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URINARY KIDNEY
BIOMARKERS FOR
EARLY DETECTION
OF NEPHROTOXICITY
IN CLINICAL DRUG
DEVELOPMENT

Leonie van Meer, Matthijs Moerland, Adam Cohen,

Jacobus Burggraaf RS

l'” ¥ .
A ‘ﬁ;‘ -n.-‘.if-’;‘,.f

My
..-,I‘.N'.mr,:.,r @:ﬁ‘ ‘

.,

'l.)l'l .‘J, ‘M/ /J, .I iy \“‘/
; \kn.' l\ f ’1{/# Z /9



Abstract

Early detection of drug-induced kidney injury is vital in drug develop-
ment. Generally accepted biomarkers such as creatinine and BUN lack
sensitivity and early injury responses are missed. Many new biomarkers
to detect nephrotoxicity for pre-clinical utilization have been described
and their use is adopted in regulatory guidelines. However, guidance on
appropriate biomarkers for clinical trials is minimal. We provide an over-
view of potentially useful kidney biomarkers that can be used in clinical
trials. This includes guidance to select biomarkers suitable to capture
specific characteristics of the (expected) kidney injury. We conclude that
measurement of urinary Kidney Injury Marker-1 (KIM1) serves many pur-
poses and is often an appropriate choice. Cystatine C captures effects on
glomerular filtration rate, but this marker should preferably be combined
with more specific markers to localize the origin of the observed effect.
Untoward effects on tubules can be captured relatively well with several
markers. Direct detection of glomerular injury is currently impossible
since specific biomarkers are lacking. Indirect assessment of toxic effects
on glomeruli is possible by using carefully selected panels of other injury
markers. We conclude that it is possible to obtain appropriate informa-
tion on nephrotoxicity in clinical drug development by using carefully
selected panels of injury markers and suggest thatidentification and vali-
dation of specific glomerular biomarkers could be of great value.

Introduction

Asillustrated by the case, described on the right hand side, early detection
of drug-induced nephrotoxicity and prevention of clinical manifesta-
tions such as tubular necrosis are vital in early drug development in
humans. The problem of drug-related renal toxicity is important as renal
drug toxicities in animal studies account for more than 30 percent of the
attrition of compounds from drug development [2]. Despite this pre-se-
lection, prevalence of (acute) kidney injury due to drug toxicity in clinical
practice is as high as 18 - 27% of all episodes of acute kidney injury [3]. In
addition, efficacious interventions to reverse kidney damage are non-ex-
isting and clinicians can only apply supportive therapies while awaiting
recovery of renal function. Animal models have shown that intervention
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Figure1 Time course of serum creatinine and urinary kidney damage markers. Arrows
denote drug administration on study days1, 8 and 15.

CASE

Administration of a low dose locked nucleic acid antisense oligonucleotide caused
toxic acute tubular necrosis in a 56 year old otherwise healthy female volunteer. She
received 3 weekly subcutaneous doses of experimental drug SPC5001, a PCSK9
inhibiting antisense oligonucleotide (developed to lower LDL-cholesterol). Five
days after the last dose serum creatinine reached 2.67 mg/dL (a 238% change from
baseline). Urine microscopy revealed red blood cells, white blood cells, and granu-
lar casts. Renal biopsy showed multifocal tubular necrosis. Kidney biomarkers
were measured retrospectively and were already increased after the first dose,
clearly preceding changes in serum creatinine, urea, dipstick, or urine microscopy
(see figure 1). Serum creatinine peaked 1 week after the last antisense dose and was
3.81 mg/dL at that time. Upon supportive treatment, serum creatinine decreased
gradually. Baseline levels were observed from 44 days after last antisense adminis-
tration onwards. She recovered completely without any persisting abnormalities.
Which biomarkers for kidney injury would have prevented this?

