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Abstract

Cystic fibrosis (CF) is an autosomal recessive disease affecting sodium and
chloride transport predominantly in the lungs and digestive system. Patients with
this disease develop recurrent and chronic respiratory tract infections often neces-
sitating repeated and aggressive antimicrobial therapy. Patients also commonly
develop pancreatic insufficiency, diabetes, malabsorption, and liver problems. The
role of the CF gene mutation in the kidney is not well described. However, patients
with CF are at risk for development of acute kidney injury (AKI) due to receipt of
nephrotoxic medications, particularly antibiotics, as well as long-term renal dam-
age from long-standing diabetes and repeated nephrotoxin exposures. The tradi-
tional marker of kidney injury and function, serum creatinine, is an unreliable
marker of kidney function and injury in patients with CF and low muscle mass: it
often overestimates true kidney function and does not detect kidney injury until a
significant number of nephrons have been affected. Novel biomarkers, such as
cystatin C (CysC), retinol-binding protein (RBP), kidney injury molecule-1
(KIM-1), and neutrophil gelatinase-associated lipocalin (NGAL) have been stud-
ied preliminarily in this population but hold significant promise for early detection
of AKI, risk stratification, and prognosis. With advances in medical therapies
leading to substantial improvement in lifetime survival among CF patients, the
long-term ramifications of the disease and its treatments on the kidney are becom-
ing apparent. Methods to improve detection of kidney injury and risk of develop-
ment of chronic kidney disease in patients with CF are paramount. This chapter
reviews the available literature on the causes and impact of AKI in patients with
CF, as well as the strengths, limitations, and potential uses of traditional and novel
biomarkers of kidney injury in this population.
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Abbreviations

AG Aminoglycoside
AKI Acute kidney injury
B,M Beta-2-microglobulin
BUN Blood urea nitrogen
CcCl Creatinine clearance
CF Cystic fibrosis

CFRD Cystic fibrosis-related diabetes
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CKD Chronic kidney disease
CysC Cystatin C

eCCl Estimated creatinine clearance
eGFR Estimated glomerular filtration rate
GFR Glomerular filtration rate

1L-18 Interleukin-18

v Intravenous

KIM-1 Kidney injury molecule-1

L-FABP Liver-type fatty acid-binding protein
NAG N-Acetyl-p-p-glucosaminidase

NGAL Neutrophil gelatinase-associated lipocalin
NSAIDs Nonsteroidal anti-inflammatory drugs

RBP Retinol-binding protein

SCr Serum creatinine

TDM Therapeutic drug monitoring
UCr Urine creatinine

Key Facts of Cystic Fibrosis and Kidney Injury

» Ciystic fibrosis (CF) is an autosomal recessive genetic disease.

» A defect in the cystic fibrosis transmembrane conductance receptor (CFTR) leads
to impaired sodium and chloride transport across epithelial cells.

* As aresult of abnormal electrolyte transport, patients develop thick mucus which
predisposes them to chronic and recurrent pulmonary infections, intestinal mal-
absorption, and pancreatic insufficiency.

* The impact of CFTR on kidney disease in CF has not been fully elucidated.

* The majority of kidney injury in this population stems from secondary insults
from nephrotoxin administration (antibiotics, immunosuppressive medications),
formation of renal stones, and CF-related diabetes (CFRD).

* As survival for patients with CF increases, so do opportunities for kidney injury
and the likelihood of development of chronic kidney disease (CKD).

» The traditional marker of kidney injury and function, serum creatinine, is often
inaccurate in patients with CF and decreased muscle mass.

* Novel serum and urine biomarkers hold great promise for the early detection and
prognostication of acute kidney injury in patients with CF and other high-risk
populations.

Definitions

Acute kidney injury (AKI) An acute, reversible decline in kidney function
manifested by an increase in serum creatinine (SCr) combined with an inability of
the kidney to regulate fluid and electrolytes appropriately.
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Albuminuria The presence of albumin, a plasma protein, in the urine; this often
reflects damage to the glomerulus (the filter) of the kidney.

