outcome (37,38,39). However, whether the

increased presence of plasma cells in the graft itself is responsible for the poor outcome or

whether they are only an indicator of a stronger activation of the whole effector phase is

unknown.

The fifth and last phase consist of tissue injury and destruction, which is

histologically characterised by tubular atrophy, interstitial fibrosis, fibrous intimal

thickening of arteries and glomerulosclerosis. Robertson et. al. demonstrated that

intratubular T-cells (i.e. tubulitis) can directly induce adjacent tubular epithelial cells to

transform into proliferating fibroblasts that migrate across the tubular basement

membrane, producing fibrotic lesions within the renal interstitium (a0). In analogy, similar

processes lead to fibrous intimal thickening of arteries, which then can decrease perfusion

of downstream tissue resulting in tubular atrophy and interstitial fibrosis (a1). Finally,

glomerulosclerosis follows as a consequence of extensive and permanent damage to the

corresponding tubuli. Whereas the above described immunological processes may be

responsible for most of the tissue damage post transplant, non-immunological processes

20
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Figure 3. Pathogenesis and histolory of humoral renal allograft rejection. A, Donor-
directed antibodies bind their target antigens on endothelial cells. Subsequently, either
complement is activated and/or neutrophils/macrophages bind through their FcyR. Both
pathways lead to endothelial cell necrosis/apoptosis, exposing the basement membrane to
the blood stream, which activates the coagulation cascade and causes platelet
microthrombi formation. B, Histologically, humoral rejection is characterized by
microthrombi and neutrophilslmacrophages in small vessels (i.e. glomeruli and peritubular
capillaries). In addition, immunohistochemistry shows C4d in small peritubular capillaries
as proof of complement activation in vivo.
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(e.g. hypertension, hypercholesterolemia, CNl-toxicity) lead to the same non-specific

histological features, which are currently referred to as 'chronic allograft nephropathy'

(3,28,31) (Figure 4). Therefore, the distinction of immunological from non-

immunological damage is often not possible unless there are concomitant active cell

infiltrates (i.e. tubulitis, arteritis) (42).4 prospective protocol biopsy study found that by

l0 years, severe ch¡onic allograft nephropathy was present in 58% of patients, with

sclerosis in 37Yo of glomeruli (43). Unfortunately, established tubulointerstitial and

glomerular damage is irreversible, resulting in declining renal function and allograft

failure. This underscores the need to prevent early tissue damage from both

immunological and non-immunological processes.

2.3) Diamosis of renal alloeraft reiection

2.3.1) Current clinical practice

At present, the diagnosis of acute rejection can only be made by renal allograft biopsy,

which provides information about the type (humoral vs. cellular) and the severity of

rejection (tubulointerstitial vs. vascular) that can be used to select the appropriate anti-

rejection therapy. Sometimes it is 'practical' in a clinical setting to assume rejection by

excluding other possibilities for graft dysfunction and to treat rejection. Nevertheless,

most kidney transplant centres perform an allograft biopsy when rejection is a concern and

allograft function (measured by serum creatinine) has deteriorated by more than 20-30Yo

from baseline.
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Rejection
- Cellular vs. humoral
- Clinical vs- subclinical

Disease accelerat¡ ng factors
- Hypertension
- Diabetes
- Lipid disorders
- Proteinuria
- Calcineurin-inhibitors

Allograft injury

Ghronic allograft nephropathy
- Tubular atrophy
- lnterstitial fibrosis
- Fibrous intimal thickening of arteries
- Glomerulosclerosis

Figure 4. Pathogenesis of chronic allograft nephropathy. Immunologic factors (i.e.
rejection) and non-immunological factors (i.e. disease accelerating factors and specific
diseases) result in allograft injury. The response to injury is always the same which leads
to non-specific changes histologically charactenzed by tubular atrophy, interstitial
fibrosis, fibrous intimal thickening of arteries and glomerulosclerosis. Any pre-existing
donor kidney pathology may show the same lesions. GN:glomerulonephritis,
CNl:calcineurin-inhibitor, PN:pyelonephritis, BK-NP:polyoma BK-type nephropathy.
Adapted from Halloran PF: Call for revolution: a new approach to describing allograft
deterioratio n. Am J Tr ans p I ant 2: 19 5 -200, 2002.

Specific diseases
- Recurrent or de novo GN
- Drug toxicity (e.9. CNI)
- lnfections (PN, BK-NP)
- HUS

Pre-existing nephropathy of donor
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However, studies by the Winnipeg Transplant Group have demonstrated that the

serum creatinine is an insensitive method for the early detection of renal allograft

pathology. Indeed, the histologic criteria for acute rejection are present in 3-45Yo of

protocol biopsies of renal allografts with stable function ('subclinical rejection')

(43,44,45,46,47). The pathogenic potential of subclinical rejection was demonstrated in a

randomized study in which the treatment of early subclinical rejection with corticosteroids

improved both early and late outcomes (aa). Specifically, there was a decrease in early

(months 2-3) as well as late (months 7-12) clinical rejection episodes, a decrease in the

chronic tubulointerstitial pathological score at 6 months, and a lower serum creatinine at

24 months in those patients randomized to treatment. Finally, similar to acute pathology,

the Winnipeg Transplant Group reported that early chronic allograft pathology, detectable

only by a 6-month protocol biopsy (i.e. graft function was stable), is predictive of both a

subsequent decline in allograft function and time to graft failure (48,49). These data

suggest that early detection and treatment of subclinical inflammation may be required to

decrease the incidence of CAN.

2. 3. 2) Non-invasive immune monitoring post-transplant

With the advent of new immunosuppressive agents it is becoming apparent that a

limitation to the 'gold standard' (i.e. renal biopsy) is the extent of heterogeneity of

inflammation within the allograft resulting in sampling error (Figure 5) (50). To

overcome this obstacle one could take additional cores, use larger biopsy needles or

perform more frequent protocol biopsies. However, clearly this is restricted by patient risk

for complications that limits the frequency with which they can be performed, not to
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One biopsy (two cores)
repres€nts about 0.047o ofthe total organ

Figure 5. Sampling error of renal allograft biopsies. As one biopsy (two cores)
represents only 0.04o/o of the whole allograft, sampling error can occur. In addition, early
rejection may start as a patchy, focal process that spreads over the whole graft as severity
increases. This may lead to a missed diagnosis of early rejection processes.

Two biopsy cores obtained from the same biopsy
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mention the associated cost. An alternative is to further increase the baseline

immunosuppression for all patients, but this carries the known risks of infection in the

short-term, and of drug toxicity and malignancy in the long-term. Therefore, in order to

detect and eventually prevent these early pathogenic lesions, it is important to develop

non-invasive approaches that sample the entire graft and can be performed repeatedly.

Non-invasive monitoring of the immune response directed at the kidney allograft is

constrained to examine cells or proteins from the peripheral blood or urine. Strategies

have broadly taken one of two approaches (51). The first takes advantage of donor-

recipient MHC disparity, the central target of the alloimmune response, to design donor

antigen specific assays. The second strategy is to assess global changes in immune system

components of the recipient. As will be discussed below each approach offers distinct

advantages and disadvantages. Independent of the strategy however, clinical utility will

require that an assay be conducted easily with small volumes of blood or urine and be able

to be repeated frequently.

Antigen specific assays: These approaches have largely employed donor cells as

targets for either recipient T-cells or sera containing antibody targeting donor-MHC. To

date the most successful by far has been the 'cross-match' assay examining pre-transplant

sera for donor specific alloantibodies that target MHC molecules on the surface of donor

T- or B-cells (52). In contrast to antibody assays, donor-specific T-cell assays have not

proven to be as predictive (51). Tests have included limiting dilution assays (LDA), trans-

vivo delayed type hypersensitivity (DTFI) assays, enzyme-linked immunospot (ELISPOT)

assay, flow c¡ometry based detection of cytokines, and tetramer staining. Like the

antibody 'cross-match' assay, the LDA and ELISPOT assays have been successful in

detecting pre-transplant donor-specific T-cell memory that predict risk for early acute
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rejection (53). However, their utility to monitor for acute rejection post-transplant has

been rather limited (5a). While highly specific for donor antigens, the main disadvantages

of these assays are [I] need for repository of donor cells (limits frequency of testing

possible), [II] need for cell expansion (time consuming and labour intensive), [Itr] difficult

reproducibility, [IV] complex interpretation, [V] low sensitivity, [VI] in the case of

tetramers requires availability of a diverse panel with the number of potential donor-

recipient disparities, and [VI{ in the case of trans-vivo DTH the need for alarge number

of animals (51).

Antigen non-specific assays: To date antigen non-specific assay development (via

immuno-phenotyping for immune cell activation markers, cytokine excretion, or mRNA

analysis) has largely been limited to known inflammatory programs that are associated

with clinical rejection (51,55,56,57,58,59,60,61). However, it is unclear whether these

assays will reliably detect the more subtle (subclinical) forms of acute and/or chronic

rejection. The Winnipeg Transplant group attempted to develop non-invasive markers

correlating clinical and subclinical rejection with flow based detection of CD69 up-

regulation on circulating T-cells (i.e. an early T-cell activation marker that we found in the

biopsy infiltrate of acute clinical and subclinical rejection). In this study, CD69 expression

tended to correlate with acute allograft inflammation, however, it was also up-regulated

when even asymptomatic cytomegalovirus (CMV) viremia was present in the blood (62).

This study highlighted the difliculty in using antigen non-specific biomarkers; specificity

is difficult to ensure given that immune markers in blood can reflect inflammation

generated through multiple pathways (i.e. rejection versus infection) occurring at multiple

sites within the patient. In additior¡ T-cells in the circulation may not necessarily be

representative of their abundance within the graft (63). The same problems apply also to
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studies measuring serum proteins secreted by immune cells (e.9. tL-2, IL-6, INF-1).

Although statistically signifïcant differences have been found in patients with or without

acute rejection, the overlap of the two populations was often substantial (59,60) resulting

in either many 'false positives' or many 'false negatives' for a selected cut-off (see also

2.4.t).

Urine as a specimen for immune monitoring offers some potential advantages

compared to serum, because [I] it is in direct contact with the main target of rejection

(tubular epithelial cells), [II] it may represent the whole kidney allograft, and [III] it may

be less confounded by systemic inflammation. However, urine can be very heterogeneous

concerning the amount of cells, the concentration of proteins and the pH. One group used

mRNA measurement of Branzyme B, perforin and CDl03 in urinary lymphocytes to

predict acute renal allograft rejection (57,58); others measured cytokines (60) or

chemokines (61). Yet again, the major problem in these studies was the insuffrcient

sensitivity and specificity, which limits the clinical usefulness of such assays. The

unsatisfactory performances could partially be explained by the rather loose definition of

'no-rejection' in these studies, which was mostly based on stable allograft function

without further support by allograft histology.
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2.4) Develonment of new non-invasive biomarkers for allosraft reiection

2.4.1) Definition and general purpose of biomarkers

'A biomarker may have various uses. An early intervention (or diagnostic) biomarker is

used for early detection of disease to facilitate intervention. A prognostic biomarker is

used to identify patients who may benefit from an intervention' (64). Ideally, a biomarker

has both, diagnostic and prognostic properties, but this is rarely the case.

A diagnostic biomarker is described by its sensitivity, specificity and its receiver

operating characteristics (ROC) curve. ROC-analysis allows finding the best cut-offvalue

to assign the test result to be 'positive' or 'negative'. For clinical decision-making, it is

more important to know the positive @PV; 'true positives') and negative predictive value

(NPV; 'true negatives') than its sensitivity and specificity. This calculation then allows

determination of how many 'false positive' and 'false negative' results the test produces.

These numbers should be as low as possible, because they represent the patients that are

wrongly assigned to have either a 'positive' or a 'negative' test. Besides the -given and

constant- sensitivity and the specificity of a diagnostic test, the prevalence of the target

disease in the screened population largely influences the PPV, the NPV, the number of

'false positives' and the number of 'false negatives'. Therefore, these values should

always be calculated based on the 'true prevalence' of the disease in the screened

population rather than from a selected population, which may over- or underestimate the

'true prevalence' and consequently lead to wrongly calculated PPV and NPV (65).

The meaning of a prognostic biomarker can be confusing. Sometimes prognostic

biomarkers just 'correlate' with a specific outcome, whereas ideally they should 'predict'

29



the outcome. Correlations denote a statistically significant relationship between two values

(i.e. biomarker and outcome). Prediction requires the further criterion of showing that

changes in the value have consequential changes in the outcome. Many prognostic

biomarkers used to date only 'correlate' with an outcome (e.g. C-reactive protein and risk

of acute myocardial infarction), fewer 'predict' (e.g. smoking and risk of lung cancer or

acute myocardial infarction).

2.4.2) Proteomics versus genomics: advantages and disadvantages

The decoding of the human genome, developments in microtechnology, bioinformatics

and mass spectrometry made it possible to investigate complex biological processes on a

broad gene and protein level. Gene-microarrays (39,66) and MS-based proteomics (67,68)

have gained widespread applications in biomedical research, including identification of

candidate genes/proteins for diagnostic, prognostic and therapeutic purposes. However,

both approaches have their limitations, which are mainly related to the technology itself

(Table 1).

2.4.3) Properties and limitations of proteomic technology

At present, there are several techniques to identify and compare the expression of proteins,

each with advantages and disadvantages. The most established method is protein

separation by two-dimensional gel-electrophoresis (2-DE) followed by in-gel digestion

and peptide mass fingerprinting by mass spectrometry. This method allows for the

comparison of the relative abundance of proteins. However, there are several limitations
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Advantages

Disadvantages

- Capturing of known mRNA molecules
(identification is not a problem)

- DNA and RNA are conservative
- High sensitivity even in complcx mixtures
- Amplifi cation possible

Gene-microarrays

- Provides no information regarding protein
expression levels

- Reproducibility, especially for genes with
low expression levels

- Dependant on cells (difücult to apply to
biological t'luids with lorv cells counts, e.g.

ascites and urine)
- Larger sarnple amounts needed for analysis

Table 1. Comparison of gene-mircoarrays and Ms-based proteomics.

Most human tissues are a mixture of different cells types. Changes in gene and protein
expression pattems may just be related to diflèrent cell type composition of the tissue sample,
rather then a 'real' up- or down- regulation. This bias can be overcome with cell type sampling
by laser-capture-microdissection

- P¡oteins are the final effector molecules
- P¡oteins are the main tar_get fortherapeutics
- Applicableto biological fluids, e.g. ascites

and urine

MS-based proteomics

- No amplification
- Not quantitative
- Comparison and identification is

complicated by high dynamic range of
proteins (mmol to frnol) and ion suppression

- Reproducibility of high-throughput
technologies (SELDI-TOF-MS, ICAT)

- Proteins are not conservative (e.g.

phosphorylation, glycosylation)
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of 2-DE as a separation method for proteomic studies. The resolvable range of molecular

weights is limited at both ends, with a bias toward high abundance proteins. In addition,

the technique requires relatively large amount of sample, is labour-intensive, and good

gel-to-gel reproducibility can be hard to achieve (69,70). Thus, this approach is not

optimal for high-throughput profiling. An alternative approach uses one- or two-

dimensional liquid chromatography as the separation step upstream from the mass

spectrometer (LC-MS). While this technique provides information about the protein

content of the samples, little information about their relative abundance can be obtained,

unless the proteinsþeptides are labelled first by isotope-coded afiïnity tags (71,72) or

other protein/peptide labelling techniques (e.g. digestion with H,'uO and H,"O mixture

(73,74,75)). Furthermore, this method is still labour-intensive and has limited throughput.

Surface-enhanced laser deso¡ption/ionization time-oÊflight mass-spectrometry (SELDI-

TOF-MS) addresses some of the limitations of both 2-DE and LC-MS. It combines

matrix-assisted laser-desorption/ionization time-oÊflight mass spectrometry (MALDI-

TOF-MS) to surface chromatography. Specifically, a sample is applied to a chip surface

carrying a functional group (e.g. hydrophobic, anion-exchange, cation-exchange, normal

phase and metal-affrnity). After incubation, proteins that do not bind to the surface are

removed by a simple wash step, and bound proteins are analysed by mass spectrometry

(Figure 6). This approach, in contrast to the others described, allows for high-throughput

profiling of many clinical samples, but has limited sensitivity, resolution and mass

accuracy (Table 2). Advantages and disadvantages of SELDI-TOF-MS for urine protein

profiling are described in more details in the results and discussiorz section.
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5 ¡tL urine
per spot

8cm

Figure 6. SELDI-TOF-MS. This technology couples surface chromatography to mass
spectrometry. Specifically, 5¡^rL of a sample is applied to a chromatographic surface,
which binds a certain subset of proteins in the samples. Unbound proteins are then washed
away and matrix is added, which allows for ionization of the proteins when energy is
added in form of laser shots. Ionized proteins are then analyzed by mass spectrometry,
which separates the proteins based on their molecular weight. The results can be displayed
in a so-called trace view (x-axis:peak intensity; y-axis:molecular weight) or in a so-
called gel view, where the darkness of the bands corresponds to the peak intensity in the
trace view.
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Use for biomarker discovery Yes Yes Yes Limited *

Direø identification of detected biomarkers yes yes No No

Sensitivity Medium High Medium Highesr

Throughput Low Lorv Highest High

Table 2. Comparison of different proteomic technologies for their use as bÍomarker
discovery platforms. * Modified assays are used to detect allo- or autoantibodies which
could yield biomarkers for allo- or autoimmunity.

2-DE LC-MS SELDI-TOF-MS ELISA
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Protein microarrays, consisting of thousands of protein-specific capturing molecules (e.g.

antibodies) in analogy to gene-microarrays, may revolutionize protein expression

profiling. However, the few currently available antibodies largely limit this technology.

2.5) Pathonhvsiolosv of nroteinuria

Healthy people secrete less than 150mg of protein in urine each day. Depending on the

kidney or urinary tract system disease proteinuria can reach more than l0g per day.

Basically, there are four different pathophysiological pathways that influence the protein

content and composition of urine (Figure 7).

[IJ Filtration from serum: The major part of urine proteins is derived from serum

by filtration through the glomerular barrier. The glomerular barrier consists of the

fenestrated endothelial cells, the glomerular basement membrane and the slit-diaphragm of

the podocytes. The latter is considered to be predominantly responsible for the

characteristics of the barrier. Proteins are thought to be retained from filtration into the

urine based on their molecular weight, size, shape and net charge (76). Normally, proteins

below 20kDa are completely filtrated into urine, whereas larger proteins are more and

more retained in the serum. Albumin (66kDa), for instance, would still pass the

glomerular barrier based on its size, but it is speculated that its negative charge prevents

filtration of large amounts. However, not everybody agrees to the hypothesis of charge

selectivity (77).

[IIJ Tubular reabsorption and regurgitation: Many filtrated proteins bind to more

or less specific receptors mainly on proximal tubular epithelial cells (e.g. megalin and
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Figure 7. Pathophysiology of proteinuria. Urine proteins can be derived from [I]
filtration of serum proteins through the glomerular barrier, [II] incomplete reabsorption or
regurgitation by tubular epithelial cells, [II! active secretion by tubular epithelial cells or
other cells with access to the urine, and [IV] lysis of urinary cells.
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cubilin). After binding, ligands are traffrcked to lysosomes for degradation or endocytic

vesicles for transcytosis back to the blood stream (78). Lysosomal degraded proteins may

be directed back to the blood stream, but they are also regurgitated into the tubular lumen

and ultimately excreted. The latter pathway was not recognized until recently and may

have been underestimated (77,79). It is critical to take this pathway into account for

proteomic analysis in urine, because not only intact proteins but also fragments of the

same protein may be detectable.