Van Poelgeest et al. Acute tubular necrosis during PCSK9 antisense oligonucleotide therapy.[1]
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directly after early changes have been noted is preferable as the window
of opportunity to apply treatment appears to be limited to a few hours
[4]. Unfortunately, signals of early injury responses and the underlying
mechanism of damage are often missed by traditional methods for mon-
itoring renal function, such as serum creatinine, serum BUN, estimated
GFR and actual GFR. Serum creatinine and BUN are easy to obtain and
the assays are part of standard care measurements rendering the results
readily available. However, as markers for kidney injury, both have sever-
al shortcomings. Creatinine concentration in serum depends on multiple
other factors than decline in renal function that differ intra- and inter-in-
dividually, such as age, gender, muscle mass, protein intake, and certain
drugs [4;5]. Also, BUN concentrations are influenced variable factors, such
as diet, dehydration, liver function and tissue breakdown [6]. This lack of
specificity complicates the interpretation of these markers. The problems
can be partially overcome by calculating Glomerular Filtration Rate (GER).
Based upon data oflarge groups of patients different equations have been
derived to estimate the actual (eGFR) using the serum creatinine value [7].
The eGFRris commonly used in clinical practice as an overall index for kid-
ney function [8]. The Cockcroft-Gault formula, described in 1976 is based
on a cohort of 249 patients and takes into account the factors age, weight
and gender [9]. The eGFR Modification of Diet in Renal Disease (MDRD)
was derived from a study with renal disease patients and includes age,
race, gender, serum BUN and serum albumin as input parameters [10]. In
addition, the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) was derived from two study cohorts, one consisting of patients with
known renal disease (mGFR < 90 mL/min), and a second cohort made up
of kidney transplant donors all of whom had an mGeRr > 90 mL/min [11].
The cpk-EPI formula includes the factors gender, age and race. Thus all
formulas correct for certain variables and offer a tool to estimate GFR and
monitor kidney function in chronic kidney disease patients. However,
they still lack accuracy [12;13] and miss early and relatively small chang-
es in GER [14]. This is particularly true when monitoring healthy subjects
with normal renal function and normal baseline serum creatinine values.
In this situation very small changes in plasma creatinine, which are in
the noise of the assay, may still reflect considerable loss of renal function,
as illustrated in figure 2. Another disadvantage of serum creatinine (and
eGFRs derived from this marker) and BUN is that a considerable time
delay exist between the onset of kidney injury and the moment that the
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signalis observed. For creatinine thisis for example illustrated in figure 1.
BUN levels correlate closely with histopathological changes in the kidney
[15], however, the signal is delayed; by the time the damage is revealed by
this marker 70-80% of renal epithelial mass is already lost [16].

Ithas been advocated to not estimate but measure GFR for a more reli-
able assessment of kidney function. This can be achieved by measuring
clearance after intravenous administration of exogenous markers that
are solely removed by glomerular filtration. This approach also avoids
GFR estimates influenced by extra-glomerular clearance such as tubu-
lar secretion. Different markers are used among which inulin [17] and
radio isotopic agents such as 99mTc-diethylenetriaminepentaacetic acid
(DPTA), 169Yb-DTPA, 125I-iothalamate and 51Cr-ethylenediaminetetra-
acetic acid (51Cr-EDTA). These markers have a high accuracy and can
detect subtle changes in GFR [17;18]. These methods are time consuming
and therefore the results may not be readily available [19;20]. More impor-
tantly, however, GFR is only one measure of kidney function while many
different mechanism of drug induced kidney injury exist, such as reduc-
tion in renal perfusion, direct tubular toxicity, intratubular obstruction,
allergic interstitial nephritis and hemolytic-uremic syndrome [21]. All
these mechanisms will lead directly or indirectly to reduction in the GER,
for instance by tubuloglomerular feedback after tubular toxicity [22].
However, these changes in GFR may be detected too late for adaptations
in dose or schedule of dosing, and do not provide information on the
mechanism of toxicity. In this review we focus on measures that may
provide earlier and more specific warning signals of renal damage than a
decreased GER.

In preclinical research detection of early signs of kidney injuryis done
by histological examination, which is considered to be the gold standard.
Histopathology provides accurate anatomical information on the kidney
injury as well as its severity and leads to a diagnosis. However, perform-
ing akidney biopsy in humans is rarely an option and is an inappropriate
tool to be used in drug development trials.

These difficulties regarding early detection of kidney injury may
substantially influence the path of drug development. For instance,
development of compounds for which renal toxicity is observed during
preclinical experiments may be ceased in order to avoid safety issues
during the clinical development. However, it is known that only 40-60% of
animal findings are predictive of toxicities in humans [23;24]. This results
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in the undesirable situation in which potentially efficacious compounds
are abandoned for the wrong reason. Moreover, as these compounds do
not reach the clinical phase, no insights are gained regarding the (poten-
tially avoidable) nephrotoxic mechanisms of injury. The development of
immortalized human proximal tubule cell lines expressing functional
influx and efflux transporters [25], which can be challenged with toxins
[26] appears to be a promising approach that can be used preclinically.
However, it is not yet confirmed that these cell lines and the subsequent
incubations sufficiently mimic the in vivo situation. Therefore translat-
ing findings from these cell-lines directly to the clinical situation seems
premature. Adequate use of renal biomarkers could thus be of great value
during early drug development.