Aminoglycoside A class of antibiotic used to treat certain bacterial infections.

Biomarker A molecule (protein, enzyme, etc.) found in the body (blood, urine,
tissue, etc.) that signifies the presence of a disease.

Chronic kidney disease (CKD) A progressive and often irreversible loss of kidney
function.

Creatinine A by-product of muscle breakdown; its concentration in the serum is
often reflective of kidney function because it is nearly exclusively cleared by the
kidney. Elevated serum creatinine concentrations reflect impaired kidney function.

Creatinine clearance (CCl) Describes how much creatinine is removed from the
body by the kidney; used as a proxy for kidney function and glomerular
filtration rate.

Drug clearance A measure of the amount of drug eliminated from the serum in a
given amount of time.

Glomerular filtration rate (GFR) A measure of kidney function describing the
rate of fluid filtered by the kidney.

Nephrotoxin A drug or medically administered substance (i.e., intravenous con-
trast) which can have injurious effects on the kidney.

Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disease that predisposes
individuals to chronic and recurrent pulmonary infections, intestinal malabsorption,
and pancreatic insufficiency. A defect in the cystic fibrosis transmembrane conduc-
tance receptor (CFTR) leads to impaired sodium and chloride transport across
epithelial cells and is the underlying cause of the clinical manifestations of CF. In
the human kidney, CFTR is present predominantly in the proximal and distal tubules
(Crawford et al. 1991), but the impact of CFTR on kidney disease in CF has not been
fully elucidated. Despite the presence of CFTR in the kidney, primary kidney
diseases are relatively rare in CF patients. Thus, the majority of kidney injury in
this population stems from secondary insults from nephrotoxin administration,
formation of renal stones, and CF-related diabetes (CFRD). As survival for patients
with CF increases, so do opportunities for kidney injury and the likelihood of
development of chronic kidney disease (CKD). Improved methods for early detec-
tion of kidney injury are needed.
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This chapter reviews the causes and methods of detection of acute kidney injury
(AKI) in CF patients, with a focus on nephrotoxin-associated kidney injury, which is
the most prevalent and potentially modifiable cause of kidney injury in this population.
The impact of AKI in CF patients and the potential roles of novel urinary and serum
kidney injury biomarkers in AKI detection are also discussed. Laboratory methods of
biomarker measurement are not reviewed and can be found elsewhere in this book.

Kidney Injury Definitions

Acute kidney injury, formerly denoted acute renal failure, is defined as an acute,
reversible increase in serum creatinine (SCr) and nitrogenous waste products com-
bined with an inability of the kidney to regulate fluid and electrolytes appropriately
(Andreoli 2009). Traditionally, the method for monitoring kidney injury (acute or
chronic) has been through surveillance of SCr and blood urea nitrogen (BUN)
measurements and monitoring urine output. Serum creatinine can be monitored
directly or used to estimate the glomerular filtration rate (GFR) or creatinine
clearance (CCl) through a variety of derived formulae. A number of AKI definitions
have been developed based on the magnitude of SCr or estimated creatinine clear-
ance (eCCl) changes and/or a reduction in urine output. Figure 1 displays the AKI

GFR Criteria* Urine Output Criteria

Risk

S High

- Sensitivity
Injury
Failure
High
Specificity
Loss
ESKD

Fig. 1 RIFLE classification scheme for acute renal failure (4ARF). The classification system
includes separate criteria for creatinine and urine output (UO). A patient can fulfill the criteria
through changes in serum creatinine (SCreat) or changes in UO or both. Abbreviations: ARF acute
renal failure, GFR glomerular filtration rate (©2004; licensee BioMed Central Ltd. This is an Open
Access article. http://ccforum.com/content/8/4/R204. Reproduced with permission from Bellomo
et al. 2004)
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classification scheme of the RIFLE criteria (Bellomo et al. 2004), which is one of the
most frequently employed AKI definitions for adults. This classification system
demonstrates how SCr-, GFR-, and urine output-based criteria relate and can be
applied to identify patients with AKI. Most AKI definitions have been studied and
validated in specific patient populations. However, there is no universally accepted
and validated definition for AKI specific to patients with CF. As will be discussed
below, SCr-based definitions of AKI may be inadequate in patients with CF due to
the limitations and inaccuracies of SCr in this population.