[IIIJ Active secretion: Some proteins are produced and secreted from tubular cells

into the urine by an active process (e.9. Tamm-Horsfall protein) (80). Even whole vesicles

can be release. Furthermore, cells with access to the urinary tract system can secrete

proteins into it (e.g. neutrophils secrete o-defensins).

[IVJ Cell-death derived proteins: Tubular cells undergo constant renewal and

'old'/apoptotic cells are shed into the urine. Prescott estimated that, under physiological

conditions, almost 2,000,000 tubular epithelial cells are sloughed into the urine each day

(81). In addition, red and white blood cells as well as urothelial cells can be present in

urine in signifrcant amounts. All cells may stay intact, but their membranes could also be

disrupted and the intracellular proteins released into the urine.
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Statement of the rationale

3. l) General hypothesis

3.2) Specific aims

chapter 3
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3.Ll General hvpothesis

Post-transplant immune monitoring of renal transplant recipient is currently based on the

integrated information gathered from the allograft function (i.e. serum creatinine), the risk

profile of a patient (e.g. number of MHC-mismatches, presensitization), the clinical course

(e.g. prior rejections) and ultimately the allograft biopsy results. While these tools have

proved to be invaluable for adjusting the immunosuppressive therapy, they still have

major shortcomings as described in the introduction. Immune monitoring with non-

invasive markers, which allows for frequent measurement, may further improve the

clinical outcome of kidney allograft recipient by better individualisation of

immunosuppressive therapy. Specifically, this includes reduction of immunosuppressive

therapy for patients inferred to be free of rejection by the non-invasive test, as well as

increasing immunosuppressive therapy before tissue damage occurs and the rejection

process becomes obvious (i.e. worsening allograft function). Non-invasive, antigen-

specific tests are mostly labour intensive, expensive and required donor cells (with the

exception of tetramer-staining), which does not lend themselves to high-throughput

analysis in a busy clinical setting. Non-antigen specific tests are cheaper and have high-

throughput capabilities, but they often lack sensitivity and specificity for allograft

rejection. As urine is [I] in direct contact with the main target of rejection (tubular

epithelial cells), [tr] may represent the whole kidney allograft, and [III] may also be less

confounded by systemic inflammatory processes, we anticipate that non-invasive

biomarker in urine may have a higher sensitivity and specificity than serum biomarker.

Finally, proteins, as the effector molecules, may be more informative and specific for the

rejection process than gene transcription products (i e. mRNA). Thereforer til€
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hypothesÍzed that proteomic technology will identify urine proteins associated wÍth

renal allograft rejection.

3.2) Specific aims

3.2.1) To establish a high-throughput urine protein profiling system

In order to be able to compare the proteome of many samples, a high-throughput platform

is mandatory. We eventually choose the SELDI-TOF-MS system for this purpose because

it is currently the only high-throughput platform available. However, before clinical

samples can reliably be profìled, the reproducibility and the limitations of the SELDI-

TOF-MS platform have to be determined. In addition, several intrinsic (e.g. urine

concentration, cellular components) and extrinsic (e.g. stability of urine proteins, storage)

factors of urine have to be studied first to confïdently contribute differences in protein

composition in various disease states to the disease process itself and not to confounding

factors.

3.2.2) To define and characterise the 'normal' post-transplant urine proteome by SELDI-

TOF-MS

Definition of the 'normal' post-transplant urine proteome is critical for further comparison

with urines from patients with allograft rejection or other diseases affecting the allograft.

Therefore, we speculated that the definition of 'normal' post-transplant urine has to be
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very stringent and based on the clinical course, the allograft function and the histology of

an allograft biopsy. In addition, we will compare these 'normal' post-transplant urines to

urines from healthy persons to determine whether they express the same kind and amount

of proteins.

3.2.3) To detect and identifir urine proteins associated with acute renal allograft rejection

V/e hypothesized that by choosing more severe rejections (i.e. acute clinical rejections),

chances would be higher to detect differences in comparison to the 'normal' post-

transplant proteome. Once urine proteins associated with acute clinical allograft rejection

are detected, urines from patients with less severe forms of rejection (i.e. acute subclinical

rejections) can be screened for the presence or absence of these proteins. As control

groups urines from transplanted patients with other pathologies than allograft rejection

such as recurrent glomerulopathies, acute tubular necrosis, CM-toxicity and infections of

the transplant (e.g. polyomavirus BK-type nephropathy) will be included in the analysis.

Once specific proteins associated with acute renal allograft rejection are found, they will

be identifïed using peptide mass fingerprinting andlor peptide sequencing.
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Methods

4.1) Transplanted patients and non-transplanted control groups

4.2) Unne coll ection, preparation and micro scopic analysi s

4.3) Surface-enhanced laser-desorptior/ionization time-of-flight mass spectrometry

(SELDr-TOF-MS)

4.4) Protein purification and identification methods

4.5) Determination of cytomegalovirus (CMÐ viremia

4.6) Statistical analysis

chapter 4
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4.1) Transnlanted oatients and non-transnlanted control qrouDs

4. 1. l) Transplanted patients

All patient (e.g. allograft function measured by serum creatinine, biopsies) and urine data

were stored and managed in a central Access database. From July 1997 to March 2003,

2400 serial mid-stream urine samples from 212 renal transplant patients were collected.

These 212 patients underwent a total of 693 protocol or clinically indicated core needle

allograft biopsies. All patient charts were review and additional information extracted as

needed. Biopsies were analysed by experienced renal pathologists, and scored according

to the Banff 1997 classification (Tabte 3) (23). The acute Banff score determines acute

interstitial (ai 0-3), tubular (at 0-3), vascular (av 0-3) and glomerular (ag 0-3) changes,

whereas the chronic Banff score assesses chronic interstitial (ci 0-3), tubular (ct 0-3),

vascular (cv 0-3) and glomerular (cg 0-3) changes. The individual scores are added to a

total acute (a 0-T2) and total chronic (c 0-12) score. A biopsy specimen was judged

adequate, when >7 glomeruli and >1 vessel were available for analysis. All patients were

treated with a triple immunosuppressive regimen consisting of calcineurin-inhibitor

(cyclosporine or tacrolimus), prednisone and mycophenolate-mofetil or azathioprine.

4. 1.2) Non-transplanted control groups

[IJ Normal control grozp; Consists of 28 healthy individuals (14 female and 14 male, age

20-50 years).
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i0 - No or trivial interstìtial inflammation (<.10o/o of. unscarrcd parcn-
chyma)

i1 - 10 to 25% of parenchyma inflamed
i2 - 26 to 50olo of parenchyma inflarncd
i3 - rnore than -507o of parenchyrma inlìarned

Acute Banff Score

I ndicale thc pr cscrrcc o[ romarkatrle nunrbcm ot cosinophils. PllNl-. or phsnra
colls (specify rvhich) wirh an asterisk (').

t0 - No nrononuclear cells in tubules
ti - Foci wiih I to 4 ccl.ls/tubular ctoss section (or 10 tutru.lar cells)
t2 - Foci rvith 5 to 10 cells/tubular cross section
t3 - Focí wíth >10 cells/tubular cross section. or lhe presence of at

least two areas of tubular basenrcnt membranc destruction accompa-
nied by i2li3 inflammation and t2 nrbulitis elservhere in the bio¡rsy

'Appìios lo tubules no ¡¡rore than urildly atrophic

g0 - No glomerulitis
gl - Gìomeruliris in less than 2.5% cf'glomeruli
92 - Segmental or global gJomerulitis ín L5 ¡o 75o/" of glorneruli

93 - Glornerulitis (mostly gkrbal) in morc thiìn 75% of glorneruli

v0 - No arterítis
vL - Mild-to-moderale intimal ârterilis in at le¿Ìst one arteúal cross

section
v2 - Severe intirual arteritis with at least 25% lurninal arca lost in at

least onc artcrial cross scclion
v3 - T¡ansmural arterílis an(Vor arterial fìbrinoid change and medial

smootlì nìusclc necrosis with lymphocytic infilrrate in vcssel

ciO - Interstitial fibrosis in up ro 5% of cofical area

ci1 - Miftl - interstitial fibrosis in 6 to 25?¿, of corrical area

ci2 ' Moderate - interstitial fibrosis.in 26 t0.50% of cortical area

ci3 - Severe - interstitial fìb¡osis in )50% of cortìcal area

Chronic Banff Score

Note nunrber of ¿r't¿fies prcsct'ìt äúd ûumber affected. Intlìcarc infarcLion ¿ndl
or int¡:ñtitiâl hcnrorrhugc b), an âsterisk (rvith anv level v score).

ctO - No tubuìar atrophy
ctl - Tìbular atrophv in up to 257u of the area ofcortical tubules
ct2 - Tubular atrophy involving 26 to 50% of thc arca of cortical

tubules

ct3 - Tubular atrophy in >509i¡ of thc area of co¡tiarl tubules

Table 3. Banff 1997 working classification of renal allograft pathology (revised 2003).
The acute and the chronic Banff Score describe changes in the four structural
compartments of the allograft (interstitial, tubular, glomerular, vascular). Scores from 0 to
3 are given for each compartment according to the severity of the changes. Individual
scores may be added to give one total acute and chronic Banff Score.

cgO - No glomerulopathy - doublc contours i¡ <i0o¿ oI pcriphcral
capillary loops in nost severelv affcctcd gìomcrulus

cg [ - Doutile contours affectrng up to 257o ofperipheral capillarv loops
in the most atlected of nonsclerotic glonreruli

cg2 - Double contours affectirrg 26 to 50% ofpcrþheral capillary loops
in the most affected of nonsclerotic glorneruli

cg3 - Double contours affecring morc than 50% of peripheral capillary
loops in thc nlost affectcd of nonsclerotic glomeruli

Note lhe nulnber of gklmuruli nnd p€rcèntagc ñrjlcrÕtic.

cvO - No chronic vir-scular changes

cvl - Vascular nanowing 0f ùp to 25% lunlinal area by fibroiltimal
thickening oi arteries - breach ofinternal elastic laniina or presence

of fo¿rrn cells or occasional lnononuclear cells"

cr,2 - Increaserl severitv oI changes described above wíth 26 to 50ozô

narrowing ol vascular luminaI area"

c'¡¡3 - Severc vascular changes with >509o narrowing ofvasmlar luminal
area'

' ln lhc most srvcrely affected vcssel. Notc if lusions chancroristic of chronic
rcjcction (brcaks in thc cliìstica, iilflammalory ctlls in bbrosis. fo¡mation oi nco-
intinra) arc -sccn.
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[2J Urinary tract infection (UIT) group: Consists of 5 females with an episode of a lower

UTI, which was defined as requiring the clinical symptoms of a UTI, a leukocyte count in

the urine sediment >4}lhrgh power field and a positive bacterial culture (>lOt colony

forming units).

4.2ì llrine collection^ nrenaration and microsconic enalvsis

4.2.1) Urine collection and storage for evaluation of SELDI-TOF-MS platform

Second-morning urine from healthy men and women \ryere collected into two different

containers. The first 10-20 mL of urine was considered as fÌrst-void urine, the following

50-80 mL as mid-stream urine. Urines were centrifuged in a fixed angle centrifuge for 10

minutes at 2000 rpm (900 g), the supernatants were transferred into 2 mL cryo-tubes

(Gordon Technologies Inc., Mississauga, OlÐ and stored at -80oC until further analysis.

AII samples were obtained with informed consent and ethics approval of the University of

Manitoba Institutional Review Board.

For urine sediment analysis 10 mL of freshly collected urine was centrifuged for

10 minutes af 2000 rpm. The pellet was analyzed with a phase-contrast microscope at

400x magnification and is reported as cells per high power field (hpf¡.
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4.2.2) Urine collection in transplanted patients and non-transplanted control groups for

biomarker discovery

All urine samples were stored non-centrifuged at -80oC until further analysis. All

transplanted patient and control group urine samples were obtained with informed consent

and ethics approval by the University of Manitoba institutional review board.

4.3) SELDI.TOF.MS

Urine samples were thawed on ice, shortly vortexed and centrifuged for 5 minutes at

10000 rpm (to remove remaining cell particles). Two different ProteinChips were used for

the analysis. They were prepared as follows:

IIJ Normal phase chips @roteinChip NP20; Ciphergen, Freemont, CA): Five ¡[-

of urine supernatant were applied in duplicate to the chip and incubated for 20 minutes in

a humidity chamber. Spots were then washed three times with 5 pL FIPLC-grade water

and air-dried for 10 minutes.

[2J Hydrophobic chips (ProteinChip H4): Five ¡rL of 50Yo acetonitrile in FIPLC-

grade water were applied to the spots for 5 minutes to activate the surface This solution

was removed and 5 pL urine supernatant were applied in duplicate to the chip and

incubated for 20 minutes in a humidity chamber. Spots were washed twice with 5 ¡L 7O%

acetonitrile in HPLC-grade water and then once with 5 pL I{PLC-grade water. Chips were

air-dried for 10 minutes.
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As matrices saturated a-cyano-4-hydroxycinnamic acid (CHCA: Ciphergen) and

sinapinic acid (SPA: Ciphergen) were prepared in 50olo acetonitrile / 0 5% trifluoro-acetic

acid according to the manufacturer's instructions and lpL of matrix solution (35% CHCA

unless otherwise specified) was applied to each spot and air-dried. Unless stated

otherwise, chips were read with the following SELDI-TOF-MS instrument (ProteinChip

Reader II' Ciphergen) settings in the positive ion mode: Laser intensity 230; detector

sensitivity 6, detector voltage 1800 V; positions 20 to 80 were read with an increment of 5

(resulting in 13 difierent sampling positions); sixteen laser shots were collected on each

position (total shots collected and averaged: 208/sample); eight warming shots were fired

at each position, which were not included in the collection, the acquired mass range was

from a mass-over-charge (m/z) ratio of 0 to 80000; lag time focus of 900 ns. Calibration

was done externally with a mixture of 4 proteins with masses ranging from 2 to 16 kD.

After baseline subtraction, peak labelling was performed by the ProteinChip Software

(Version 3.1) for peaks with a signal-to-noise (SA{) ratio of >3 in the mlz range from

2000-80000. For some comparisons and presentations spectra were normalized according

to the total ion curent.

47



4.4) Protein nurification and identification methods

4.4.1) Determination of point of iso-electricity (pI) of rejection pattern proteins

A urine sample with the rejection pattern proteins was dialysed with 7kD cut-off dialysis

cassettes (Slide-A-Lyzer, Pierce, Rockford, IL) against 50mmol/L MES pH 6 and

5Ommol/L Tris pH 8, respectively. Cation-exchange (CM HyperD, Ciphergen) and anion-

exchange (Q HyperD, Ciphergen) beads were washed three times for 20 minutes with I

mL 50mmol/L MES pH 6 or 50mmolll Tris pH 8, respectively. The pH 6 fraction was

incubated on CM-beads for 2hina ratio of 5¡rL beads per 1 mL urine. The supernatant

was transferred in a separate tube. A-fter washing the CM-beads twice with two bead-

volumes 50mmoL/L MES pH 6 for 15 minutes, proteins were eluted with increasing

concentrations of KCI in 50mmoVl MES pH 6 (two bead-volumes for 30 minutes each).

The supernatant and the eluted fractions were checked for the presence or absence of the

rejection pattern proteins by SELDI-TOF-MS. The pH 8 fraction was incubated on Q-

beads for 2h in a ratio of 5pL beads per 1 mL urine. The supernatant was transferred to a

separate tube. After washing the Q-beads twice with two bead-volumes 50mmol/L Tris pH

I for 15 minutes, proteins were eluted with increasing concentrations of NaCl in

50mmol/L Tris pH 8 (two bead-volumes for 30 minutes each). The supernatant and the

elution fractions were checked for the presence or absence of the rejection pattern proteins

by SELDI-TOF-MS.
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4.4.2) Purification of rejection pattern proteins with cation exchange (CM) beads and

reverse-phase high-pressure liquid chromatography (RP-HPLC)

Fifteen mL of urine sample with the rejection pattern proteins was dialysed with 6-81Ð

cut-off dialysis tube membrane (Spectra/Por, Spectrum Laboratories, Rancho Dominguez,

CA) against 50mmolll- MES pH 6.2. Dialysed urine was transferred into 1.5 mL

siliconized tubes (Fisherbrand) and previously washed CM-beads (see above) were added

in a ratio of 5¡tI beads per 1 mL urine. After 2h incubation the supernatant was

transferred to a separate tube and the CM-beads were washed twice with two bead-

volumes 50mmo1/L MES pH 6.2 for 15 minutes. Proteins were eluted with two bead-

volumes 200mmol/L KCI in 50mmol/L MES pH 6.2. Those fractions containing the

rejection pattern proteins were lyophilized and resuspended in a 5 times smaller volume of

FIPLC-grade water.

Further purification was done by RP-FIPLC using an Agilent 1100 Series with a

C4 column (Zorbax SB-C4, 5¡rm, 0.5xl50mm; Agilent Technologies, Paulo Alto, CA).

Five pL of concentrated sample was applied and eluted using a I.6Yo acetonitrile

increment per minute in 0.lo/o TFA during the first 17 minutes, followed by a 0.3Yo

increment per minute for 24 minutes and a 16%o increment per minute for the last 4

minutes at a flow rate of 2O¡rllminute. Peak fractions containing the rejection pattern

proteins were pooled, lyophilised and resuspended in SOmmol/L ammonium bicarbonate

for in solution digestion. The purification process was monitored with SELDI-TOF-MS

using H4 chips.
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4.4.3) Identification of rejection pauern proteins by liquid-chromatography mass

spectrometry (LC-MS) and tandem mass spectrometry (LC-MS/IyIS)

Concentrated and purified protein (from about 10 mL starting material) was reduced with

10mM DDT for 30 minutes at 57.5oC, alkylated with 50mM iodoacetamide for 30

minutes in the dark, then dialysed against 5Ommol/L ammonium bicarbonate, and finally

digested with tOOng trypsin (sequencing-grade modified trypsin, Promega) over night at

37oC. Peptides were lyophilised, resuspended in 5pL 0.1% TFA5 and subjected to RP-

HPLC separation using an Agilent 1100 Series system with a C18 column (Vydac 218 TP

C18, 5ptnq 0.15x150mm). Peptides were eluted with a linear gradient of I.3Yo acetonitrile

increment per minute in 0.1%TFA during 35 minutes and a 10oá increment for the last 5

minutes. The column effluent (4¡rVmin) was mixed online with 2,5-dihydroxybenzoic acid

(0.16glml, Sigma-Aldrich) matrix solution (0.5pVmin) and deposited by a small

computer-controlled robot onto a movable MALDI target at one-minute intervals. Forty

such fractions were collected over a total period of 40 minutes. The spots on the target

were analyzed individually, both by single mass spectrometry (MS) and by tandem mass

spectrometry (MS/IUS) in the Manitoba/Sciex prototype quadrupole/time-of-flight mass

spectrometer (QqTOF) (82) In this instrument, ions are produced by irradiation of the

target with photon pulses from a 20-Hz nitrogen laser (Laser Science) with 300 mJ energy

per pulse. Orthogonal injection of ions from the quadrupole into the TOF section normally

produce a mass resolving power 10,000 FWHM and accuracy within a few mDa in the

TOF spectra in both MS and MS/I4S modes, as long as the ion peak is reasonably intense.

MS and MS/Ì\4S peak list were submitted to Profound and searched against the non-
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redundant NCBI human database using a mass accuracy of 20ppm of monoisotopic peaks.

Partial methionine oxidation and one trypsin miscleavage was allowed.