For preclinical assessment, many new potential biomarkers of toxic-
ity have been identified and their possible benefit has been evaluated by
comparing their performance to the traditional markers. This extensive
research has resulted in an EMEA/FDA guideline (published in 2009), that
identified acceptable biomarkers that can be used to detect drug-induced
nephrotoxicity in preclinical research [27]. This panel includes the uri-
nary excreted biomarkers Kidney Injury Molecule-1 (xim1), albumin,
total protein, Beta-2-microglobulin (B2M), clusterin, Trefoil Factor 3
(TFF3), and Cystatin C (cysc). These markers can be used to capture acute
drug-induced nephrotoxicity of tubular or glomerular (with associated
tubular involvement) origin [27]. These markers were shown to provide
additional and complementary information to BUN and serum creati-
nine and correlate with histopathological alterations. However, it was
recognized that for the clinical setting these markers were insufficiently
qualified to justify their general use. It was suggested to further explore
their potential as clinical biomarkers for acute drug-induced kidney inju-
ry and recovery/reversibility. The guideline also advised to consider the
biomarkers in clinical trials on a case-by-case basis to gather further data
on their usefulness to monitor drug-induced renal toxicity in man.

With this review, we aim to offer guidance to select the biomarkers
that suit the specific characteristics of the (expected) kidney injury. We
provide an overview of promising biomarkers for nephrotoxicity, focus-
ing on their possible use and limitations in clinical trials during early
drug development. Certain properties of biomarkers of kidney injury
are considered to be critical. First, the origin of the biomarker and the
mechanism and/or site of injury should be clarified as much as possible.
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Furthermore the biomarker should be sensitive to early injury in order
to outperform the traditional biomarkers and enable early intervention.
High specificity and correlation with established outcome measures such
as histopathology are also vital to avoid confusion on the value of the
observed signal. As the majority of data on kidney injury biomarkers orig-
inates from preclinical research, the translational step to humans is of
great importance. This could be achieved if supportive clinical evidence
on biomarker profiles reflecting kidney injury in humans is available.
Finally, reliable assays must be readily available.

The biomarkers were selected using the previously mentioned EMEA/
FDA guidelines on preclinical markers, and on the condition that the per-
taining assay is validated for human use and commercially available. The
selection was expanded with the biomarkers for which promising data
have been reported. These markers are Neutrophil Gelatinase-associated
Lipocalin (NGAL), alpha Glutathione S-transferase (aGsT), N-acetyl-beta-
glucosaminidase (NAG) and Interleukin-18 (1L18). Established markers
such as serum creatinine, serum BUN, urinary albumin and protein were
not considered in detail, although these are used as reference. Based on
the literature, several considerations and recommendations regarding
selection of kidney biomarkers in clinical drug development are given.

Summary on selected markers

Cystatin C (cysc) is a small molecule cysteine proteinase inhibitor syn-
thesized by all nucleated cells and filtered freely by the glomerulus. After
filtration it is not secreted nor reabsorbed by the tubules, but catabo-
lized completely and thus reflects true GFR when measured in blood.
Preclinically, cysc appears to be the most sensitive marker for early prox-
imal tubular damage in animals, although a consistent dose response
relation is lacking [28]. cysc is suitable to assess kidney function in
general, regardless of specific lesion site, as this marker is devoid of
extra-glomerular clearance, variability in production and limited sensi-
tivity that apply for BUN and serum creatinine [29]. It has been suggested
that cysc measured in blood could be a suitable translational biomarker
as it avoids laborious urine collection in animals [29]. Possible disadvan-
tages of cysc are its dependency on factors other than decline of renal
function alone, such as age, gender, weight and height, smoking, and
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high serum C-reactive protein levels [5]. In the clinic, CysC has been
shown to be a sensitive marker of early renal dysfunction following isch-
emic injury [30].

Neutrophil Gelatinase-associated Lipocalin (NGAL) is an acute-phase
protein secreted as a response to acute injury of proximal and distal tubu-
lar epithelial cells. It is freely filtered by the glomerulus after which rapid
clearance occurs via receptor binding and endocytosis[4]. NGAL has been
reported to be the most sensitive marker for proximal tubular damage
in the preclinical setting [28]. After gentamicin exposure in rats a clear
signal is detected as early as 24 hours after exposure. However, specificity
to the location of injury must be questioned, since in a rodent glomeru-
lar damage model increased NGAL levels were also observed [31]. Clinical
research has demonstrated that urinary NGAL is increased in several
forms of chronic kidney injury [32;33] and in patients with urinary tract
infections [34].

Interleukin-18 (1L18) is a proinflammatory cytokine produced by
leukocytes and renal parenchymal cells such as tubular epithelial cells,
podocytes and mesangial cells. It plays an important role in the exac-
erbation of acute tubular necrosis [35] and the inflammatory pathways
involved are partly clarified [36]. The 1118 receptor (1L-18R) is expressed
on these cells in cisplatin-induced acute kidney injury and urinary 1.18
excretion has proven to be an early diagnostic marker for acute kidney
injury in humans, particularly in critically ill patients [37]. However, at
present it is unclear if 1L18 reflects location-specific injury and there-
fore its potential for preclinical and clinical use in drug development is
unclear. An obvious disadvantage is that increased 1118 levels can also be
observed upon many forms of inflammation not limited to the kidney.

N-acetyl-beta-glucosaminidase (NAG) is a lysosomal enzyme which
is contained abundantly in the renal tubular epithelia and involved in
the degradation of mucopolysaccharides and glycoproteins. Its size
precludes glomerular filtration and elevated urinary concentrations are
considered to reflect tubular dysfunction. In preclinical research the sen-
sitivity of NAG is higher compared to serum creatinine and comparable
to BUN [38]. The NAG response profile is dependent on the toxin causing
proximal tubule injury [39]. For example, gentamicin triggers an early
response that last for 8 hours after dosing, whereas chromium triggers
a response after 8 hours and mercury does not trigger a significant NAG
increase atall [39]. Nevertheless, clinical evidence supports the usefulness
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of NAG as an early marker of mild tubular injury [40] and demonstrates
that it has predictive properties regarding the development of acute
tubular necrosis [41].

Alpha Glutathione S-transferase (aGsT) is a detoxification enzyme
that is produced in numerous tissues. Urinary aGsT levels are very low
under physiological conditions, but substantial amounts are excreted
in case of various manifestations of tubular injury, including cisplatin-
[42] and gentamicin-induced [43] toxicity and in acute tubular necrosis
after mercuric chloride and potassium dichromate exposure [44]. aGST
appears to be an adequate preclinical early toxicity biomarker to detect
onset of epithelial necrosis, but is less suitable to monitor reversibility
[29]. In drug-induced injury of proximal tubular cells with cisplatin and
gentamicin, aGsT correlated more closely to histopathological confirmed
injury compared to NAG, BUN and serum creatinine [45]. In a preclinical
model of tubular injury limited to the pars recta of proximal tubule cells,
it was demonstrated that agsT-excretion reflects injury of low grade tox-
icity, outperforming numerous other markers, and with equal sensitivity
as KIM1 [46]. However, injury to the collecting duct was associated with a
decreased aGsT, which is not well understood yet. As a consequence it has
been suggested that qualification of this biomarker has to await further
results [45]. Although limited information is available, clinical evidence
suggests that agsT is informative for tubular dysfunction or injury [47;48].