4.5) Determination of cvtomesalovirus (CMV) viremia

CMV-viremia was measured on peripheral blood buffy coat specimens using a semi-

quantitative PCR assay developed at the Manitoba Cadham Provincial Laboratory that is

accredited by the College of American Pathologists.

4.6) Statistical analvsis

We used JMP IN software version 4.0 4 (SAS Institute Inc., Cary, NC) for statistical

analysis. For categoncal data, Fisher's exact test or Pearson's chi-square test was used.

Parametric continuous data was analyzed by Student t-tests or one-way analysis of

variance. For nonparametric continuous data, Wilcoxon or Kruskal-Wallis rank sum tests

were used. A P-value < 0.05 (two-sided test) was considered to indicate statistical

significance.
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5.11 Urine nrotein nrofilins with SELDI-TOF-MS

5-l.l I Evaluation of renroducibilitv

It is critical to evaluate the reproducibility of urine protein profiling using the SELDI-

TOF-MS approach before establishing whether the urine protein profiles differ in various

clinical states. Reproducibility was evaluated by applying one urine sample to 14 spots

and reading the spots using the protocol described above. The total number of detected

peaks with an SA,l-ratio >3 was 25peaks/spectrum (range 23-29). Fourteen peaks common

to all spectra \¡/ere selected and compared with regard to their peak intensity by calculating

the coefücient of variation. They ranged from 8 to 30yo, with the lowest variation seen in

the high intensity peaks and the higher variation seen in lower intensity peaks (Figure

8A). This is expected, as small differences in low intensity peaks (e.g. 1.0 vs. 0.5) have a

large influence on the calculated coefficient of variation. Independent of the software

assignment of protein peaks, it is important to conduct manual inspection of the spectra, to

determine whether a specific peak is present. Low intensity peaks with a S/l,I-ratio near

the selected detection threshold (i.e. >3) can be unlabelled and undetected by the software

(Figure 8B)
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Figure 8. Reproducibilify of urine protein profiles. One urine sample was appliedto 14
spots and analysed. A: Fourteen peaks contmon to all spectra were selected and compared
with regard to their peak intensity by calculating the coeffrcients of variation. They ranged
from 8 to 30Yo, with the lowest variation seen in the high intensity peaks and the higher
variation seen in lower intensity peaks. B: Parts of 4 randomly selected spectra from the
obtained 14. Manual inspection of the spectra showed the presence of an unlabelled peak
(circle in insert), although the spectra look the same by "eyeball".
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5.1.21 fmnact of extrinsic factors on renroducibilitv and neak detection of urine

nrotein profiles

The impact of matrix on the urine protein profile was determined by comparing different

dilutions of CHCA and SPA (20yo,35yo, 50yo and 100%) with the otherwise unchanged

protocol stated above. In the range from 2-25 kD, 22, 26, 19 and 16 peaks were detected

using 20yo,35yo,50Yo and T00Vo CHCAs respectively. In contrast, 13, 19, 11 and 10 peaks

were detected using 20yo, 35yo, 5ïyo and 100% SPA. Peak intensity below 8-10 kD was

higher with CHCA" whereas SPA yielded higher peak intensities above 8-10 kD (urine

protein profiles not shown).

The impact of spot sampling protocols was determined by comparing three

different spot sampling protocols with respect to peak detection in undiluted and diluted

urine: protocol I (standard protocol; see above); protocol 2 (standard protocol modified to

sample on only 5 different positions for a total of 80 shots/sample); protocol 3 (standard

protocol modified to use a higher detector sensitivity (10 instead of 6)). Protocol I

detected 34 peaks in undiluted urine, whereas protocols 2 and 3 detected only 21 and26

peaks, respectively. In diluted urine (urine creatinine 3.75 mmoVl) the peak counts were

20,11and 13, respectively (urine protein profiles not shown).

If the SELDI-TOF-MS approach is to be used in the assessment of clinical

samples, it is important to assess the stability of the urine proteins prior to analysis. First-

void and mid-stream urine samples from three females and three males were analyzed

within 2 hours from the time of collection, after storage for three days at room temperature

and after three days at 4"C.In all six samples, only minor differences in the mid-stream

urine protein profìles could be detected after storage for three days at 4oC. However, in
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three first-void urines (two female, one male), storage for three days at room temperature

or at 4oC changed the spectra considerably. A series of new peaks in the low molecular

weight range were detected (Figure 9). Storage of the urine samples at -70"C did not

change the spectra compared to those obtained before freezing. Furthermore, almost the

same spectra could be generated after four freeze-thaw cycles, however, a loss of peaks

was observed after the 5û freeze-thaw cycle (Figure 10).

5.1.3) Imnact of intrinsic factors on normal urine nrotein nrofilins

A potential confounding variable in the clinical setting is whether a urine sample is first-

void or mid-stream. In all three urine samples from males, there are almost no differences

between the protein profïle of first-void and mid-stream urine (Figure 114). However, in

all three urine samples from females, there are prominent peaks between 3.3 and 3.5 kD in

the first-void urine fraction. These peaks are greatly diminished in the mid-stream urine

sample, together with other changes in peak intensities (Figure 118). Three of these peaks

with average masses of 3370 .3 , 3441 .2 and 3484.3 Da are consistent with the masses of

the a-defensins 2, 1, and 3, respectively.

Another confounding variable in urine proteomic analysis is the presence of blood

in urine. It can be present in urine under normal conditions (e.g. menstruation) or in

association with urogenital tract pathologies. To investigate the impact of blood on the

normal urine profïle, we spiked 500 FL urine with 10 FL of blood, which resulted in a red

colouring of the sample (sediment analysis showed >100 red blood cells (RBC)/trpÐ
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Figure 9. Impact of storage on urine protein profiles. A: Representative female first-
void urine showing the appearance of new peaks (+) in the 2-6kD range after storage for 3

days at room temperature or at 4"C. B: Representative male mid-stream urine protein
profile, which showed only minor changes, whether it was analysed 2 hours after
collection or after storage for 3 days at room temperature or at 4oC, respectively.
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Figure 10. Impact of freeze-thaw cycles on urine protein profiles. Urine protein
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increasing loss of intensity in some peaks was detected (J). After the 5ú freeze-thaw cycle
some weak intensity peaks were not detected (-).
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Figure 11. Comparison between fïrst-void and mid-stream urine protein profites (gel-
view). First-void and mid-stream urine protein profiles obtained from three females and
three males. In males both urine samples had similar protein profiles, whereas in females
there are significant differences. The most prominent difference in female first-void urine
are three peaks at 3370.3,344I.2 and 3484.3 Da (l), which are consistent with the masses
of the u-defensins 2,1, and 3, respectively (Swiss-Prot P59665+P59666;3371.9,3442.5,
3486.5 Da)). The calculated mass accuracy of the SELDI-TOF-MS in this example is <
0.07yo, which is within the limits given by the manufacturer (<0.1%).
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In the subsequent analysis by SELDI-TOF-MS, four major peaks were detected (Figure

128), which are consistent with the masses of the hemoglobin o- and B-chains and their

doubly charged ions. Based on the virtual disappearance of these peaks after sample

centrifugation prior to SELDI-TOF-MS analysis, it is likely that these peaks represent

hemoglobin. They were easily detectable as the most intense peaks up to a I'.T28 dilution

of this sample, corresponding to 10 pL blood in 64 ml diluted urine (urine protein profiles

not shown). However, even when the RBC were removed by centrifugation, the urine was

still contaminated with serum proteins. This is suggested by the presence of peaks with

masses consistent with albumin in the urine protein profile (Figure lzc).

A dilute urine sample may limit the ability to detect the normal urine protein

profrle. To address the issue of urine concentration, urine was sampled from a healthy

male person with a body weight of 75 kg after 20 hrs of no fluid intake. The measured

urine creatinine was 15 mmol/L and the total protein lryas 0.II glL. At another time point,

the same individual was challenged with 4 L of fluid over 2 brs,leading to dilute urine

with a creatinine of 0.9 mmol/L and a total protein of 0.03 g/L. While the concentrated

urine showed the normal peak profile (Figure 134), the dilute urine sample showed only

three peaks in the range from2-25 kD (Figure 138). To determine the detection threshold

of the normal urine profile, the concentrated urine sample was serially diluted. At a l:2

dilution, which corresponds to a urine output of 2Llday (calculated in our test person by:

creatinine production/day [0.2 mmollkg/day x 75 kg] divided by urine creatinine [7.5

mmollll : 2 Llday) the profile remained unchanged (Figure 138). A progressive loss of

urine profile peaks started with a 1:4 dilution. The 1.16 dilution showed a spectrum

similar to the urine profile obtained after the fluid challenge (Figure 138).
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tr'igure 12. Impact of blood in urine on urine protein profiles. A: Protein profile of
urine sample from a healtþ male. B: Protein profile after spiking the same sample from A
with blood (10 pL blood in 500 pL urine). Four peaks appear which are consistent with
the masses of singly- and doubly-charged hemoglobin o- and B-chains (Swiss-Prot
P01922: 15126 Da; P02023: 15867 Da). The calculated mass accuracy of the SELDI-
TOF-MS in this example is < 0.13%, which is slightly above the limits given by the
manufacturer (<0.1Yo} C: Protein profile after centrifugation of the same blood-spiked
urine sample from B. Only trace amounts of two of these peaks were detectable (*),
however contamination with semm proteins was obvious (e.g. peaks consistent with
masses of serum albumin were detected). Albumin has a molecular weight of 66472 Da
with its multiply-charged ions at an mlz of 33236 (double-charged), 22157 (triple-
charged), 16618 (quadruple-charged), 13294 (quintuple-charged) and 11079 (sextuple-
charged).

6T

2000 mlz 2300



Ar

tu
Creatinine 15 mmol/L

Protein 1 l0 mglL

.:. ......
_I: i 

. ii ., I

0

=U)

o
¡-

0

D
:

,l''ll

1:2 dilution of A

E 1 :16 dilution of A

1:4 dilution of A

; .l

.,..1 - -i,il' i;¡^

1:B dilution of A
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5.1.4) Protein quantification and detection limits with SELDI-TOF-MS

To determine if either the spectral peak intensity or area provides a means for reliable

protein quantificatio4 serial dilution of a single protein (ubiquitin, 8565 Da) was

performed. There was an excellent correlation between the amount of protein in the

sample and peak intensity 1l:O.eS¡ or the area under the peak (12:0.98) in non-

normalized spectra (Figure 144). Even in a mixture containing four other proteins, the

correlation was maintained (l:0.99 for peak intensity and for the area under the peak),

but the peak intensities were l0 times lower with the same amount of ubiquitin (Figure

148). When a complex protein mixture (i.e. normal urine with a protein concentration of

110 mg/L) was spiked with 1.0,0.1 and 0.01 pmoV¡rl ubiquitin, only the first two

concentrations of ubiquitin were detectable (Figure l4C). The peak intensity dropped

from 0.32 (1.0 pmoVpl) to 0.09 (0.1 pmoVpl-), which is only a 3.5 times decrease instead

of the expected 10 times. Because only two measurements of peak intensity were

obtainable, no correlation was calculated.

This experiment also showed that the detection limit for Ubiquitin, spiked in urine,

is 0.0lpmoVpl or 10000pmol/L, respectively (Figure 158, red box). Other experimental

evidence for the detection limit of SELDI-TOF-MS can be extracted from dilution

experiments. Several urine proteins (i.e. hepcidin at 2191, 2436 and 2789Da; B-defensins

at 4636, 4750 and 5069Da; B2-microglobulin at ll730Da; albumin at 66500Da) are

readily detectable in urine from a healthy individual by SELDI-TOF-MS. Serial dilution

of this sample has demonstrated that all these proteins are no longer detectable starting at a

1:4 and ending at l:16 dilution. Because the concentration of these proteins is known, the
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Figure 14. Impact of protein concentration on peak intensity. A: Dilution series of a
single protein (ubiquitin, 8565 Da) from 10 pmoli¡rl to 0.01 pmol/pl (equals 85.6, 8.56,
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detection threshold can be approximated (Figure L5A, red boxes). To illustrate the

importance of knowing the detection threshold, an example with the chemokine IP-10 in

urine is described. Normal values measured by ELISA are l-Z}nglL, during allograft

rejection concentrations up to IV/L have been reported (61). Even the later

concentrations are 100-1000 times below the anticipated detection threshold of 100¡rg-

lmdL based on the experimental evidence from proteins in the same molecular weight

range (Ubiquitin and B2-microglobulin).

5.2) Detection of urine nroteins associated with acute renal alloeraft reiection

5.2. I ) Patient characteristics

From July 1997 to March 2003, 2400 serial mid-stream urine samples from 212 renal

transplant patients were collected. These 212 patients underwent a total of 693 protocol or

clinically indicated core needle allograft biopsies. Based on allograft function, the clinical

course and the allograft biopsy result, four rigidly defined patient goups were extracted

from the whole patient population (n:212) as follows:

IIJ Stable transplant group: Consists of 22 mid-stream urine samples (from 22

patients) obtained immediately before a protocol renal allograft biopsy performed within

the first 12 months post-transplant. None of these patients had experienced DGF. All had

stable allograft function (i.e. serum creatinine within II}yo of baseline value at the time of

biopsy), and none experienced a clinical or protocol biopsy-proven rejection prior to the
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date of examination. All biopsies met the criteria for adequacy and all were required to

have an acute and chronic Banff score ofzero (i.e. ai0t0v0g0 and ci0t0v0g0).

[2J Acute clinical rejection group: Consists of 18 mid-stream urine samples (from

l8 patients) obtained immediately before a renal allograft biopsy performed within the

first 12 months post-transplant. All experienced an elevation in creatinine >110% from

baseline and the diagnosis of acute rejection required an acute Banff score >ai2t2v0g0.

Patients with a chronic Banff score >ci1t1v0g0 were excluded in order to avoid chronic

allograft nephropathy as a confounding variable in the analysis.

[3J Acute tubular necrosis (ATN) group: Consists of 5 mid-stream urine samples

(from 5 patients) obtained immediately before a renal allograft biopsy performed within

the first 6 days post-transplant to diagnose the cause of delayed graft function (DGF),

which was defined as the need for hemodialysis within the first week or a drop of serum

creatinine <50yo from pre-transplant levels by day 5 post-transplant. Antibody mediated

rejection was excluded based on a negative flow-crossmatch, and histological changes on

the biopsy consistent with ATN. In all biopsies, the acute Banff score was ai0t0v0g0 and

significant donor pathology was excluded by requiring a chronic Banff score of

<ciltlv0g0.

[4J Recurrent (or de novo) glomerulopathy group: Consists of 5 mid-stream urine

samples (from 5 patients) obtained immediately before a renal allograft biopsy performed

to diagnose the cause of proteinuria (ìl.5gldaÐ. The patients had diagnoses of

membranous glomerulonephritis, focal-segmental glomerulosclerosis or IgA-nephropathy

and all had acute Banff scores lailtlvOg0.
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The acute clinical rejection group had more HlA-mismatches and a higher mean serum

creatinine level at the time of the renal allograft biopsy compared to the stable transplant

group. Otherwise, there were no signifïcant differences between these groups (Table 4).

5.2.2) Non-transplanted control group characteristics

Normal control group: Consists of 28 mid-stream urine samples from 28 healthy

individuals (14 female and 14 male, age 20-50 years).

Urinary tract infection (UTI) group: Consists of 5 mid-stream urine samples from

5 females obtained during an episode of a lower UTI, which was defined as requiring the

clinical symptoms of a UTI, a leukocyte count in the urine sediment >4O/high power field

and a positive bacterial culture (>10* colony forming units).

5.2.3) Characterisation of urine protein profiles associated with individual patient groups

In the mlzrange from 5000 to 12000 we observed two distinct urine protein patterns when

comparing the normal control group or stable transplant group to the acute clinical

rejection group. One urine protein profile (rejection pattern) had prominent peak clusters

in three regions corresponding to m/z values of 5270-5550 @egion I; 5 peaks), 7050-7360

@egion II;3 peaks), and 10530-11100 (Region III; 5 peaks) that always occurred

together, whereas the other urine protein profile (normal pattern) had no peak clusters in

these m/z regions (Figure 16). All 28 urine samples (100%) from the normal control

group, 18 of 22 urine samples (82%) from the stable transplant group, and I of 18 urine

samples (6%) from the acute clinical rejection group showed the normal pattern.
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Variable

Female Sex - no. (%)

Age-mean+SD

Caucasian Race - no. (%)

Nephropathy

- Diabetic -ro. (%)

- Glomerulonephritis - no. (%)

- others - no. (%)

First transplanl - no. (%)

Cadaveric donor - no. (%)

HlA-mismatches - median (range)

Panel-reactive antibodies (PRA)

-PeakPRA>10%-no. (%)

- Cunent PRA >10% - no. (%)

Cytomegalovirus serology
- Recipient neg. / Donor pos. - no. (%)
- Recipient neg. / Donor neg. - no. (%)
- Recipient pos. / Donor pos. - no. (%)
- Recipient pos. / Donor neg. - no. (%)

Allograft biopsy

- Week post transplant - median (range)

- Rejection type (Banf.f 1997)
- IA (moderate tubulitis) -no. (%)
- IB (severe tubulitis) - no. (%)
- IIA (moderate arteritis) -no. (%)

Creatinine at biopsy [pmol/L] - mean * SD

- Vo above baseline - median (range)

Proteinuria at biopsy ICIL)- median (range)

Stable

ransplant
(n=22)

t2 (ss)

45i13

t4 (64)

6 (27)

6 (27)

10 (46)

21(es)

r5 (68)

3 (r-5)

2 (e)

I (s)

3 (t4)
7 (32)
4 (18)
8 (36)

Acute
clinical

rejection
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Table 4. Patient characteristics.
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Figure 16. Representative urine protein profiles. A, Normal control with normal
pattern. B, Stable transplant with normal pattern. C, Acute clinical rejection with rejection
pattern. D, Glomerulopatþ. E, ATN. F, UTI. The rejection pattern had prominent peak
clusters in three regions corresponding to mlz values of 5270-5550 (Region I; 5 peaks),
7050-7360 (Region II; 3 peaks), and 10530-11100 (Region III; 5 peaks).
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The rejection pattern was detected significantly more often in the acute clinical rejection

group (17 of 18; 9 %) than in the stable transplant group (4 of 22; l8%) (p<0 0001)

(Figure 17). The ATN, the recurrent (or de novo) glomerulopathy and the UTI groups had

urine protein profiles that were different from both the normal and the rejection pattern

(Figure 16 and Figure 17).

5.2.4) Influence of CMV-viremia on urine protein profïle pattern

Twenty-seven of 40 patients (68%) in the stable transplant and acute clinical rejection

groups were tested for the presence of CMV-viremia at the time of renal allograft biopsy.

Five patients tested positive; however none had or developed CMV-disease subsequently.

CMV-viremia was found in2 of 2l patients (10%) with the rejection pattern and in 3 of 19

patients (16%) with the normal pattern (P=0.83) (Table 5). We could not detect any

additional peaks in the urine protein profiles from patients who had CMV-viremia.

5.2.5) Sequential urine protein profile analysis

To further determine the specificity of the normal and rejection pattern, we examined

serial urine protein profiles in the stable transplant and acute clinical rejection groups and

correlated them with the clinico-pathological course of the renal allograft. In particular we

were interested in four specific outcomes: [1] the stable course persisted; [2] the stable

transplant patient subsequently had an acute clinical rejection; [3] acute clinical rejection

resolved to a stable course; [4] acute clinical rejection recurred.
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Ì
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5000 12000mass over charge (m/z)

Figure 17. Software generated gel-view of urine protein profïles from all groups. Box
frames represent the three regions corresponding to mJz values of 5270-5550 (Region I),
7050-7360 (Region II), and 10530-11100 (Region III). * indicates a urine sample with the
rejection pattern.
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CMV-viremia

CMV-DNA positive - no.

CMV-DNA negative - no.

No CMV-PCR available - no.

u) Consists of l8 patients from the stable transplant group plus I patient
from the acute clinical rejection group

b) Consists of 4 patients from the stable transplant group plus 17 patients
from the acute clinical rejection group

') CMV-PCR was not performed for the following reasons: CMV sero-
negativity of both donor and recipient (n:2); test was not ordered
(n:3); or only CMV pp65-antigen was evaluated (n:l; patient tested
negative)

Ð CMV-PCR was not performed for the following reasons: CMV sero-
negativity of both donor and recipient (n:3); test was not ordered
(n=3); or only CMV pp65-antigen was evaluated (n:7; patient tested
negative)

Table 5. Correlation between CMV-viremia and urine protein pattern.

Normal
pattern

(n:19) a)

a
J

10

6")

Rejection
pattern

(n:2174)

2

t2

7d)

P-value

P:0.83
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In the stable transplant group, we had sufücient urine and histology samples for

sequential analysis to evaluate 12 of the 18 patients that originally had a normal pattern

(Figure 18). One patient went on to have stable allograft function and two normal

protocol biopsies, but the urine profile could not be classified. One patient developed

acute clinical rejection @anff type IA) and the urine protein profile changed from the

normal to the rejection pattern. In l0 patients stable allograft function persisted and 20

subsequent protocol biopsies were interpreted as normal (n:18) or borderline rejection

(n:2). Eight of these l0 patients showed the normal pattern throughout (Figure 194),

whereas two patients exhibited the rejection pattern in a single urine sample that

subsequently reverted to the normal pattern.

In the acute clinical rejection group, we had suffrcient urine and histology samples

for sequential analysis to evaluate 12 of the 17 patients that originally had a rejection

pattern (Figure 18). One patient had two subsequent normal protocol biopsies, but the

creatinine remained elevated at the level seen during the acute rejection episode (20%

above baseline) and the urine always showed the rejection pattern. In 6 patients the

allograft function returned to baseline and subsequent protocol biopsies were interpreted

as normal (n:3) or borderline rejection (n:3). All urine samples from these patients

changed to the normal pattern (Figure 198). Five patients had further episodes of acute

clinical rejections and all of them kept the rejection pattern throughout (Figure 19C).
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Normal pattern
(n=18)

Stable transplant group
(n:22)

No or inadequale subse(luenr biopsy þr:3)

EXClUded l{enr on to subclinícal reiection (n:2)

Developed allograft dysfunction due to MS (n=l)

Subsequent adequate biopsy normal but urine
protein profile indeterminent (n:1 )
Went on to acute clinical rejection (n:1)

- Consistent change of profile to rcjection pattern

Remained stable (histology & allograft function) (n:10)
- 20 adequate subsequent biospies (12*40C0, other sA2C2)
- l8 of 20 (90%) protein profiles shorved the normal pattem,

2 were very weak rejection pattem (which reverted to normal pattem again)

Rejection pattern
(n:4)

Acute clinical rejection group
(n:19)

EXClUded No or inadequate subsequent biops-v (n:5)

Went on to another acute clinical rejection episode (n:5)
- Rejection pattern remained throughout in AIL patients

Retumed to normal (histology & allograft function) (n:6)
- 6 adequate subsequent biospies (2*40C0, 41C0, 42C0, AZCI, A3CZ)
- C¡eatinine back on or below baseline in ALL patients
- All changed to normal pattern protein prohle

Retumed to normal histology, but not to baseline allograft
function (n:1)

- Remained at rejection pafem

Figure 18. Patients eligible for sequential profiling analysis. Eleven of 22 (50%) in the
stable transplant Broup, and 12 of 18 (66%) in the acute clinical rejection group were
eligible for sequential analysis. Exclusion cntena were mainly missing subsequent urine
or biopsy samples.
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Figure 19. Sequential urine protein profiles in representative patients. Urine protein profiles highlighted
in the grey box are examples of the rejection (Rejn) and the nonnal (Norm) pattern for comparison. Black
box frames indicate the three regions corresponding to mlz values of 5270-5550 @egion l), 7050-7360
(Region II), and 10530-11100 (Region III). A, Patient with stable allograft function, nonnal protocol
allograft biopsies, and normal pattern urine protein profiles throughout the post-transplant course. B, Patient
with acute clinical rejection (Banff IB) on week 7 post-transplant. After treatment with high dose oral
steroids the serum creatinine normalized and remained stable. Subsequent allograft biopsies were normal.
The urine protein profile showed the normal pattern 3 week prior to the rejection episode, changed to the
rejection pattem at the time of rejection, and returned to the normal pattern consistent with the subsequent
allograft biopsies and the allograft function. C, Patient with recurrent acute clinical rejection episodes (Banff
IA to IIA). Despite treatrnent with OKT3, high dose steroids and increased baseline immunosuppression, the
patient always exhibited the rejection pattern.
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5.2.6) Impact of intrinsic factors on the detection of the rejection pattern

As our urine samples from the transplanted patients were stored non-centrifuged at

-80C, leading to subsequent cell lysis due to freeze-thawing, the analysed urine samples

will contain intracellular proteins from cells present in the urine. To investigate whether

the release of intracellular proteins of red blood cells (RBC), leucocytes and tubular

epithelial cells due to freeze-thawing is responsible for generating the rejection pattern, we

compared an 'acute clinical rejection' urine sample frozen with and without pre-

centrifugation (Figure 20). In this case, the urine sample was collected from a clinically

rejecting patient at day 6 post-transplant. The patient had persistent hematuria since the

time of transplantation, which can be easily seen by the peaks consistent with hemoglobin

in the non-centrifuged sample. In the pre-centrifuged sample these peaks almost

disappeared and the rejection pattern could be clearly seen. Based on this documented

case we suppose that the rejection pattern proteins are not intra-cytoplasmatic proteins that

are released after disruption of the cell membrane due to freeze-thawing. In addition, this

experiment is a good example of ion suppression due to high abundant proteins (i.e.

hemoglobin in this sample).

5.3) Identification of nroteins associated with acute renal allosraft reiection

We first determined the pI of the rejection pattern proteins in order to subsequently use an

extraction method (i.e. ion-exchange beads) as an initial step to concentrate the target

proteins. V/ith the used of cation- and anion-exchange beads we estimated the pI to be
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Figure 20. Impact of cell lysis due to freeze-thawing on the detection of the rejection
pattern. These spectra show urine from a patient with hematuria and acute clinical
allograft rejection. Peaks consistent with hemoglobin were detectable in the non-
centrifuged sample. In the pre-centrifuged sample these peaks almost disappeared and the
rejection pattern could be clearly seen. Based on this documented case we suppose that the
rejection pattern proteins are not intra-cytoplasmatic proteins that are released after
disruption of the cell membrane due to freeze-thawing. Box frames indicate the regions of
interest with the rejection pattern.
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around 7.0 (Figure 21). This allowed binding the target protein to anion-exchange beads

at a pH 6.2, and subsequently eluting them with potassium as a counter-ion. This initial

step resulted not only in a substantial concentration of the target proteins (100 fold) but

also in a decrease of the complexity of the sample. Indeed, many major components of the

urine proteome could be separated out, as their pl's are below that of the target proteins

(e.g. albumin: pI 5.67; retinal-binding protein: pI5.27) (Figure 22).

Additional and final purifïcation was achieved by RP-I{PLC, where the target proteins

could be almost perfectly separated (Figure 23). A-fter in-solution digestion, the target

proteins were identified by LC-MS and LC-MS/I4S as a cleaved form of þ2-

microglobulin. Every single peptide covering the whole sequence (except for the cleaved

fragment F62YLLYYT68) was found and all amino acid sequences of the peptides \ryere

confrmed by MS/lvfS. In addition, eleven non-tryptic cleavage sites were observed

(Figure 24). Based on the protein fragments detected by SELDI-TOF-MS with the highest

intensities, the main non-tryptic cleavage sites may be 561, T68 and E69, resulting in two

protein fragments with a predicted molecular weight of 10653.93Da and 10783.05Da,

respectively. The observed masses by SELDI-TOF-MS are 10650.7Da (-3.2Da) and

10782.1Da (-lDa). By theoretically removing the disulphide bond (C25-C80) from the

S61-, T68- and E69-cleaved B2-microglobulin, three peptides will result:

trl

T 1 QRTPKIQVYSRFIPAENGKSNFLNCYVSGFI{P SDIEVDLLKNGERIEKVEHSDLSF

SKDwS6l with a predicted molecular weight of 7047.83Da (SELDI-TOF-MS

mass7042.9Da (a.9Da))
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A Al Before incubation on CM beads

¡ ,iÉ I =i!

SupernataÍt after l'ncubation on CM beads at pH 6.0

^2

A3

E

;l

:r, I

C Pattern proteins bind completely to CM beads at
50mM MES pH 6.0

CM beads with 200rnM KCI

Supernatânt after incubation on Q beads at pH 8.0

Before incubation on Q beads

Figure 21. Determination of pI of pattern proteins. [A] Urine sample with the pattern
proteins was dialysed against 50mM MES pH 6.0 (profile Al) and then incubated with
cation-exchange beads. The supernatant was checked for the presence of the pattern
protein (profile A2). Subsequently, proteins were eluted from the beads with increasing
KCI concentrations. The major fraction containing pattern proteins eluted with 200mM
KCI (profile A3). [B] Urine sample with the pattern proteins was dialysed against 50mM
Tris pH 8.0 (profile Bl) and then incubated with anion-exchange beads. The supernatant
was checked for the presence of the pattern protein þrofile B2). Subsequently, proteins
were eluted from the beads with increasing NaCl concentrations. The major fraction
containing pattern proteins eluted with 200mM NaCl (profile B3). tcl Proteins bind
completely to ion exchange sorbents about one pH unit below (cation-exchange sorbents)
or above (anion-exchange sorbents) their pI. Therefore, the pI of the pattern proteins can
be estimated to be around 7.0.

83 Elution from Q beads with 200mM NaCl

pI of pattern proteins has to be around pH 7.0

Pattem proteins bind completely to Q beads at
50mM Tris pH 8.0

/
/
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Figure 222 First step of purification of pâttern proteins with cation-exchânge beads.
[I], Major components of the urine proteome, their pl's and molecular weights. Red boxes
indicate proteins which should not or only partially bind to cation-exchange beads
incubated at pH 6.2 due to their pl's. [II], Purification of pattern proteins on cation-
exchange beads at pH 6.2. The box frames indicate the pattern proteins. They are present
before incubation to cation-exchange beads þrof,rle A). The supernatant after incubation
on cation-exchange beads shows many of the major components of the urine proteome but
not the pattem proteins (profile B). These elute with 200mM KCl, notably without a
signif,rcant contamination with albumin, Ig light chain, retinol-binding protein and þ2-
microglobulin þrofile C). As expected from their contribution to the total protein content
of urine, the purification on the cation-exchange beads at pH 6.2 resulted in a significant
decrease of the total protein concentration in the elution fraction from 1.92glL (before
incubation on beads, A) to 0.2dL (C) (measured with the BCA protein assay, Pierce,
Rockford, IL, USA). Therefore, the use of the cation-exchange beads as a first step of
purification can not only concentrate the pattern proteins but can also separate them from
many of the major protein components in urine (e.g. albumin, Ig light chain, retinol-
binding protein, p2-microglobulin).
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I) RP-HPLC purifïcation
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Figure 23: Second step of purilication by RP-HPLC. [ |, Concentrated and partially
purified sample after cation-exchange separation was applied to RP-HPLC. The peak
fraction containing the rejection pattern proteins (i.e. cleaved B2-microglobulin) eluted at
3lYo acetonitrile. Intact p2-microglobulin eluted at 33%o acetonitrile. [II], Collected peak
fractions were analyzed by SELDI-TOF-MS. Fraction [A] confirmed the presence of the
rejection pattem proteins (subsequently identified as cleaved B2-microglobulin), whereas
fraction [B] showed the intact B2-microglobulin.
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F7 0, T7 I, P72, T7 3 and E7 4.
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ltr] E6SFTPTEKDEYACRVNIIVTLSQPKIVKWDRDM99 with a predicted

molecular weight of 3737.22 Da (SELDI-TOF-MS mass 3733.ODa (-a.2Da))

ltrI] F69TPTEKDEYACR'\TNFIVTLSQPKIVKWDRDM99 with a predicted

molecular weight of 3608.10 Da (SELDI-TOF-MS mass 3603.6Da (a.sDa))

Therefore, these three cleavage sites combined with or without the theoretical removal of

the disulphide bond explain five of the seven major peaks detected by SELDI-TOF-MS

(Figure 254). The remaining two peaks at 5322.6Da and 5387 .2Da are consistent with the

double changed ions of the 10650.7Da and I0782.lDa protein fragments. This explanation

is further supported by the disappearance of the SELDI-TOF-MS peaks at 5322.6Da,

5387.2Da, 10650.7Da and 10782.lDa after reduction and alkylation, while maintaining

the peaks at7042.9Da,3733.lDa and 3603.6Da (with an additional -65Da due to reaction

with iodoacteamide) (data not shown).

However, the initial described rejection pattern had prominent peak clusters at

5.27-5.55kDa (5 peaks),7.05-7.36kDa (3 peaks), and 10.53-ll.lkDa (5 peaks). The

unaccounted SELDI-TOF-MS peaks at 7.21<D and 7.36kD, as well as the concomitant

appearing or disappearing peaks at l0.95kD and I 1.lkD (double charged ions at 5.48kDa

and 5.55kDa) can be explained by a different initial cleavage site (Y63 instead of 561)

with subsequent partial removing of Y63 and F62 (Figure 258). The two last remaining

unaccounted peaks of the original rejection pattern (5.27Þ,Ða and 10.53kDa) can most

likely be explained by removing F70, which was an observed cleavage site (Figure 24).

However, this has not been proven in an experiment yet.
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Figure 254: Confirmed SELDI-TOF-MS detected peaks of the rejection pattern as deriving from
cleaved p2-microglobulin. Initially, the peptide piece F62YLLYYT68 is cleaved from intact B2-
microglobulin by proteinase(s) resulting in the cleaved form of p2-microglobulin. An additional major
cleavage site at E69 leads to two major components with calculated masses of 10783.05Da and 10653.93D4
respectively. Calculated masses are within a few Da from the actual masses observed by SELDI-TOF-MS.
During analysis by SELDI-TOF-MS (most likely due to energy application from the laser) the disulphide
bond breaks in some proteins, resulting in the detection of fragments with actual SELDI-TOF-MS masses of
7042.9Da,3733.0Da and 3603.6Da. These masses are consistent with the calculated masses of the resulting
peptides after theoretically removing the disulphide bond of cleaved B2-microglobulin (7047.83Da,
3737.22Da and 3608.1Da, respectively). ! denotes major cleave site; . denotes additional observed cleavage
sites, which no corresponding proteins were detectable by SELDI-TOF-MS.
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Figure 258: Postulated fragmentation of p2-microglobulin explaining SELDI-TOF-MS detected peaks
of the rejection pattern. As described in Figure 16, the rejection pattern consisted of five peaks at 5.27 to
5.55kDa, three peaks at 7.05 to 7.36kDa and five peaks at 10.53 to 11.1kDa. In the sample which the
identification of cleaved B2-microglobulin was made from (Figure 254), six peaks at 5.48, 5.55,7.2,7.36,
10.95 and ll.lkDa were not detected and accounted for. Based on the SELDI-TOF-MS detected B2-
microglobulin fragments, we postulate the initial non-tryptic cleavage sites to be Y63 and T68 (removing
L64LYYT68), which results in two chains connected by the disulphide bond (C25-C80). Thereafter
additional partial cleavages occur at 56l, F62 and E69. During analysis by SELDI-TOF-MS disulphide
bonds can break resulting in the detection of the two single chains. The different forms of cleaved B2-
microglobulin (with or without intact disulphide bond) explain 11 of 13 peaks contributing to the rejection
pattern. The two last remaining unaccounted peaks of the original rejection pattern (5.27 and l0.53kDa) can
be explained by removing F70, which was an observed cleavage site. ! denotes major cleave site; . denotes
additional observed cleavage sites, which no corresponding proteins were detectable by SELDI-TOF-MS.
The expected mass accuracy of SELDI-TOF-MS as given by the manufacturer is <0.1%. Most observed
peaks are within this range comp¿red to the calculated masses.
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6) Discussion

6.1) Urine protein profiling with SELDI-TOF-MS

6.2) Detection and identification of urine proteins associated with acute renal

allograft rejection

Chapter
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6.1) Ilrine orotein nrofilins with SELDI-TOF-MS

In order to use SELDI-TOF-MS as a high throughput urine protein profrling methodology,

it is critical to define those factors that affect reproducibility, as well as identify the

confounding variables that affect the detection of proteins that are known to be present in

the sample.

6. l. l) Extrinsic factors

The most important extrinsic factors that influence reproducibility and peak detection are

the matrix composition and the instrument settings. Matrix allows for efficient ionization

and vaporization of proteins (83). The most popular matrices for the SELDI-TOF-MS

system are SPA and CHCA. Saturated SPA is preferable for looking at masses above l0-

20 l<Da, while l0-20o/o CHCA provides the best resolution for proteins/peptides up to

about 5 kDa. For urine protein profìling from 2-25 kDa, more peaks and a higher degree

of resolution were observed with 35Yo CHCA. Instrument settings such as detector

sensitivity, detector voltage, and laser intensity have to be determined individually. The

higher the detector sensitivity and voltage or the laser intensity is, the better the detection

of high mass proteins will be. This is accompanied by an increase in background noise,

which limits detection of low intensity peaks.

The number of positions sampled on a spot is an important parameter for optimal peak

detection. Ideally, all proteins are distributed homogeneously on the chip and are

crystallized homogeneously in the matrix. If so, one would expect to generate the same

spectra at every position. From the three spot sampling protocols it is clear, that there are
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'hot positions', where proteins are clustered on the spot leading to the detection of an

abundance of peaks with a high intensity. Similarly, there are 'cold positions', where only

few or even no peaks are detected. Unfortunately, 'hot position' sampling may not

accurately profile low abundant proteins due to ion suppression that can occur due to high

abundance proteins. Therefore, the most representative spectra for a given urine sample is

achieved by sampling many different spot positions and combining the data. This is

especially true for dilute urine samples.

The stability of urine proteins under various storage conditions is important to

know. Recent studies have found little or no changes in albumin-, retinol-binding protein-,

N-acetyl glucosaminidase-, IgG- and kappa/lambda light chain concentrations after

storage at room temperature, 4oC, -2Q"C and -70oC (84,85,86,87). Our experiments using

SELDI-TOF-MS found that up to four freeze-thaw cycles at -80oC did not alter the urine

protein profile significantly; thereafter, peak intensities became weaker. The protein

profiles of all mid-stream urine samples remained almost unchanged after storage for three

days at 4"C, whereas three of six first-void urines underwent major changes. First-void

urine can have significant bacterial contamination resulting in either urine protein

degradation and/or contamination with bacterial proteins within a few days.