Kidney Injury Molecule-1 (kim1) is a transmembrane protein
expressed by proximal tubular epithelial cells. k1M1 functions as a phos-
phatidylserine receptor and has phagocytic capacity [28]. Expression is
markedly upregulated in response to injury [49]. Urinary KIM1 concentra-
tion provides a more sensitive predictor of histopathological confirmed
injury in 11 well-established rat models of acute kidney injury when com-
pared to BUN, serum creatinine or urinary NAG, even in cases of low grade
toxicity [38]. One study reported that urinary kim1 levels also correlate
with different grades of kidney tubular histopathologies. This was sup-
ported by the finding of dose-dependent upregulation of the k1M1 gene
in segment-specific toxicity models [50]. Whereas aGST appears to be a
good early toxicity biomarker for epithelial necrosis, kiM1 and clusterin
levels persist during regeneration and appear to reflect the triggering
and continuation of the repair process [29;51]. KIM1 responses seem to
depend on toxin, for example Sasaki et al. [52] report that after cisplatin
exposure KIMI increases (together with clusterin and aGsT) after 3 days
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(confirmed by Vinken et al.[15]), whereas in a model for papillary necro-
sis using 2-bromoethylamin hydrobromide kimi levels (together with
clusterin, albumin and osteopontin) are convincingly increased as early
as day 1 after exposure. Interestingly, measurement of urinary KIim1 also
enables detection of subchronic and chronic injury and correlated closely
with histopathology [28]. This study also showed that cysc and NGAL are
the most sensitive markers for early kidney damage of proximal tubular
damage, but subchronic or chronic injury was best reflected by kim1 lev-
els. In keeping with the notion that urinary K1mM1 may be an early marker
for chronic nephrotoxicity in animals, increased levels of urinary xim1
levels were reported in an experiment using cadmium [53]. Clinical evi-
dence that the results in animals translate to humans is currently limited.
KiM1 did indeed show a significant signal following acute kidney inju-
ry, although sampling for KiM1 in this study was rather late, precluding
assessment of its suitability as early marker [54].

Beta-2-microglobulin (B2M) is produced by all cells expressing major
histocompatibility complex (MHC) class I antigen. Under normal condi-
tions the main source are activated lymphocytes from which shedding
from cell surface of the MHC occurs through proteolysis. Synthesis is
stimulated in various conditions characterized by proliferation of lym-
phoid cells that occurs in various disease states, such as neoplasms,
(auto-) immune disorders or infections [55-57]. B2M is filtered freely
across the glomerulus and complete reabsorption occurs by proximal
tubular cells [28]. Impaired tubular uptake results in increased B2M uri-
nary excretion. Glomerular protein loss may also increase urinary B2M
excretion as B2M shares a common rate-limited tubular reabsorption
pathway with other proteins. In the preclinical setting B2m has a better
diagnostic performance than BUN and serum creatinine to detect glo-
merular injury (together with urinary total protein and cysc) [58]. As
tubular dysfunction without glomerular impairment also increases B2m
[59;60] specificity regarding the location of damage using B2M alone is
questionable. Interestingly, BaMm might be excreted via other pathways as
compared to other markers, as can be concluded from the findings on a
model for papillary necrosis. This massive injury gave rise to impressive
increases in KIM1, clusterin, albumin and osteopontin, but levels of B2M
remained close to normal [52]. In the clinical setting, BaM has proven to
be a marker for disease severity in autosomal polycystic kidney disease
[61] and for renal damage by fumaric acid esters [62].
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Clusterin is a glycosated protein associated with apoptosis and clear-
ance of cellular debris and can be found in several tissues. Within kidney
cells, clusterin has been suggested to possess anti-apoptotic properties
and facilitates cell protection, lipid recycling and cell attachment, and
aggregation [63]. Clusterin cannot be filtered by glomeruli due to its size
and therefore urinary levels are specific for kidney injury. Clusterin per-
formed better to detect proximal tubular injury than cysc, B2M and total
protein [58] and evidence suggests it can be used as an early marker with a
profile similar to k1M1 [15;52]. The clusterin response correlates well with
tubular injury regardless of the location, particularly when regeneration
is present [45]. Elevated clusterin levels persist during regeneration and
appear to reflect the triggering and continuation of the repair process
[29]. Clinical data on urinary clusterin in relation to kidney injury is not
extensively available, however, it has been shown that clusterin expres-
sion isincreased in renal injury and cystic diseases [64].

Trefoil factor 3 (TFF3) is a small peptide hormone secreted by
mucus-producing and other epithelial cells [65]. In the kidney it is pro-
duced/secreted by cells of the collecting ducts [66]. TFF3 is involved in
many functions including restoration of intestinal epithelium [67], but
its physiological function within the kidney is still elusive. Because in
ageing rats decreasing amount of kidney TFF3 are found, it has been sug-
gested that TFF3 may have a general protective function [68]. Significantly
decreased levels of TFF3 have been observed in different rat models of
proximal tubular injury. Combining TFF3 with urinary albumin increases
sensitivity to early injury compared to traditional markers [69]. However,
studies comparing TFF3 to other novel biomarkersarelacking. In humans,
it has been reported that certain populations (African descent, diabetes
and antihypertensive medication use) have higher baseline urinary TFF3
levels, and thatincrease in urinary levels mightindicate ongoing repair of
chronic damage in the kidney [70].

Comparison & Considerations

Concerns regarding nephrotoxicity are often encountered during the
development of novel drugs. Particularly when the compound is about
to be tested in humans for the first time, all indications of possible kid-
ney injury are weighed. This may regard compounds belonging to drug
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classes that are notoriously associated with renal injury, drugs specifical-
ly targeted to the kidney, but also drugs that are considered ‘suspicious’
because of their mechanism of action or pharmacokinetic properties.
Preclinical suggestions for nephrotoxicity can be present. In case of clear-
ly dose-related adverse renal effects at the high end of the tested dose
range, it is usually possible to estimate a safe range for dosing in humans
provided that adequate monitoring is possible. However, it is more diffi-
cultif preclinical data point towards an incidentally occurring event. This
might lead to a more variable risk for susceptible human subjects, which
is difficult to catch. Whatever the findings in animals, close monitoring
of the kidney in clinical trials to detect untoward effects as soon as possi-
ble is necessary in all cases.

Every drug has its specific features and other factors such as dosing
schedule, cumulative dose, patient- and/or disease characteristics may
play a role. Thus, each drug requires the selection of an appropriate bio-
marker or most likely a panel of biomarkers to provide comprehensive
information. As subject safety is a primary goal in first into human trials,
sensitivity for the event is crucial. A strategy for selecting biomarkers
in humans could be to first focus on the localization of the site of injury
and the mechanism by which the compound causes injury. This may be
achieved by using histopathological information on the compound and
comparing this to histopathological and biomarker profiles of known
nephrotoxic agents that target similar sites (table 1).

The selection of a panel of biomarkers should obviously be based on
the possibilities and limitations of individual markers and the aim should
be to compose a panel of which the combination of biomarkers provides
complimentary information (table 2).

We first point out that currently a specific marker for glomerular
injury is unavailable and thus glomerular damage is frequently made by
excluding other causes. Identification of a biomarker specific for glomer-
ular injury would be of great value. cysc can be used to monitor general
kidney function as it reflects GER. Further, CycC and NGAL are the most
sensitive markers for early kidney damage of proximal tubular damage
[28]. However, it should be realized that the organ-specificity of cysc is
poor and other biomarkers are recommended to differentiate between
tubular and glomerular damage. The dependency of cysc levels on other
factors than renal function is important in diagnostic work-ups, but not
so much in clinical drug research as these circumstances can be taken
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into account by choice of population and by focusing on the time course
and relative changes from baseline. If this is unfeasible or undesired,
cysc appears to be a less suitable biomarker.

Although NGAL seems more tubular injury-specific compared to cysc,
this has been challenged by the finding that NGAL also increases in a
model of glomerular injury [31]. This could reflect generalized (glomer-
ular and tubular) injury or that the biomarker is not injury-site specific.
NGAL is not recommended as a monitoring tool, as it appears to possess
equal sensitivity as serum BUN. aGST and KIM1 exhibit similar sensitivi-
ty to detect tubular damage to the pars recta of the proximal tubule [46].
Nevertheless, k1M1 is preferred as there is more evidence regarding its
performance compared to other biomarkers [38]. Moreover, the close cor-
relation of KIM1 to histopathology [38;50] and the finding that it can be
used to also monitor reversibility [29] suggest KIM1 to be the biomarker
of choice. Furthermore, KIM1 can be used to detect subchronic or chron-
ic injury [28;71].The limited information available on TFF3 suggests that
this biomarker does not have a clear advantage over other biomarkers for
proximal tubular injury. We suggest to not use this marker unless more
information is available on its profile and its performance compared to
other biomarkers in animals and humans.

B2M is generally considered to be a glomerular marker, but increased
urinary excretion could also reflect impaired reabsorption by proximal
tubular cells. It appears that B2M as single measure does not have great
value [72]. However, when included in a panel of biomarkers it allows dis-
tinguishing between glomerular and tubular dysfunction. The choice to
incorporate clusterin depends largely on the expected toxicity. Clusterin
is a sensitive marker and its urinary excretion increases as a response to
tubular injury irrespectively of the site. This feature of non-specificity can
be of value, when tubular injury to distal tubules is suspected or localiza-
tion is unclear. It is advised to use clusterin only in a panel of biomarkers.
The information on 1L18 as suitable marker is too limited to justify its use
in early clinical drug development. However, the finding that 118 can be
used to detect acute kidney injury very early in hospitalized patients [37]
and its role in the pathophysiology of kidney injury [36] suggests that 1L18
is potentially a useful marker but this should be explored further.