6. 1.2) Intrinsic factors

Mid-stream urine is the standard for almost all urine analysis. In a clinical setting, there

are always urine samples that are not mid-stream urines. Therefore, knowing the variation

in urine protein profiles that may occur between first-void and mid-stream urines is

important. There were no clear differences between first-void and mid-stream urine in
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males, whereas in females, variations were easily detectable. For example, a peak cluster

between 3.3 and 3.5 kDa (consistent with the masses of the o-defensins) is present in

female frrst-void urine in high intensity. This peak cluster is either absent or of low

intensity in female mid-stream urine samples. Indeed, o-defensins, which are an important

part of the human antimicrobial defense (88,89), have been detected by SELDI-TOF-MS

technology in urine (90), as well as in culture supernatants of human CD8* T-cells (91).

The differences in the protein profile between first-void and mid-stream urines may be

explained by urethral secretion of these proteins, which are then washed away by the first-

void urine. Therefore, consistent urine protein profiling requires mid-stream urine samples

for analysis, because first-void urine has a different protein composition than mid-stream

urine and is more prone to protein degradation.

Blood was observed to be a major confounding variable affecting the normal urine

protein profile. Not only did new peaks appear (i.e. peaks consistent with the masses of

hemoglobin and albumin), but many of the normal peaks observed became undetectable.

This is likely due to ion suppression by the blood proteins. Notably, even with a dilution

of 10 ¡rL blood in 64 ml diluted urine (1:6400 dilution), the peaks consistent with

hemoglobin remained dominant. Clearly, such contamination invalidates any

interpretation of the urine protein profile. Although centrifugation of the urine sample

removes RBC, contamination with serum proteins will still continue to confound the urine

protein profrle.

Depending on fluid intake the kidneys can concentrate urine to an output as low as

0.5Llday, or dilute urine to almost 20Llday, Under normal conditions, about 1-2L urine

are excreted per day. In a very dilute urine sample (urine creatinine 0.9 mmol/L), most of

the proteins could not be detected on a NP20-chip. The threshold for a stable urine protein
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profile on a NP20-chip was a urine output of 2Llday. Because every ProteinChip type has

different binding capacities, the detection threshold has to be determined for every chip

type individually.

6.1.3) Protein quantification and detection limits with SELDI-TOF-MS

Peak height and area under the peak have been used to reflect protein abundance (90,92).

Although good correlation between the amount of a single protein alone or in a mixture

with four other proteins and the peak intensity was found, it is questionable whether this

remains true in a complex protein mixture (e.g. urine) due to many factors like ion

suppression and competition for binding sites on the ProteinChips. Therefore, care should

be taken in comparing relative peak heights between two different urine protein profiles as

an indicator of change in protein abundance under different circumstances (i.e. normal

versus pathologic state).

The detection of a protein by SELDI-TOF-MS is critically determined by its

concentration in the sample, its binding to the chromatographic surface and its ionization

process within the mass spectrometer. For single proteins, the detection threshold for ø-

defensins (337lDa) was l0-100ng/L (90), for ubiquitin (8565Da) was 100ng/L to l¡tglL,

and for albumin (66500Da) was 1-6mg/L, respectively. The increased detection th¡eshold

for high molecular weight proteins is well known and thought to be related to inferior

ionization of large proteins. In a complex protein mixture (e.g. urine, serum), however, the

detection threshold increases by roughly 10-1000 fold compared to the detection threshold

for single proteins. This decrease in sensitivity is mainly caused by competition for

91



binding sites (i.e. binding competition) on the ProteinChips and competition for ionization

(i.e. ion suppression). Whereas the former is unique to the SELDI-TOF-MS platform, the

later is a common problem for all mass spectrometers. By changing the conditions for

protein binding to different chromatographic surfaces, some proteins may be selected and

enriched, whereas others may be excluded, allowing the detection limit to drop. However,

the detection limit might be at best l0 times above the detection threshold for a single

protein.

Based on these experiments, the potentially detectable urine proteins by SELDI-

TOF-MS can approximately be defined by their concentration and their molecular weight

(Figure 26). This 'accessible' part of the proteome becomes even smaller when the

inferior sensitivity of the SELDI-TOF-MS system for proteins above 251<Da is taken into

account. Therefore, profiling strategies involving clinical samples where potential

biomarkers arc at a concentration and in a molecular weight range detectable by SELDI-

TOF-MS may be more successful. Specifically, urine protein profiling using SELDI-TOF-

MS may be sensitive enough to detect potential biomarkers in kidney diseases, because

the affected cells 'drain' selectively into urine. In contrast, several groups use SELDI-

TOF-MS for serum protein profiling in order to detect new biomarkers for early cancer

detection (93,94). However, serum consists of a few high abundance proteins that account

for 99%o of the total protein amount (95), which may increase the detection threshold of

SELDI-TOF-MS even above the one outlined for urine. It is therefore not su¡prising that

identified potential cancer biomarker found by SELDI-TOF-MS were all in concentrations

ranging form mglI- to dL (96), representing more likely cancer epiphenomena (e.g. liver

metabolism changes) than specific cancer related proteins.
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Figure 26. Detection limits of SELDI-TOF-MS. Ovals represent normal (hepcidin, B-
defensins, p2-microglobulin, retinol-binding-protein (RBP) and albumin), and
pathological concentrations (IL-2 to IL-6, INF-1, IP-10, I-TAC, Mig, PSA and u-
fetoprotein) of known urine and semm proteins measured by ELISA or equal quantitative
tests. Hepcidin, p-defensins, p2-microglobulin and albumin are detectable by SELDI-
TOF-MS in urine from healthy individuals. From dilution experiments, it is known that in
a l:4-l:16 urine dilution these proteins are not detectable anymore. In addition, ubiquitin
(spiked in normal urine) was detectable until l00000pmol/L but not at 10000pmol/L.
Therefore, the SELDI-TOF-MS-detection threshold of these proteins in urine can be
approximated (light grey area). Single proteins (o-defensins, ubiquitin and albumin) are
detectable by SELDI-TOF-MS at roughly 100 times lower concentrations than in urine.
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In addition, it seems unlikely that a small tumor, which weighs only a few grams,

produces proteins detectable in the mglL to glL range in serum. This is underscored by the

serum protein concentration range of currently used cancer biomarkers, which is in the

0. 1- 100¡rg/L range (96).

6.1.4) Summary of advantages and limitations of SELDI-TOF-MS for urine protein

profiling

SELDI-TOF-MS offers many advantages for protein profiling in urine. First, only 5 to 10

pL of sample is needed for one analysis. Second, due to the simple chip preparation, many

samples can be analyzed quickly. Third, the washing step removes most of the salts, which

otherwise interfere with mass spectrometric analysis. And fourth, the impact of different

chromatographic chemistries can be analyzed, which may allow one to find optimal

purification conditions for a protein of interest in a short time with small amounts of

sample. However, sensitivity is moderate (especially in a complex mixture), and

resolution above 251<Da is low, resulting in a limited part of the urine proteome been

detectable by SELDI-TOF-MS. In addition, standardization of analysis conditions is

essential, and both extrinsic and intrinsic factors must be taken into account for accurate

data interpretation.

94



6.2) Detection of urine proteins associated with acute renal allograft reiection

V/e used a proteomic technique to determine whether the urine of renal transplant patients

undergoing acute allograft rejection had a characteristic profile. As discussed above urine

can be very heterogeneous making standardization of urine collection and storage critical

(97). In the design of the current study, we therefore required mid-stream urines that were

collected immediately before the allograft biopsy and were stored the same day at -70"C.

Next it was necessary to determine the urine protein profile of a 'normal' kidney

transplant, and this was done by selecting urines from patients with immediate and

persistent good graft function that had normal graft histology on protocol biopsy. This

stringently defined control group is unique as it includes histology; other groups

attempting similar studies have inferred normal histology from a stable serum creatinine

(58,57,98). Indeed, adherence to this stringent definition of 'normal' demonstrates that the

urine protein profile from 18 of 22 patients (82%) in the stable transplant group was

similar to the urine profìle of normal non-transplanted individuals.

The reliable identification of the urine protein pattern of the normal kidney

transplant allowed for the clear differentiation, on visual inspection alone, of a distinct

urine protein profile in the group with acute rejection (Figure 2). Other groups have used

SELDI-TOF-MS to compare the protein profiles between different clinical outcomes, but

required bioinformatic analysis to assign protein peaks to a specific outcome (99,100). In a

similar study to ours, Clarke et al. (99) reported differences in the urine profiles between

rejection and stable transplants; however, their requirement of bioinformatics to do so may

relate to the fact that their definition of 'stable' transplants was less stringent than ours

(i.e. based on serum creatinine alone). Interestingly, the protein peaks reported in their
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paper as specific to rejection, are different from those found by our group. This may be

related to the different protein chip surfaces and experimental conditions that were

utilized; but also, to the fact that Clarke et al. (99) failed to include any control

populations (e.9. ATN, recurrent or de novo glomerulopathies, UTI, CMV) in the analysis,

the importance of which is discussed below. In another study, Petricoin et al. (100) have

used SELDI-TOF-MS to compare the protein profiles between different clinico-

pathological diagnoses in cases of ovarian cancer, but also required bioinformatic analysis

to assign peaks to specific outcomes. In their study the analysis involved serum samples

which is clearly a more complex biological fluid than urine. Indeed, the urine-based

proteomics has the advantage of excluding most of the serum proteins from the urine due

to the size/charge selectivity of the glomerular basement membrane.

Urine profiles of the various groups could have been altered by the procedures of

urine collection and storage. Due to the fact that all urine samples were stored non-

centrifuged, the rejection pattern may have derived from intracellular proteins of

leucocytes, RBC or tubular epithelial cells released after a freeze-thaw cycle.

Interestingly, in one of the rejection cases we found that lysis of RBC prevented the

detection of the rejection pattern due to ion suppression. However, pre-centrifugation to

remove the RBC prior to freeze-thawing of this sample allowed the rejection pattern to be

detected. Therefore, this argues that the pattern is not necessarily derived from cell lysis

associated with a freeze-thaw cycle.

Although there were significant differences in the urine profiles between the stable

transplant and the acute clinical rejection groups, there were also one 'false negative' and

four 'false positives' samples. The only patient with the 'false negative' urine profile in

the acute clinical rejection group had no specific clinical or demographic feature. He had a
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course of a subclinical rejection (ai3t3g0v0) followed by a clinical rejection (ai3t3gOvl) -

both treated with oral high dose steroids- and returned to normal histology (ai0t1g0v0) 15

weeks later. We found no obvious explanation for this 'false negative' result.

Theoretically, a low protein concentration in dilute urine may influence the ability to

detect a rejection pattern. However, the protein concentration of the urine samples from

the stable transplant and the acute clinical rejection group were similar, making inadequate

protein load an unlikely explanation for the absence of the rejection pattern. The four

patients with 'false positive' urine profïles in the stable transplant group also had no

specific clinical or demographic features at the time of the biopsy. However, one of them

went on to subclinical rejection (ailt3gOvO) 9 weeks later and one experienced an acute

clinical rejection and polyomavirus type BK-nephropathy 13 weeks later. The other two

patients had a normal transplant course with stable graft function. There are mainly two

possible explanations for these 'false positive' results. First, they are true 'false positives'

and we cannot explain why. Second, they are not 'false positives' as the urine profile

maybe detecting an early rejection process that was missed by the allograft biopsy (i.e.

sampling error) (l 0 1,50).

The urine protein profile in the ATN and glomerulopathy groups did not show the

pattern of rejection. Both ATN and glomerulopathies are important in the differential

diagnosis of allograft dysfunction, and may represent pathophysiological models of

allograft injury distinct from that due to the alloimmune response. Whereas ATN can be

regarded as a model of injury to the tubules due to ischemia-reperfusion, in the

glomerulopathies, the injury, although presumably immune in nature, is largely centered

on the glomerular capillary. As these two pathological states did not show the

characteristic pattern of rejection, we infer that the urine proteins detected in acute
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rejection are related to recipient immune cells infiltrating the graft and/or to tubular

epithelial cells that are involved in the allo-directed inflammation. We acknowledge,

however, that we can not exclude the possibility that the urine proteins associated with

rejection may also be found in other causes of tubular-based pathology (i.e. calcineurin-

inhibitor+oxicity, polyomavirus type BK-nephropathy, pyelonephritis). These latter

outcomes are of relatively lower frequency in our patient population, such that we were

unable to generate pure examples of each in sufücient number to make any reliable

conclusions. Indeed, it is notable, that in our patient population (n:212) only one patient

(0.5%) developed polyomavirus type BK-nephropathy, which is a much lower incidence

than reported from another centre (8%) (11).

An additional potential confounder of the diagnostic specificity of the urine protein

profile observed in allograft rejection is systemic inflammation that could lead to the

filtration of inflammatory proteins (e.g. chemokines, cytokines) by the transplant kidney.

Post-transplant CMV-viremia, which has a high incidence in kidney transplant recipients

(102,103) but very rarely infects the allograft (104,105) is one of the most common causes

of systemic inflammation post-transplant. Indeed, our group has previously reported that

CMV-viremia is a significant confounding variable when examining activated T-cells in

the circulation as a possible non-invasive correlate of biopsy proven allograft rejection

(62).In the current study, we found no correlation between CMV-viremia and the urine

profile of rejection, which argues against systemic inflammation associated with CMV-

viremia as a significant confounding factor. While this does not rule out the possibility

that other systemic inflammatory processes may mimic the urine profile seen in allograft

rejection, it suggests that this is probably less likely.
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It was of interest that the protein profile of rejection was similar regardless of the

histological severity @anff IA vs. IB) or type @anff IA/B vs. IIA) This finding might

represent a relative limitation of the technique of urine proteomics in identifying

biomarkers specific for tubulointerstitial versus vascular rejection. However, because the

assignment of histological severityltype of acute rejection is based upon a small biopsy

sample of a large organ, urine profiling, which is representative of the entire allograft, may

be pointing to the extent of heterogeneity of inflammation within the allograft, a fact that

renal transplant pathologists are well aware of (50).

The correlation between the changes in serial urine profiles and the clinico-

pathological course of the patients provided additional support that the detected proteins

are related to acute allograft rejection. However, we do not propose the SELDI-TOF-MS

spectra as a diagnostic test, but rather as a tool to detect proteins that are specifically

involved in the pathogenesis of rejection. In addition, the patient selection criteria set for

this study reflect the extremes of the rejection spectrum (stable transplant vs. acute clinical

rejection in a 1:1 ratio) rather than the whole spectrum seen in regular clinics. Therefore,

we have avoided calculation of parameters that characterizes a clinical test (e.g.

sensitivity, specificity, PPV and NPÐ as we regarded this as potentially misleading.

6.3) Identification of proteins associated with acute renal allosraft reiection

Protein can separated based on [I] their molecular weight, [II] their pI and [III] their

hydrophobicity. The use of ion-exchange beads as a first step to purify the target proteins

with a pI of 7.0 from urine offered two advantages. First, it allows one to concentrate the

target proteins, and second, many proteins with lower pl's could by excluded.
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Subsequently, the high resolution ability of RP-HPLC allowed purifying the cleaved B2-

microglobulin. Indeed, it was even possible to separate the cleaved form (eluted at around

3IYo acetonitrile) from the intact form (eluted at around 33% acetonitrile), which only

differ by seven amino acids.

Identification of cleaved B2-microglobulin by LC-MS and LC-MS/I4S is very

reliable. Not only were all the peptides corresponding to the B2-microglobulin sequence

(without the cleaved piece 'F62YLLYYT68') found and con{irmed by MS/Ì\4S, but the

observed and predicted cleaved forms could explain 11 of 13 peaks of the rejection pattern

detected by SELDI-TOF-MS. However, the question remains, why cleaved þ2-

microglobulin produces the observed multiple peaks on the SELDI-TOF-MS spectra. B2-

microglobulin consists of 99 amino acids and contains one disulphide bond (C25-C80).

Purified human p2-microglobulin from urine is not fragmented when analysed by SELDI-

TOF-MS and only the double charged species is observed beside the parent ion (Figure

23,n; page 82). However, after cleavage of the above-mentioned piece two chains result,

which are connected by the disulphide bond (C25-C80). During the ionisation process

disulphide bond may break (106,107) in some cleaved p2-microglobulin molecules

resulting in additional detection of the two single chains.

Based on the SELDI-TOF-MS detected B2-microglobulin fragments, we postulate

the initial non-tryptic cleavage sites to be Y63 and T68. Thereafter additional major

cleavages occur at 561, F62 and 869, resulting in 1l of 13 peaks contributing to the

rejection pattern (Figure 258; page 86). However, more non-tryptic cleavage sites were

found F22, N24, C25, F70, T71, P72, T73 and F.74) which we could not assign

corresponding SELDI-TOF-MS peaks for. The proteinase(s) involved in the initial

100



cleavage as well as the proteinase(s) responsible for further fragmentation of B2-

microglobulin are not determined yet. Cleavage of B2-microglobulin could either have

happened intracellularly (i.e. lysosomal enzymes) or intraluminally (i.e. secreted

proteinases from CTL, macrophages or tubular epithelial cells; release of lysosomal

enzymes due to tubular epithelial cell death) (Figure 27).

p2-microglobulin is freely filtered through the glomerular barrier and is normally

reabsorbed by proximal tubular epithelial cells to a large extent. Therefore, changes in þ2-

microglobulin metabolism and excretion are mainly dependent on the function of the

tubular epithelial cells. In addition, proteinases in urine may mostly be derived from these

cells (108,109,110). Taken together, the presence of cleaved p2-microglobulin in urine is

most likely to be associated with tubular epithelial cell stress/injury. Interestingly, in

patients with pure humoral rejection (n:3, data not shown), which does not target the

tubular cells, cleaved B2-microglobulin was not detectable by SELDI-TOF-MS further

supporting the association between tubular cell stress/injury and the presence of cleaved

p2-microglobulin. Whether cleaved B2-microglobulin is specific for tubular cell

stress/injury due to rejection is not known yet and needs to be addressed in further analysis

of samples with different pathologies affecting the tubuli (i.e. CNl-toxicity, polyomavirus

type BK-nephropathy, pyelonephritis).
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Figure 27. Suggested pathways involved in cleavage of p2-microglobulin. þ2-
microglobulin is freely filtered through the glomerular barrier and reabsorbed to a large
(but unknown) extent by tubular epithelial cells. It can by transferred directly back into the
bloodstream, but it may also by degraded in lysosomes. Resulting fragments may be
brought back into the blood stream, but regurgitation of fragments into the urine is also
possible. Tubular epithelial stress/injury due to rejection may enhance regurgitation of
fragmented proteins into urine and decrease their transport into blood stream (grey double-
line). However, þ2-microglobulin may also be cleaved intraluminally by proteinases
released by tubular epithelial cells, CTL and macrophages.
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Further research steps

7,l) studies of cleaved B2-microglobulin and its responsible proteinase(s)

7.2) Other proteomic approaches than SELDI-TOF-MS to identify urine proteins

involved in renal allograft rejection

chapter 7
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7.11Studies of cleaved ß2-microslobulin and its resnonsible nroteinasels)

We have demonstrated that cleaved B2-microglobulin has the potential to be a useful

biomarker for tubular epithelial cell stress/injury occurring during renal allograft rejection.

However, several important questions have to be answered before cleaved F2-

microglobulin can be tested for its clinical usefulness in a separate prospective study.

[I] Can we reliably measure cleaved B2-microglobulin in urine ?

As detection of cleaved B2-microglobulin in urine by SELDI-TOF-MS can by influenced

by technical and sample-related limitations (i.e. binding competition, ion suppression,

blood in urine), a more sensitive and less interference-prone assay is mandatory (i.e.

ELISA). However, commercially available anti-82-microglobulin antibodies may not

detect the cleaved form or cross-react with both the cleaved and the intact form of B2-

microglobulin. Therefore, the nert step is to determine the specificity of different anti-þz-

microglobulin antibodies (monoclonal and polyclonal) for their detection of both forms of

B2-microglobulin by Western-blot and immunoprecipitation. Once an antibody, that

recognizes only cleaved B2-microglobulin, is found, it would allow determining the

quantitative differences of cleaved p2-microglobulin in all the studied groups. However, if

no specific anti-cleaved B2-microglobulin antibodies are commercially available,

immunizing animals with purified cleaved B2-microglobulin could produce such

antibodies. Alternatively, the amount of cleaved þ2-miuoglobulin could be calculated by

subtracting the intact B2-microglobulin value (e.g. measured by monoclonal antibody that
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only recognizes the intact form) from total B2-microglobulin value (e.g. measured by

polyclonal antibody that recognizes intact and cleaved p2-microglobulin)

tI{| Which proteinase(s) are responsible for the cleavage of urinary þ2-

microglobulin ?

The non-tryptic cleavage sites of the identified cleaved B2-microglobulin do not show a

specific pattern that can be easily attributed to one proteinase. Therefore, the involved

proteinase(s) for the suggested initial cleavage sites and the subsequent further cleavages

have to be determined experimentally. Besides prefened amino acid cleavage sites,

proteinases can be closer assigned to a family (i.e. aspartic proteinase, serine proteinase)

by their optimal working pH and their susceptibility to specific proteinase-inhibitors.

Finally, in vitro generation of the same fragments by incubating intact B2-microglobulin

with one or more proteinases will ultimately confirm the responsible proteinase(s).

[III] What measurement is more reliable, cleaved B2-microglobulin or proteinase-

activity ?

As cleaved B2-microglobulin is in vivo proof of proteinase activity in urine, it may be

possible that under certain conditions (low urine pH, high storage temperature) proteinases

will further degrade cleaved p2-microglobulin. This would result in a false negative result

when measuring cleaved B2-microglobulin in urine. Therefore, measurement of the

enzymatic activity of the proteinase(s) may be more reliable.
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7.2) Other proteomic annroaches than SELDI-TOF-MS to identifv urine nroteins

involved in renal allosraft reiection

As described and discussed above, SELDI-TOF-MS can only detect a limited

subset ofurine proteins. Therefore other approaches are needed to profile different subsets

of urine proteins for their potential as biomarkers for renal allograft rejection. Such

approaches include comparative analysis of urine samples from stable transplants and

patients undergoing rejection (i.e. differential protein profiling).

The Aebersold laboratory introduced the concept of isotope coded affinity tags,

ICAT, in an effort to provide a means for direct comparison of protein levels in two

samples by mass spectrometry (71). The ICAT reagent is in two structurally identical

forms, which only differ by the presence of heavy, H, or light, L, species of stable isotopes

of carbon or hydrogen (i.e. Cr2tCr3 or Ht/Ht) resulting in H and L forms of ICAT. Equal

amounts of the two samples to be compared are reduced, labelled separately, each with

only one species of ICAT, and then pooled for processing. ICAT reacts with free -SH

groups and introduces a selectable biotin affrnity tag which allows for the isolation of the

tag labelled peptides from the overall digest. This step was designed to reduce the overall

complexity of the samples in the subsequent chromatographic and mass spectrometric

steps. The tagged peptides can be separated by I or 2 dimensional LC on-line with a mass

spectrometer. In single MS mode peptides from the same protein species but labelled with

the heavy and light forms of the tag will display a predictable separationinmJz depending

on the charge state of the peptides. Integration of the areas of the isotope cluster for the H

and L species provides a basis for comparing their relative abundance. Subsequent

analysis of the parent ion by tandem MS provides protein identification. Thus in a single
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experiment it is possible to obtain information on relative protein abundance and identity

of the altered expression patterns. The limitations of the approach relate to the relatively

narro\ry dynamic range (i.e.-l0 fold) and the requirement for cysteins in the proteins.

Another approach for differential protein profiling employs digestion in the

presence of 016 or Or8 (111). Equal quantities of urinary proteins from the groups to be

compared will be dialysed and lyophilised. The samples will then be resuspended in buffer

containing exclusively either 016 or Ott HrO. During trypsin digestion peptide bonds C

terminal to the basic residues are hydrolysed resulting in the incorporation of OH into the

C terminal carboxyl group. Thus by digesting the two protein mixtures to be compared in

different forms of FI2O sets of peptides differing by 2 mass units are generated. Combining

equal quantities of the protein digests and fractionating in a similar fashion to the ICAT

provides a means of performing a similar type of quantitative comparison and protein

identification. This scheme labels all peptides and is only dependent on the presence of

cleavage sites for trypsin rather than cysteins.

In summary, the results from the ICAT and the hydrolytic labelling offer the

means to obtain broad comparative analysis of the urine samples of interest. However,

both methods do not allow for high throughput analysis making the selection of few

clinically well defined samples mandatory to allow meaningful interpretation.
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Urine protein profiling \l/ith surface-enhanced
laser- des orptio nl ionization time- of-fl ight mas s sp ectrometry

Srsrnx ScHaun, Josn Wu,xrxs, Tha,cny Wru,rnr l(nvn Slncsrnn, D¡.vrn RusH,
and Perpn Nrcxnnsox

Immunogenetics Laboratory, Faculty of Medicine, Winnipeg, Manitoba, Canadg and Manitoba Centre for Proteomics,
Faculty of Medicine, Winnipeg, Manitoba, Canada

Urine protein profiIing with surface.enhanced laser.desorption/
ionization time.of.flight mass sp€ctrometrJ¡.

Background. In the last few years there has been an increas-
ing interest in exploring the human proteome. In particular,
efforts have focused on developing strategies to generate re-
producible protein maps of normal cellg tissueg and biologic
fluidg from which studies can then compare protein expression
befween differentgroups (e.g., healthy individuals vs. those with
a specific pathologic state).

Methods. Various extrinsic factors (instrument settingsr ma-
trix composition, urine storage post void, freeze-thaw cy-
cles) and intrinsic factors (blood in urine, urine dilution,
frrst-void vs midstream urine) were analyzed with respect to
their impact on urine protein profrling using surface-enhanced
laser-desorption/ionization time-of-flight mass spectrometry
(SELDr-TOF-MS).

Results. Extrinsic factors that critically influenced repro-
ducibility and peak detection of urine protein profiling were
matrix composition and instrument settingg while freeze-thaw
cycles had minimal impact. Midstream urines samples did not
undergo changes in their protein profile when stored for three
days at 4"C. Intrinsic factors that influenced normal urine pro-
tein profrling were blood in the urine and urine dilution. Female
frrst-void urine had a signiñcantly different ratio of proteins
present compared to a midstream urine sample" Limitations of
the SELDI-TOF-MS technique included ion suppression and
quantification of individual proteins when protein composition
was complex.

Conclusion. SELDI-TOF-MS offers a unique platform for
high throughput urine protein proñling; however, standardiza-
tion of analysis conditions is critical, and both extrinsic and
intrinsic factors must be taken into account for accurate data
interpretation.

In the last few years there has been an increasing inter-
est in exploring the proteome of h rman urine. A catalog

TECHNICAL NOTE

of these proteins cannot only improve our knowledge of
kidney physiology [L], but can also allow the identifica-
tion of novel proteins associated with pathologic states.
Indeed, it may be possible to identify potential biomark-
ers to diagnose and/or monitor renal disease [2-4].

At present, there are several techniques to identify and
compare the expression of proteins, each with advantages
and disadvantages. The most established method is pro-
tein separation by two-dimensional gel electrophoresis
(2-DE) followed by in-gel digestion and peptide mass
fingerprinting by mass spectrometry. This method allows
for the comparison of the relative abundance of proteins.
In recent literature, Thongboonkerd et al [5] identified 67
protein forms of 47 unique proteins in normal urine by
2-DE. However, there a¡e several limitations of 2-DE as

a separation method for proteomic studies. The resolv-
able range of molecular weights is limited at both ends,
with a bias toward high-abundance proteins. In addition,
the technique requires relatively large amount of sam-
ple, is labor-intensive, and good gel-to-gel reproducibil-
iry can be hard to achieve [2,6]. Thuq this approach is
not optimal for high throughput proflling. An alterna-
tive approach uses liquid chromatography as the separa-
tion step upstreamfrom the mass spectrometer (LC-MS).
Using this approach, Spahr et al [7] identified 124 gene
products (proteins and translations of expressed se-
quence tags) in normal urine samples While this tech-
nique provides information about the protein content
of the sampleq little information about their relative
abundance can be obtained unless the proteins/peptides
are labeled first by isotope-coded affinify tags [8, 9]
or other protein/peptide labeling techniques. Further-
more, this method is still labor-intensive and has limited
throughput.

Surface-enhanced laser-desorption/ionization time-of-
flight mass spectrometry (SELDI-TOF-MS) addresses
some of the limitations of both 2-DE and LC-MS.
It combines matrix-assisted laser-desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) to
surface chromatography. Specifically, a sample is applied

IGy words: proteomics, urine protein profiling, SEI-DI-TOF-MS, mass
spectrometry.
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to a chip surface carrying a functional group. After in-
cubation, proteins that do not bind to the surface are
removed by a simple wash step, and bound proteins are
anaþed by mass spectrometry. This approach, in con-
trast to the others described, allows for high throughput
profiling of multiple clinical samples. In this article, tech-
nical issueq pitfalls, and limitations of this technique in
protein profiling normal urine samples are described and
discussed.

METHODS

Urine collection and storage

Second-morning urine from healthy men and women
were collected in lwo different containers. The fi¡st L0-
20 nI- of urine was considered as first-void urine, the
following 50-80 mL as midstream uri¡e. Unless otherwise
stated, urine was centrifuged in a fixed-angle centrifuge
for L0 minutes at 20ü) rpm (9009), the supernatant was
transferred into 2 mL cryo-tubes (Gordon Technologieg
Inc., Missisauga, Ontario, Canada), and stored at-70'C.
All samples were obtained with informed consent and
ethics approval of the Universiry of Manitoba IRB.

Urine sediments

Ten mL of freshly collected urine was centrifuged for
10 minutes at 2000 rpm. The pellet was analyzed with a
phase-contrast microscope at 400x augmentation and is
reported as cells per high-power field (hpf).

Protein chip preparation and reading

Normal phase chips (ProteinChip NP20; Ciphergen,
Freemont, CA, USA), which bind proteins through
hydrophilic and charged residues (including serine,
threonine, and lysine), were used for the analysis. Urine
samples were thawed on ice, shortly vortexed, and cen-
trifuged for5minutes at 10,000rpm (toremove remaining
cell particles). Five pL of urine supernatant were applied
in duplicate to the chip and incubated for 20 minutes
in a humidiry chamber. Spots were then washed three
times with 5 pL high-performance liquid chromatogra-
phy (HPLC)-grade water and air-dried for 10 minutes.
Saturated u-cyano4-hydroxycinnamic acid (CHCA; Ci-
phergen) and sinapinic acid (SPA; Ciphergen) were
prepared in 50ol" acetonitrile/O.S o/" trifluoroacetic acid
according to the manufacturer's instructions. Dilutions
of 20o/",35o/o, and 507" were used. One ¡rL of matrix
solution (35ol" CHCA, unless otherwise specified) was
applied to each spot and air-dried. Unless stated other-
wise, chips were read with the following SELDI-TOF-MS
instrument (ProteinChip Reader II; Ciphergen) settings:
Laser intensity 230; detector sensitivity 6; detector volt-
age t700 V; positions 15 to 85 were read with an incre-
ment of 5 (resulting in L5 different sampling positions);

Schaub et øl: Uríne proreín profiling with SELDI-TOF-MS

16 laser shots were collected on each position (total shots
collected and averaged: 24Olsample); eight warming shots
were flred at each position, which were not included in
the collection; the acquired mass range was from a mass-
over-charge (m/z) ratio of 0 to 80,000; lag time focus of
900 ns. Calibration was done externally with a mixture
of 4 proteins with masses ranging from 2 to 16 kD. Af-
ter baseline subtraction and normalization, peak labeling
was performed with the ProteinChip Sofrware (version
3.L) for peaks with a signal-to-noise (S/ì.1) ratio of >3 in
the m/z range from 20G25,000.

RESULTS

Evaluation of reprodueibility

It is critical to evaluate the reproducibility of urine pro-
tein profiling using the SELDI-TOF-MS approach before
establishing whether the urine protein profi.les differ in
various clinical states. Reproducibility was evaluated by
applying one urine sample to 14 spots and reading the
spots using the protocol described above. The total num-
ber of detected peaks with an S/Ì.,I-ratio >3 was 25 peaks/
spectrum (range, 23-29). Fourteen peaks common to all
spectra were selected and compared with regard to their
peak intensiry by calculating the coefficient of variation.
They ranged from 87" to 30o/o, with the lowest vari-
ation seen in the high intensiry peaks and the higher
variation seen in lower intensiry peaks (Fig. 1A). This
is expected, as small differences in low intensity peaks
(e.g., 1,.0 vs. 0.5) have a large influence on the calculated
coefflcient of variation. Independent of the software as-
signment of protein peaks, it is important to conduct
manual inspection of the spectra, to determine whether
a specif,c peak is present. Low intensily peaks with
an SÆ.{-ratio near the selected detection threshold (i.e.,
>3) can be unlabelled and undetected by the software
(Fïg.18).

Impact of extrinsic facfors on reproducibility and peak
detection of urine protein profiles

The impact of matrix on the urine protein prof,le was
determined by comparing different dilutions of CHCA
and SPA (2Oo/", 35o/", 507", and 1000/") with the oth-
erwise unchanged protocol stated above. In the range
from 2-25 kD, 22,26, 19, and L6 peaks were detected
using 20ol", 35o/o,5\o/o, and 100% CHCA, respectively.
In contrast, 13,19,11, and 10 peaks were detected using
20o/o,35o/o,50"/o, alad 100o/o SPA. Peak intensity below
8-10 kD was higher with CHCA, whereas SPA yielded
higher peak intensities above 8-10 kD (urine protein pro-
files not shown).

The impact of spot sampling protocols was determined
by comparing three different spot sampling protocols
with respect to peak detection in undiluted and diluted
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urine: protocol 1, (standard protocol; see above); protocol
2 (standard protocol modified to sample on only 5 differ-
ent positions for a total of 80 shots/sample); protocol 3

[standard protocol modified to use a higher detector sen-
sitivity (10 instead of 6)]. Protocol L detected 34 peaks
in undiluted urine, whereas protocols 2 and 3 detected

nlz

Fig. L Reproducibifty of urine protein pro-
files One urine samplewas applied to 14 spots
and analyzed. (,4) Fourteen peaks common to
all spectra were selected and compared with
regard to their peak intensity by calculating
the coefficients ofvariation. They ranged from
8"/" to3O"/", v'¡ith the lowest variation seen in
the high-intensity peaks and the higher varia-
tion seen in lower intensity peaks. (B) Parts of
4 randomlyselectedspectra from the obtained
14. Manual inspection of the spectra showed
the presence of an unlabelled peak (circle in
insert), although the spectra look the same by
"eyeball."

only 2L and 26 peakg respectively. In diluted urine (urine
creatinine 3.75 mmoVl) the peak counts were 20, 11, and
13, respectively (urine protein proflles not shown).

If the SELDI-TOF-MS approach is to be used in the
assessment of clinical samples, it is important to as-

sess the stabiliry of the urine proteins before analysis.
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First-void and midstream urine samples from three fe-
males and three males were analyzed within 2 hours from
the time of collection, after storage for three days at room
temperature, and after three days at 4oC. In all six sam-
ples, only minor differences in the midstream urine pro-
tein profiles could be detected after storage for three days
at 4oC. However, in three first-void urines (two female,
one male), storage for three days at room temperature or

Fþ. 2" Impac't of storage on urine protein
profiles. (á) Representative female first-void
urine showing the appearance of new peaks
(+) in the 2-6kD range afterstorage for 3 days
atroom temperature orat4"C (B) Represen-
tative male midstream urine protein profile,
which showed only minor changes, whether it
was anal¡zed 2 hou¡s after collection or after
storage for 3 days at room temperature or at
4"C, respectively.

at 4"C changed the spectra considerably. A series of new
peaks in the low-molecular weight range were detected
(Fïg. 2). Storage of the urine samples at -70"C did not
change the spectra compared with those obtained before
freezing. Furthermore, almost the same spectra could be
generated after four freeze-thaw cycles; however, a loss
of peaks was observed after the fifth freeze-thaw cycle
(Fìg.3).
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Impact of intrinsic factors on normal udne
protein profiling

A potential confounding variable in the clinical set-
ting is if a urine sample is first-void or midstream. In all
three urine samples from maleq there were almost no
differences between the protein profile of first-void and
midstream urine (Fig. 4A). However, in all three urine
samples from females, there are prominent peaks be-
fween 3.3 and 3.5 kD in the first-void urine f¡action. These
peaks are $eatly diminished in the midstream urine
sample, together with other changes in peak intensities
(Frg.  B). Three of these peaks with average masses of
3370.3,344L.2,and3484.3 d are consistentwith the masses

of the u-defensins 2, 1, and 3, respectively.
Another con-founding variable in urine proteomic anal-

ysis is the presence of blood in urine. It can be present in
urine under normal conditions (e.g., menstruation) or in
association with urogenital tract pathologies. To investi-
gate the impact of blood on the normal urine profile, we
spiked 500 pL urine with L0 pL blood, which resulted in
a red coloring of the sample [sediment analysis showed

+
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>Lü) red blood cells (RBC)/hpf].In the subsequent anal-
ysis by SELDI-TOF-MS, four major peaks were detected
(Fig. 5B), which are consistent with the masses of the
hemoglobin u- and p+hains and their doubly charged
ions. Based on the virtual disappearance of these peaks af-
ter sample centrifugation before SELDI-TOF-MS anal-
ysis, it is likely that these peaks represent hemoglobin.
They were easily detectable as the most intense peaks up
to a1:128 dilution of this sample, corresponding to 10 ¡rL
blood in 64 mL diluted urine (urine protein profiles not
shown). However, even when the RBC were removed
by centrifugation, the urine was still contaminated with
serum proteins This is suggested by the presence of peaks
with masses consistent with albumin in the urine protein
profile (Fig.5C).

A dilute urine sample may limit the ability to detect the
normal urine protein profile. To address the issue of u¡ine
concentration, urine was sampled from a healthy male
with a body weight of 75 kg alter 20 hours of no fluid in-
take. The measured urine creatinine was 15 mmoVl and
the total protein was 0.11 glL. At another time point,

Fig. 3. Impact of f¡eeze-thaw cydes on
urine protein profiIes Urine protein profiles
obt¿ined before freeze and after 1 to 4
freeze-thaw cycleswere unchanged, but an in-
creasing loss of intensity in some peaks was
detected ({). After the frfth freeze-thaw cycle
some weak intensity peaks were not detected
(-).
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the same individual was challenged with 4 L of fluid
over 2 hours, leading to dilute urine with a creatinine of
0.9 mmol/L and a total protein of 0.03 g/L. Whiìe the con-
centrated urine showed the normal peak profile (Fig. 6A),
the dilute urine sample showed only three peaks in the
range from 2-25 kD (Fig. 6E). To determine the detec-
tion threshold of the normal urine profile, the concen-
trated urine sample was serially diluted. At a L:2 dilution,
which corresponds to a urine output of ZLlday [calcu-
lated in our test person by: creatinine production/day
(0.2 mmol/kg/day x 75 kg) divided by urine creatinine
(7.5 mmoVl) :zLldayl the profile remained unchanged
(Frg. 6B). A progressive loss ofurine profile peaks started
with a L:4 dilution. The 1:16 dilution showed a spectrum
similar to the urine profile obtained after the fluid chal-
lenge (Fig.6E).