It is important to take into account that biomarkers might increase for
other reasons than kidney injury (alone), which potentially results in
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an inaccurate conclusion. For instance, increased levels of acute-phase
proteins such as NGAL, but also B2M and 1L18 may be observed upon any
inflammatory condition regardless of the site of inflammation. Also
the population that is studied is important as illustrated by the finding
that patients with an impaired glucose tolerance show a higher urinary
excretion of NAG [73]. These problems may be minimized by assessment
of (changes in) renal function while taking all available information into
account. In practice, it is advised to careful consider the population that
is studied, to have good information on the biomarkers at baseline, and to
always measure chemistry and hematology at similar time points as the
panel of renal biomarkers. This comprehensive approach prevents erro-
neous attribution of findings to the kidney.

Recommendation

We conclude that measurement of urinary KIM1 suits many purposes and
is therefore often an appropriate choice. It allows for early detection of
proximal tubule injury, differentiation between glomerular and tubular
damage and assessment of reversibility and regeneration provided this
occurs. KIM1 can also be used to detect sub-chronic and chronic kidney
injury. NGAL is useful if tubular involvement is suspected, but no clear
notion of tubular localization is present. Clusterin may add value in case
of suspected injury in the distal tubule. If general kidney function and
thus a measure of clearance is required, it is useful to include cysc, pref-
erably combined with more specific markers to localize the origin of the
observed effect. 1118 is considered less suitable for early phase trials, but
might be helpful in phase 11/111 trials to be able to detect ATN in a very
early stage. It may be useful to include B2m and aGsT in the panel of bio-
markers as this enables to relate findings on new compounds to existing
knowledge of known nephrotoxic agents.
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Figure2 Theoretical relationship between serum creatinine and glomerular filtration rate (GFR)
calculated with creatinine clearance for a subject with normal muscle mass (12 mmol creat/24 hours).
Inthe range of creatinine for healthy subjects large declines in GFR are associated with relatively small
increases in serum creatinine. For example, if serum creatinine increases from 60 to 90 mmol/l (black
arrow), whichis a 50%increase (a cut off value for safety often used in clinical trials), GFR decreases
with 50 ml/min (grey arrow), which reflects a considerable functional loss of over 35%. When the

GFR decreases below 60 mL/min, further decrements are associated with larger increases in serum
creatinine, which makes the marker more sensitive for change.
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Table1 Established nephrotoxic agents and accompanying biomarker signal Table2 Aimsofresearchand appropriate biomarkers

Injury Models Kidney Biomakers Adm: Suitable marker
Sensitive Specific Monitoring general kidney function (GFR) cysc
I Differentiate between glomerular and tubular damage KIMI, clusterin , sGST
| Puromycin aminonucleoside Monitor toxicity with suspected glomerular localization B2M
Glomerulus L (PAN) B2M, CysC
Doxorubicin Monitor toxicity with suspected non-glomerular localization CysC, NGAL,
Detect early kidney injury with suspected proximal tubular localization aGST, KIM1
Bl Monitor reversibility/regeneration with suspected proximal tubular localization KIm1
C"I(‘) nl‘)] olluteld Monitor toxicity with suspected distal tubular localization Clusterin
ubule s
' Monitor reversibility/regeneration with suspected distal tubular localization Clusterin
Gentamicin - . - ) - . -
¥ e Elucidate pathophysiological mechanism with known proximal tubular injury site NAG
. Cisplatin, ’
Proximal Carbapenem G, NAG High risk of ATN (Phase 11/111 trials) IL-18
Convoluted R NGAL,
Tubule s2 (1L-18)
Proximal Vancomycin
Straicht Hexachloro- KIM-1,
Tubuli s 1:3-butadiene aGsT
(HCBD)
Distal ]
Convoluted CIEEA,
ngal
TuBUle s
AmphotericIN
agst
B
Collecting
Duct
Renal Papilla Z—bromoeth_ylamm li el - KIM-1, clusterin®
mide (BEA)

*no biomarker identified to date covering this area
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