Protein quantification with SELDI-TOF-MS
To determine if either the spectral peak intensiry or

area provides a means for reliable protein quantification,
serial dilution of a single protein (ubiquitin, 8565 d) was
performed. There was an excellent correlation belween
the amount of protein in the sample and peak intensity
(l :0.95) or the area under the peak (l :0.98) in non-
normalized spectra (Fig.7A).Even in a mixlure contain-
ilg four other proteins, the correlation was maintained
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F[. 4. Comparison between fi¡st-void a¡d
mirkûeam urine protein profiles (gel-view)-
Frrst-void and midstream urine protein pre'
ñles obtained from three females and úree
males In maleg both urine samples had simi-
lar protein profrles' whereas in females there
are sigaificant differences The most promi-
nent difference in female first-void urine are
three peaks at 3370.3,3441.2, and 3484.3 d
(.1.), which are consistent with the masses
of the c¿-defensins 2, l-, and 3, respectively
(Swiss-Prot P59665+P59666; 337L.9, 3442.5,
3486.5 d). The calculated mass accuracy of the
surface-enhanced laser-desorption/ionization
time-of-flight mass spectrometry (SELDI-
TOF-MS) in this example is < 0.07%, which
is within the limits given by the manufacturer
(<0.1%).

(f : 0.99 for peak intensity and for the area under the
peak), but the peak intensities were L0 times lower with
the same amounf of ubiquitin (Ftg. 7B). When a com-
plex protein mixture (i.e., normal urine with a protein
concentration of 110 mg/L) was spiked with L.0, 0.1, and
0.01. pmoVpl ubiquitia, only the first two concentrations
of ubiquitinwere detectable (Fig. 7C). The peak intensiry
dropped from 0.32 (1.0 pmoVpl) to 0.09 (0.1 pmoVpl),
which is only a 3.5 times decrease instead of the expected
L0 times. Because only two measurements of peak inten-
sity were obtainable, no correlation was calculated.

DISCUSSION

In order to use SELDI-TOF-MS as a high throughput
urine protein profiling methodology, it is critical to define
those factors that affect reproducibility, as well as iden-
tify the confounding variables that affect the detection of
proteins that are known to be present in the sample.

Extrinsic factors

The most important extrinsic factors that influence re-
producibility and peak detection are the matrix com-
position and the instrument settings Matrix allows for
effrcient ionization and vaporization of proteins [L0].
The most popular matrices for the SELDI-TOF-MS
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system are SPA and CHCA. Saturated SPA is preferable
for looking at masses above 10--20 kD, while l0o/"-2Ùo/"
CHCA provides the best resolution for proteins/peptides
up to about 5 kD. For urine protein profiling from 2-
25kD,more peaks and a higher degree of Íesolution were
observed with 35ol" CHCA. Instrument settings such as

detector sensitivity, detector voltage, and laser intensity
have to be determined individually. The higher the de-
tector sensitivity and voltage or the laser intensity, the
better the detection of high-mass protei:rs. This is accom-
panied by an increase in background noise, which limits
detection of low intensity peaks.

The number of positions sampled on a spot is an im-
portant parameter for optimal peak detection. Ideally, all
proteins are distributed homogeneously on the spot and
are crystallized homogeneously in the matrix. If so, one
would expect to generate the same spectra at every posi-
tion. From the three spot sampling protocols it isclear that
there are "hot positions," where proteins are clustered on
the spotleading to the detection ofan abundance ofpeaks
with a high intensiry. Similarly, there are "cold positiong"
where only few or even no peaks are detected. Unfortu-
nately, "hot position" sampling may not accurately pro-
file low abundant proteins due to ion suppression that
can occur due to high abundant proteins. Therefore, the

10305 16627

Fþ. 5. Impact of blood in urine on urine
protein profles. (á) Protein profile of urine
sample from a healthy male. (.B) Protein
profile after spiking the same sample from
(A) with blood (10 pL blood in 500 pL
urine). Four peaks appear which are con-
sistent with the masses of singly and dou-
bly charged hemoglobin o- and p-chains
(Swiss-Prot P01922: L5126 d;P02rJ23; L5867
d). The calculated mass accuracy of the
surface-enhanced laser-desorption/ionization
time-of-flight mass spectrometry (SELDI-
TOF-MS) in this example is <0.13%, which
is slightly above the limits given by lhe man-
ufacturer (<0.1%). (C) Protein proñle af-
ter centrifugation of the same blood-spiked
urine sample from (B). Only trace amounts
of two of these peaks were detectable (*);
however, contamination with serum pro-
teins was obvious (e.g., peaks consistent with
masses of serum albumin were detected).
Albumin has a molecular weight of 66472
d with its multiply charged ions at an m/z
of 33236 (double-charged), 221,57 (tnple-
charged), 16618 (quadruple-charged), 13294
(quintuple-charged), and 11079 (sextuple-
charged).
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most representative spectra for a given urine sample is
achieved by sampling many different spot positions and
combining the data. This is especially true for dilute urine
samples.

The stabiliry of urine proteins under various storage
conditions is important to know. Recent studies have
found no or just small changes in albumin-, retinol-
binding protein-, N-aceryl glucosaminidase-, IgG- and
kappa/lambda light+hain concentrations after storage at
room temperature, 4C, -2OoC,and -70"C [11-14]. Our
experiments using SELDI-TOF-MS found that up to four
freeze-thaw cycles at -70C did not alter the urine pro-
tein profile significantly; thereafter, peak intensities be-
came weaker. The protein profiles of all midstream urine
samples remained almost unchanged after storage for
three days aL 4oC, whereas three of six first-void urines
underwent major changes. Fìrst-void urine can have sig-
nificant bacterial contamination, resulting in eithe¡ urine
protein degradation and/or contamination with bacterial
proteins within a few days.

Intrinsic factors

Midstream urine is the standard for almost all urine
analysis. In a clinical setting, there are always urine sam-
ples that are not midstream urines. Therefore, knowing
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the variation in urine protein profrles that may occur be-
tween fi¡st-void andmidstream urinesis important. There
were no clear differences between first-void and mid-
stream urine in males, whereas in females, variations were
easily detectable. For example, a peak cluster between 3.3

and 3.5 kD (consistent with the masses of the o-defensins)

1:16 dilution of A

Creatinine 0.9 mmol/L
Protein 30 mg/L

is present in female fi¡st-void urine in high intensity. This
peak cluster is either absent or of low intensiry in female
midstream urine samples. Indeed, o-defensins, which are
an important part of the human antimicrobial defense [L5,
L6], have been detected by SELDI-TOF-MS technology
in urine [3], as well as in culture supernatants of human

FÍg. 6. Impact of dflution on urine protein
profiles. Protein profile obtained from (A)
Urine collected after a 2(lhour period of no
fluid intake- (B-E) Serial dilution of urine
sample (A). (Ð Urine collected after a zl-L

fluid challenge. Starting with a l,:4 dilution, a
continuous loss of peaks was observed.
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CD8+ T-cells [17]. The differences in the protein pro-
ûle between first-void and midstream urines may be ex-
plained by urethral secretion of these proteins, which are
then washed away by the first-void urine. Therefore, con-
sistent urine protein profiling requires midstream urine
samples for analysig because first-void urine has a dif-
ferent protein composition than midstream urine and is
more prone to protein degradation.

Bloodwas observed to be amajor confounding variable
affecting the normal urine proteia profile. Not only did
new peaks appear (i.e., peaks consistent with the masses

of hemoglobi¡ and albumin), but many of the normal
peaks observed became undetectable. This is likely due
to ion suppression by the blood proteins. Notably, even
with a dilution of 10 ¡rL blood in & mI- diluted uri¡e
(1:6400 dilution), the peaks consistent with hemoglobin
remained dominant. Clearly, such contamination invali-
dates any interpretation of the urine protein profile. Al-
though centrifugation of the urine sample removes RBC,
contamination with serum proteins will still continue to
confound the urine protein proflle.

Depending on fluid intake, the kidneys can concen-
trate urine to an output as low as 0.5 L/day, or di-
lute urine to alrnost 20Llday. Under normal conditiong

I

[ ¡esos
)l )l,Jv

+0.1 pmol/pl

lt

1t

331

JW_
8565
I

+0.01 pmol/uL

1l

/t
Fþ. 7. Impact of protein concenEation on
peak intensity- (,4) Dilution series of a single
protein (ubiquitin, 8565 d) from 10 pmoVpl
to 0.01- pmoV¡rl (equals 8'5.6, 8.56, 0.85, and
0.08 ngi¡rl, respectively). (B) Dilution series
of ubiquitin from 1 pmoVpl to 0.01- pmoVpl
in a mixture of four other proteins with con-
stant concentrations (1-,5 pmoV¡rl dynorphin
A, 1- pmoUpl insulin, 0.3 pmoVpl cytochrome
C and 0.3 pmoUpl superoxide dismutase). (C)
Dilution series of ubiquitin from l pmoV¡Lto
0.01 pmoVpl spiked into normal male urine
with a protein concentration of 110 mg/L.

about 1-2 L urine are excreted per day. In a very di-
lute urine sample (urine creatinine 0.9 mmolll), most
of the proteins could not be detected on an NP20-chip.
The threshold for a stable urine protein profile on an
NP20-chip was a urine output of 2Uday. Because every
ProteinChip type has different binding capacities, the de-
tection threshold has to be determined for every chip type
individually.

In healthy individuals and under normal conditions,
urine dilution, contamination with blood, and the por-
tion of the urine specimen (first-void versus midstream)
are the most obvious intrinsicfactors that influence repro-
ducibility and detection of proteins in profiles acquired
by SELDI-TOF-MS. In addition, several transient "be-
nign" states (e.g., fever, exercise) are known to i¡crease
the amount of proteins in urine [18, 19] by changing
the sizelcharge selectivity of the glomerular barrier or
by changing protein reabsorption/degradation through
tubular cells [20,21]. Whether different proteins appear
in urine during these conditions has not yet been deter-
mined. However, these transient "benign" factors will
need to be taken into account when comparing urine pro-
tein profiles from individuals in which such processes may
be observed.
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Peak height and area under the peak have been used to
reflect protein abundance 13,221- Although good corre-
lation between the amount of a single protein alone or in
a mixture with four other proteins and the peak intensity
was found, it is questionable whether this remains true in
a complex protein mixture (e.g., urine) due to many influ-
encing factors like ion suppression and competition for
binding sites on the ProteinChips. Therefore, care should
be taken in comparing relative peak heights between lwo
different urine protein profiles as an indicator of change

in protein abundance under different circumstances (e.g.,

normal vs. pathologic state).

CONCLUSION
SELDI-TOF-MS offers many advantages for protein

profiling in urine. First, only 5 to 1-0 pL of sample is needed
for one analysis. Second, due to the simple chip prepara-
tion, many samples can be analyzsd quickly. Third, the
washing step removes most of the salts, which otherwise
interfere with mass spectrometric analysis. And fourth,
the impact of different chromatographic chemistries can

be analyzed, which may allow one to find optimal purifl-
cation conditions for a protein of interest in a short time
with small amounts of sample. However, standardization
of analysis conditions is essential, and both extrinsic and
intrinsic factors must be taken into account for accurate
data interpretation.

ACKNOWLEDGMENTS
This work was supported by grants from the Canadian Institute for

Health Research (PN,JW DR). SS issupported þtrainingawards from
the Swiss National Foundation (81-B$68421) and the Novartis Stiftung
(Basel, Switzerland).

Reprínt requests to Dr Peter Nickenon, Immunogenetics Laboratory,
777 William Avenuq Winnipeg Manitobø, Canøda R3E 3R4-
E- ma il : p e te r. nicke rs o n@ b lo o dserv ices. c a

REFERENCES

1. ftoNcsooxrcno V, Klct¡r JB, Ptencc WM, er a/: Sodium loading
changes urinary protein excretion: A proteomic a nalysis AnJ Phys'
io l Renal Physiol 284f1155-F1163, 2003

2. KNEIeER MA: Proteomics and the kidney. J Am Soc Nephrol
13:1398-1,108, 2002

Schaub et al: IJrine protein profilingwith SELDI'TOF MS

3. Heuprr DJ, Sersor*rr C, Srln ltd et al: Tottard proteomics in
uroscopy: Urinary protein profrles after radiocontrast medium ad-

ministration. Já m Soc Nephrol L2:102Ç1O35, 20OI
4. Cururns P& Nonoc¡ AG, Cner..r¡n R , et al: Deteclion and analy-

sis of urinary peptides by onJine liquid chromatography and mass

spectrometry: Application to patients with renalFanconi syndrome.

Clin Scî ( Lond.) 104:,183-490, 2003
5. lroxcsooxxcno V, Mcl-clstt KR, Anrttue JM, et al: Proteomic

analysis of normal human urinary proteins isolated by acetone pre-
cipitation or ultracentrifugation - Kidney Int 62:146I-t469,20O2

6. Ha¡¡nstt S: Disease proteomiæ. Nøture 422:22Ç232,2OO3
7. Sperrn CS, Davrs MT, McG¡xlcv lvD, et al: Towards defining the

urinary proteome using liquid chromatography-tandem mass spec-
trometry. I. Profrling an unfractionated tryptic digest. Proteomics
1,:93-t07,2OOL

8. Gvcr SP, Rrsr B, GnneceSA,et¿l: Quantitative analysis of complex
protein mixtures using isotope-coded afñnity tags. Nat Biotechnol
I7:994-999,1999

9. Z¡tou H, R¡uslr JA, WerrsJD, et al: Quantitative proteome anal-
ysis by solid-phase isotope tagging and mass spectromelry- Nat
B io t e c hn o I 20 :512-515, 2UJ2

10. Hru-c¡¡x¡¡'¿pF,KanesM, Bcevls RC, ¿¡¿l: Matrix-assisted laser des-

orption/ionization mass spectrometry of biopolymers Anal Chem
63:1193A-72o3A,I99I

11. Tbxccn J, ftvscr-l H, Arocnssox K, e¡ ¿/: Stability of albumin, pro'
tein HC immunoglobulin G, kappa- and lambda-chain immunore-
activity, orosomucoid and alpha 1-antitrypsin in urine stored at var-
ious conditions. Scand I CIin Lab Invest 54:199-2rJ6, 1994

12. Fnoon P, Brncnnmc B, Ettncrntctt Z, et øl: Stability of common
analytes in urine refrigerated for 24 h before automated analysis by
test strips. Clin Chem 46:138,1-1386,2ffi{)

13. I¡¡xnx¡r VT, Gnoor"r Blvf, oc C..'ùrpos FM: Microalbumin and freez-
ing C I in C he m 43:IO93-IO9 4, 1997

14. Scrrurrz CJ, Derrox RN, Tún¡rcn C, et al:Freezingmethod affects
the concentration and variability of urine proteins and the interpre-
tation of data on microalbuminuria. The Oxford Regional Prospec-
tive Study Group. Diabet MedlT:7{4,2OtJO

15. GeNz T: Defensins in the urinary tract and other tissues. J Infect
Dis 183(Suppl L):S41-S42, 2001

16. Kuxr¡r Clvf, Ev¡¡s C, BnerttoLot',tcw D, et ¿/: The antimicrobial
defense mechanism of the female urethra: A reassessmenL.I Urol
168:413419,2¡Jû2

I7. ZtøvcL,-ÍuW,IJr.T,et al: Contribution of human alpha-defensin
1, 2, and 3 to the anti-HfV-1 activity of CDB antiviralfaclor- Science

298:99 5 -LtJtJt), 2tJtJ2

l-8. Bcncsrcr¡r JM: A practical approach to proteinlurìa. Pediatr Nephrol
13:697-700,1999

19- KesrrrrW, Sroorer N, Dtxccn AP, et al:Protenuria: Howto evaluate
an important finding. Cleve ClinJ MedTO:535-4.,546,2003

20. Poonr¡'r¡¡rs JR, Gruovcer C, ScttoRoKor'I- K, etal: Postexercise pro-
teinuria in childhood and adolescence.lntJ Sports Med17i448451,
1996

2l-. Russo LM, Bexnrs GL, Co¡'lpcn WD: Renal handling of albumin:
A critical review of basic concepts and perspective. Am J Kidney
Dis 39:899-919,2AJ2

22- Clrzñ,rsLIJ, Aonu BL, Weno MD, ¿r ¿/: Normal, benign, preneo'
plastig and malignant prostate cells have distinct protein expression
profiles resolved by surface enhanced laser desorption/ionization
mass spectrometry. Clin Cancer Res 8:.2541-2552,2UJ2



Proteomic-Based Detection of Urine Proteins Associated with
Acute Renal Allograft Rejection
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Abstract. At present, the diagnosis ofrenal allograft rejection
requires a renal biopsy. Clinical management of renal trans-
plant patients would be improved by the development of non-
invasive markers of rejection that can be measu¡ed frequently.
This study sought to determine whether such candidate pro-
teins can be detected in urine using mass spectrometry. Four
patient groups were rigidly defined on the basis of allograft
fi.rnction, clínical course, and allograft biopsy result: acute
clinical rejection group (n = l8), stable transplant group (z :
22), acute tubular necrosis group (r = 5), and recurrent (or de
zovo) glomerulopathy group (z : 5). Urines collected the day
of the allograft biopsy were analyzed by mass specfrometry. As
a normal control group, 28 u¡ines from healthy individuals
were analyzed the identical manner, as well as 5 urines from
non-transplanted patients with lower urinary tract infection.
Furthermore, sequential urine analysis was performed in pa-

J Am Soc Nephrol 15: 219-227,20M

Although short-term and long-term kidney allograft survival
has improved over the last 15 yr (l ), allograft failure is still one
of the most cornmon causes for end-stage renal disease (2).
Both ímmunologic and non-immunologic (e.g., calcineurin-
inhibitor-toxicity, hypertension) factors confribute to a contin-
uous deterioration of allograft function, which is referred to as

chronic allograft nephropathy (3). Acute allograft rejection is
the major immunologic risk factor for developing chronic
allograft nephropathy (4,5).

At present, the diagnosis of acute rejection can only be made
by renal biopsy, which is costþ, inconvenient, and carries a

small risk of complications (6,7). Therefore, biopsies cannot be

obtained frequently (e.g., weekly) to monitor the immune
response to the allograft, which may be helpfi:I, as rejection
can develop in allografts before graft dysfi:nction occurs (1.e.,

subclinical rejection) (8,9). Sampling error is an additional

tients in the acute clinical rejection and the stable transplant
group. Three prominent peak clusters were found in 17 of 18

patients (9a%) with acute rejection episodes, but only in 4 of
22 patíents (18%) without clinical and histologic evidence for
rejection and in 0 of 28 normal contols (P < 0.001). ln
addition, the presence or absence ofthese peak clusters corre-
lated with the clinicopathologic course in most patients. Acute
tubular necrosis, glomerulopathies, lower urinary fract infec-
tion, and cytomegalovirus viremia were not confounding vari-
ables. In conclusion, proteomic technology together with strin-
gent def,rnition of patient groups can detect wine proteins
associated with acute renal allograft rejection. Identification of
these proteins may prove usefril as non-invasive diagnostic
markers for rejection and the development of novel therapeutic
agents.
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problem, which can be diminished in part by collecting larger
or multiple core biopsy samples (l0,ll). A non-invasive
bioma¡ker of rejection may beneflrt the kidney allograft recip-
ient by allowing frequent monitoring to optimize immunosup-
pressive therapy. Various approaches such as mRNA measure-
ment in urinary lymphocytes (12,13), u¡ine flow cytometry
(14), and measurement of alloreactive peripheral blood lym-
phocytes (15,16) have shown promising initial results, al-
though none of these tests have yet reached wide clinical
application.

As acute rejection is a complex process involving many
different cell types of the donor and recipient, analysis of
global changes at the gene (17-20) or protein level may pro-
vide both insights into its pathogenesis, as well as novel
non-invasive biomarkers. Recent developments in mass spec-
trometry make it possible to rapidly profile and compare the
proteome of clinical samples (21,22)^ ln this study, we used
proteomic technology and very rigid patient selection criteria,
including allograft histology, allograft firnction, and clinical
course, to detect urine proteins associated with acute renal
allograft rejection.

Materials and Methods
Urine Collection

All urine samples were stored non-centrifuged at -70"C until
further analysis. AJI patient and conüol urine samples were obtailed



with i¡formed consent and ethics approval by the University of
Manitoba institutional review board.

Transplanted Patients
From July 1997 to March 2003, 2400 serial midstream urine

samples from 212 renal transplant patients were collected. Patients
were treated with a triple immunosuppressive regimen consisting of
calcineurin-inhibitor (cyclosporine or tacrolimus), prednisone, and
mycophenolate-mofetil or azathioprine. These 2 1 2 patients rurderwent
a total of 693 protocol or clinically indìcated core needle allograft
biopsies. All biopsies were analyzed by experienced renal pathologists
and scored according to the Banff 1997 classification (23) (acute

BanfF score: interstitial (ai 0-3), tubular (at 0-3), vascular (av 0-3),
glomerular (ag 0-3); chronic Banffscore: ci 0-3, ct 0-3, cv 0-3, cg
0-3). A biopsy specimen was judged adequate rvhen > 7 glomeruli
and > 1 vessel we¡e present. Delayed graft firnction (DGF) was
defined as the need for hemodialysis withìn the first week or a drop of
serum creatinine <50o/o fiom pretransplant levels by day 5 postfans-
plant. On the basis of allograft fi-rnction, the clinical course, and the
allograft bìopsy result, four rigidly defined patient groups were ex-
tracted from the whole patient population (rr = 272) as follows.

Stable Transplant Group, Consists of 22 mjdstream urine sam-
ples (from 22 patients) obtained immediately before ¿ protocol renal
allograft biopsy performed within the fust 12 mo posttransplant. None
of these patients had experienced DGF. All had stable allograft
function (i.e., serum creatinine withìn 110% of baseline value at the
time of biopsy), and none experienced a clinical or protocol biopsy-
proven rejection befo¡e the date of examination. AJI biopsies met ÎÍre
criteria for adequacy, and all rvere required to have an acute and

chronic Banff sco¡e of zero (i.e. ai0t0v0g0 and ci0t0v0g0).
Acute Clinical Rejection Group. Consìsts of 18 midstream

urine samples (from 18 patients) obtained immediately before a ¡enal
allograft biopsy performed within the first 12 mo postfansplant. All
experienced an elevation in creatinine >770y. from baseline, and the
diagnosis of acute rejection required an acute Banff score
>ai2t2v090. Patients with a chronic Banff score >ci1t1v0g0 were
excluded to avoid chronic allograft nephropathy as a confounding
variable in the analysis.

Äcute Tubular Necrosis (ATN) Group. Consists of 5 mid-
stream urine samples (from 5 patients) obtained immediately before a

renal allograft biopsy performed within the fi¡st 6 d postfansplant to
diagnose the cause of DGF. Antibody-mediated rejection \ry'as ex-
cluded on the basis of a negative florv-crossmatch and hìstologic
changes on the biopsy consistent with ATN. In all biopsies, the âcute
Banfl score rvas aiOt0v0g0, and significant donor pathology was
excluded by requiring a chronic Banff score of <ci1t1v0g0.

Recurrent (or de novo) Glomerulopathy Group, Consists of 5

rnidsheam urine samples (from 5 patients) obtained immediately
before a renal allograft biopsy performed to diagnose the cause of
proteinuria (>1.5 g/d). The patients had diagnoses of membranous
glomerulonephritis, focal-segmental glomerulosclerosis, or Igr\-ne-
phropathy, and all had acute Banff scores <ai1t1v0g0.

Non-Transp lanted Contro I Groups
Normal Control Group, Consists of 28 midstream urine sam-

ples from 28 healtþ individuals (14 women and 14 men; age,20-50

r).
Urinary Tract Infection (UTI) Group. Consists of 5 midstream

urine samples from 5 women obtained during an episode of a lower
UTI, which was defined as requiring the clinical symptoms of a UTI,
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a leukocyte count in the urine sediment > 4O/high power field, and a

positive bacterial culture (>108 colony-forming units).

Urine Protein Profiling with Sudace-Enhanced Laser
D es otption/Ionization Time-of-F light Mass
Sp e ctrometry (S E LD I-TO F- MS)

Urine samples rvere thawed on ice, vortexed, and centrifuged for 5

min at 10000 x g to remove remaining cell particles. Five mìcrolite¡s
of urine supernatant rvere applied in duplicate to normal phase chips
(ProteinChip NP20; Ciphergen, Fteemont, CA) and incubated for 20
min in ¿ humidity chamber. Spots were then rvashed three times with
5 pl of HPLC-grade water and air-dried for 10 min. One microlite¡ of
35o/o a-cyano-4-hydroxycinnamic acid (CHCA: Ciphergen) u/as ap-
plied to each spot and air-d¡ied. Chìps were read v¡ith a SELDI-
TOF-MS instrument (ProteinChip Reader II: Ciphergen) in the posi-
tive ion mode with the following settings: laser intensity, 230; detector

sensitivity, 6; detector voltage, 1700 V; 240 shots rvere collected per

sample. Peak labelìng was performed with the ProteinChip Software
(Version 3.1) for peaks with a signal-to-noise ratio of > 3 in the mass

over charge (mlz) range from 2000 to 80000. For comparison, spectra

were normalìzed by total ion cur¡ent. Calib¡ation was done externally
with a mixture of four proteins with masses ranging from 2 to 16 kD,

D et ermination oJ' Cytome go lov irus (CMV) Viremi a
CMV-viremia was measured on peripheral blood buQ coat spec-

imens using a semiquantitative PCR assay developed at the Manitoba
Cadham Provìncia1 Laboratory that is accredited by the College of
American Pathologists (for details see reference 32).

Statistical Analyses
We used JMP IN softwa¡e version 4.0.4 (SAS lnstitute Inc., Cary,

NC) for statistical analyses. For categorical data, Fisher exact test or
Pearson t' test was used. Parametric continuous data we¡e analyzed
by Student f tests or one-way ANOVA. For nonparametric continuous
data, Wilcoxon or Kruskal-Wallis rank sum tests were used. A P-
value ( 0.05 (two-sided test) was considered to indicate statistical
significance.

Results
P atient Chøracteristics

The acute clinical rejection group had more HLA-mis-
matches and a higher mean serum creatinine level at the time
of the renal allograft biopsy compared with the stable trans-
plant group. Otherwise, there were no significant differences
between these groups (Table 1).

Characterization of Urine Protein Profiles Associated
v,ith Individual Patient Groups

I¡ the m/z range from 5000 to 12000, we observed two
distinct urine protein patterns when comparing the normal
control group or stable transplant group to the acute clinical
rejection group. One urine protein profile (rejection pattern)
had prominent peak clusters in three regions corresponding to
m,/z values of 5270 to 5550 (region l; 5 peaks), 7050 to 1360
(region ll; 3 peaks), and 10530 to lll00 (region lll; 5 peaks)

that always occurred together, whereas the other urine protein
profile (normal pattern) had no peak clusters in these m,/z

regions (Figure l). Atl 28 urine samples (100%) from the
normal confrol group, 18 of 22 wine samples (82%) from the
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Table 1. Patient characteristics

Female gender, n (%o)

Age, mean t SD
Caucasian race, n (o/o)

Nephropathy
diabetic, n (%o)

glomerulonephritís, n (Yo)

others, z (7o)

First transplant, n (%o)

Cadaveric donor, n (Yo)

HlA-mismatches, median (range)

Panel-reactive antibodies (PRA)
peak PRA >10%:o, n (o/o)

curent PRA >10Yo, n (%;o)

C¡omegalovirus serology
recipient neg./donor pos., n (%)
recipient neg./donor neg., n (%o)

recipient pos./donor pos., n (Vo)

recipient pos./donor neg., n (%:o)

Allograft biopsy
week posttransplant, median (range)

rejection type (Banff 1997)
lA (moderate tubulitis), z (%)
lB (severe tubulitis), n (%)
llA (moderate arteritis), n (%)

Creatinine at biopsy [¡,rmoVl], mean + SD
%o above baseline, median (range)

Proteinuria at biopsy [g/L], median (range)

Va¡iable Stable Transplant
(n :22)

Urine Pmteins Associated with Acute Renal Allografl Rejection

r2 (55)
45 -r 13

t4 (64)

6 (27)
6 (27)
l0 (46)
2r (9s)
15 (68)
3 (1-5)

2 (e)
I (5)

3 (14)
7 (32)
4 (18)
8 (36)

8 (3-51)

Acute Clinical
Rejection
(n : 18)

6 (33)
43 -f l0

15 (83)

3 (17)
6 (33)
e (50)
l6 (8e)
10 (56)

4 (2-5)"

0
0

3 (17)
4 (22)
e (50)
2 (r1)

8 (l-18)

7 (3e)
8 (44)
3 (17)

lg0 + 5gb

2s (11-76)
0.09

(0.03-0.28)

ATN (n : 5)

" P : 0.003 versus stzble transplant group.
oP < 0.001 vers¡¿s stable tansplarit group.
" P : 0.14 versus ac¡¡rte clinical rejection group. P < 0.001 versus recuÍent or de novo glomerulopathy group.
d Not included for statistical analysis.
" Not included for statistical comparison (3 of 5 patients were on hemodialysis).

2

40 -f l8
3

I
J

I
5

J

3 (24)

0

0

I
0
J

I

day 5 or 6d

Recurrent or
de novo

Glomerulopathy
(n:5)

stable transplant group, and I of 18 u¡ine samples (6%) from
the acute clinical rejection group showed the normal pattem.
The rejection pattea was detected significantly more often in
the acute clinical rejection group (17 of 18;94%) than in the

stable transplant group (4 of 22;18%) (P < 0.0001) (Figure 2).

The ATN, the recurrent (or de novo) glomerulopathy, and the

UTI groups had urine protein profiles that were different from
both the normal and the rejection pattern (Figure I and Figwe
2).

Influence of CMV-Viremia on U'ine Protein Profile
Pattern

Twenty-seven of 40 patients (68%) in the stable transplant
and acute clinical rejection groups were tested for the presence

of CMV viremia at the time of renal allograft biopsy. Five
patients tested positive; however, none had or developed CMV
disease subsequentþ. CMV vi¡emia was found n 2 of 2l

2

47 -r9
5

0
4
I
4
5

3 (3-5)

I
I

I
2

I
I

253 (7442\

91 -r 26

0.07"
(0.03-0.17)

942 -r 80"

patients ( l0%) \'rith the rejection pattem and in 3 of I 9 patients
(16%) with the normal pattem (P : 0.83) (Table 2). We could
not detect any additional peaks in the urine protein profiles
from patients who had CMV-viremia.

Sequentiøl Urine Protein ProJile Analysis
To fi:rttrer determine the specificity of the normal and re-

jection pattern, we examined serial wine protein profiles in the

stable transplant and acute clinical rejection groups and corre-
lated them with the clinicopathologic course of the renal allo-
graft. ln particular we were interested in four specific out-
comes: (1) the stable course persisted; (2) the stable transplant
patient subsequently had an acute clinical rejection; (3) acute

clinical rejection resolved to a stable course; (4) acute clinical
rejection recurred.

ln the stable transplant group, \¡/e had sufficient urine and
histology samples for sequential analysis to evaluate 12 of the

t22 -r 29

3.20
(0.s8-6.00)







Table 2. Correlation between CMV-vi¡emia and urine
protein pattem

Journal ofthe American Society ofNephrology

CMV-DNA positive, z
CMV-DNA negative, ø

CMV-Viremia

No CMV-PCR available, n 6' 7d

o Consists of 18 patients from the stable transplant group plus 1

patient from the acute clinical rejection group.
b Consists of4 patients from the stable transplant group plus 17

patients from the acute clinical rejection group.

" CMV-PCR v/as not performed for the following reasons: CMV
sero-negativity ofboth donor and recipient (n : 2); test was not
ordered (n : 3); or only CMV pp65-antigen was evaluated þt = l;
patient tested negative),

o CMV-PCR rvas not performed for the following reasons: CMV
sero-negativity of both donor and recipient (n : 3); test v/âs not
orde¡ed (n : 3); or only CMV pp65-antigen was evaluated @ : 7;
patient tested negative).

and histology samples for sequential analysis to evaluate 12 of
the 17 patients who originally had a rejection pattem. One
patient had two subsequent normal protocol biopsies, but the
creatinine remained elevated at the level seen during the acute
rejection episode (20Vo above baseline), and the urine always
showed the rejection pattem. ln six patients, the allograft
function returned to baseline and zubsequent protocol biopsies
were interpreted as normal (n : 3) or borderline rejection (z :
3). All urine samples from these patients changed to the normal
pattem (Figure 3B). Five patients had further episodes of acute
clinical rejections, and all of them kept the rejectíon pattem
throughout (Figue 3C).

Discussion
We used a proteomic technique to determine whether the

urine of renal transplant patients undergoing acute allograft
rejection had a characteristic profile. As urine can be very
heterogeneous, standardization of urine collection and storage
is critical. We have recently reported those factors that influ-
ence the reproducibility and peak detection in urines analyzed
by SELDI-TOF-MS (24). ln the design of the current study, we
therefore required midstream u¡ines that were collected imme-
diately before the allograft biopsy and were stored the same

day at -70"C. Next it was necessary to determine the urine
protein prof,rle of a "normal" kidney Íansplant and this was
done by selecting urines from patients with immediate and
persistent good graft function that had normal graft histology
on protocol biopsy. This stringently defined confiol group is
unique as it includes histology; other groups attempting similar
studies have inferred normal histology from a stable serum
creatinine (12,13,16).lndeed, adherence to this sfringent defi-
nition of "normal" demonstrates that the urine protein profile
from l8 of 22 patients (82%) n the stable transplant group wÍrs

Normal Rejection
Pattem Pattern P-value

(n : 19)" (n :21)b

J

t0
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similar to the urine profile of normal non-transplanted
individuals.

The reliable identification of the wine protein pattern of the

normal kidney transplant allowed for the clear differentiation,
on visual inspection alone, of a distinct wine protein prof,rle in
the group with acute rejection (Figwe 2). Other groups have

used SELDI-TOF-MS to compale the protein profiles between
different clinical outcomes, but required bioinformatic analysis
to assign protein peaks to a specific outcome (25,26). ln a

similar study to ours, Clarke et al. (25) reported differences in
the urine profiles between rejection and stable transplants;
howeve¡ their requirement of bioinformatics to do so may
relate to the fact that thei¡ definition of "stable" tansplants was
less stringent than ours (f.e., based on semm creatinine alone).

lnterestingly, the protein peaks reported in their paper as spe-
cific to rejection a¡e difFerent from those found by our group.
This may be related to the different protein chip surfaces and

experimental conditions that were utilized; but also, to the fact
that Clarke et al. (25) failed to include any control populations
(e.g., ATN, recurent or de novo glomerulopathies, UTl, CMV)
in the anaþsis, the importance of which is discussed below. ln
another study, Petricoin et al. (26) have used SELDI-TOF-MS
to compare the protein proflrles between different clinicopath-
ologic diagnoses in cases of ovarian cancer, but also required
bioinformatic analysis to assign peaks to specific outcomes. In
their study the analysis involved serum samples, which is

clearly a more complex biologic fluid than urine. lndeed, the
urine-based proteomics has the advantage of excluding most of
the serum proteins from the urine due to the size/charge selec-
tivity of the glomerular basement membrane.

Urine profiles of the various groups could have been altered
by the procedures of urine collection and storage. Due to the

fact that a1l urine samples were stored non-centrifuged, the
rejection pattem may have derived from intracellular proteíns
ofleukocytes, red blood ce1ls (rbc), or epithelial cells released
after a freeze-thaw cycle. Interestingly, in one of the rejection
cases, we found that lysis ofrbc prevented the detection ofthe
rejection pattem due to ion suppression. However, pre-centrif-
ugation to remove the rbc before freeze-thawing of this sample
allowed the rejection pattem to be detected (data not shown).
Therefore, this argues that the pattem is not necessarily derived
from cell lysis associated with a freeze-thaw cycle.

Although there were significant differences in the u¡ine
profiles between the søble tansplant and the acute clinical
rejection groups, there were also one "false negative" and four
"false positives" samples. The only patient with the "false
negative" urine profile in the acute clinical rejection group had
no specific clinical or demographic feature. He had a course of
a subclinical rejection (ai3ßg0v0) followed by a clinical re-
jection (ai3t3g0vl>-both treated with oral high dose ste-
roids-and retumed to normal histology (aiOttg0v0) 15 wk
later. We found no obvious explanation for this "false nega-
tive" result. Theoretically, a low protein concentration in dilute
urine may influence the ability to detect a rejection pattern.
However, the protein concentration of the urine samples from
the stable transplant and the acute clinical rejection group \Mere

similar, making inadequate protein load an unlikely explana-
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similar regardless of the histologic severity (Banff lA versus
lB) or type (Banff WB versus llA). This finding might rep-
resent a relative limitation of the techníque of urine proteomics
in identifuing bioma¡kers specific for tubulointerstitial versas

vascular rejection. However, because the assignment of histo-
logíc severity/type of acute rejection is based on a small biopsy
sample of a large organ, urine profiling, which is representative
of the enti¡e allograft, may be pointing to the extent of heter-
ogeneity of inflammation within the allograft, a fact that renal
transplant pathologists are well aware of (l l).

The correlation between the changes in serial urine profiles
and the clinicopathologic course of the patients provided ad-

ditional support that the detected proteins are related to acute
allograft rejection. However, we do not propose the SELDI-
TOF-MS spectra as a diagnostic test, but rather as a tool to
detect proteins that are specifically involved in the pathogen-
esis of rejection. ln addition, the patient selection criteria set
for this study reflect the extremes of the rejection spectrum
(stable transplant versus acute clínical rejection) rather than the
whole spectrum seen in regular clinics. Therefore, we have
avoided calculation ofparameters that characterizes a clinical
test (e.g., sensitivity, specificþ, positive and negative predic-
tive value) because we regarded this as potentially misleading.

Clearly the isolation and identification of the urine proteins
associated with acute clinical rejection is the next step. In terms
of diagnostics, once they are identified, simple speciflrc assays
(e.g., ELISA) may be developed to monitor the graft. ln ow
study, the fact that the protein profiles were visually distinct
between the normal and rejection pattern supports the possi-
biliqy ttrat an ELISA may detect signiflrcant quantitative differ-
ences. Finally, once validated in a larger patient population, the
greatest utility of such a non-invasive bioma¡ker may be to
determine that the urine profile is normal, and by inference that
the allograft is devoid of rejection. This may allow for tapering
of immunosuppression, whereas an abnormal urine profile may
warrant further investigation.

In conclusion, we have demonstrated that a proteomic tech-
nique, together with stringent patient selection based on allo-
graft histology, allograft functíon, and clinical course, has the
potential to detect a urine protein profile associated with acute
renal allograft rejection. Our cu¡rent efforts will concenfrate on
the identification of these proteins to develop a clinical test to
non-invasively monitor the renal allograft post-transplant.
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