Similar to AKI, chronic kidney disease (CKD) encompasses a number of stages
which reflect the degree of kidney dysfunction. Chronic kidney disease typically
reflects sustained (>3 months) and significant (GFR <60 mL/min/1.73 m?) impair-
ment (K/DOQI 2002). A reduction in kidney function to this degree, referred to as
stage 3 CKD, generally equates to a loss of half of normal adult kidney function.
Persistent kidney damage, manifest as structural or function abnormalities, can also
meet the CKD definition.

The Impact of Kidney Injury in Cystic Fibrosis

The incidence of kidney injury in CF may be significantly higher than in the non-CF
population. Bertenshaw and colleagues estimated the incidence of acute renal failure
in individuals with CF to be between 4.6 and 10.1 cases per 10,000 per year, more
than 100 times the average rate of kidney injury in children and three to eight times
that of adults (Bertenshaw et al. 2007). This survey study identified patients by
physician report and defined acute renal failure as, “raised plasma creatinine for
age.” Despite the use of this broad definition, the majority of subjects included in the
study (54 %) had severe renal impairment requiring dialysis, making it likely that
many patients with modest changes in SCr, which would constitute AKI by recently
validated definitions, were not reported. Therefore, this study may actually under-
estimate the true incidence of AKI in the CF population.

Acute kidney injury has both short- and long-term ramifications, and even small
changes in SCr of 0.3-0.5 mg/dL are independently associated with worse out-
comes, including mortality, in children and adults (Moffett and Goldstein 2011;
Chertow et al. 2005). Meanwhile, children and adults who sustain AKI are also at
increased risk for long-term mortality and the development of chronic kidney disease
(Askenazi et al. 2006; Wehbe et al. 2011), including AKI resulting from exposure to
nephrotoxic medications (Menon et al. 2014). Data on the impact of AKI episodes in
CF patients are more limited. Among adults with CF, episodes of AKI correlate with
some markers of chronic kidney impairment (Florescu et al. 2012). This cohort study
followed 113 adult patients in the United States with CF for up to 8.5 years. While
there were no significant changes in BUN (p = 0.92) or SCr (p = 0.2) among the
entire study population, individuals who experienced an episode of AKI had a
significant increase in BUN (P = 0.002) and a nearly significant increase in SCr
(P = 0.056) at the end of follow-up. Only the use of inhaled colistin correlated with
AKI episodes (p = 0.03).
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Unfortunately, there are limited additional data about the long-term outcomes of
CF patients in relation to episodes of AKI specifically. Yet, there is mounting
evidence that patients with CF sustain repeated renal insults over time from a variety
of etiologies. As survival for patients with CF increases, the risk of developing CKD
rises. Quon et al. estimated that the age-adjusted prevalence of CKD is about twice
that of the United States general population (Quon et al. 2011). A strong association
has been described between patients CFRD requiring insulin and the development of
CKD (Quon et al. 2011). Meanwhile, others have noted an association between
repeated intravenous (IV) aminoglycoside (AG) use and long-term renal impairment
(Al-Aloul et al. 2005a). Ultimately, the development of CKD is more likely to result
from repeated or chronic insults than progression of primary kidney disease.

Children with CF may also develop chronic renal dysfunction. In a retrospective
analysis of children with CF who had GFR measured by **™Tc-DTPA at a single
center, Prestidge et al. found that 6 % (4/63) had evidence of stage 2 CKD (GFR
<90 mL/min/1.73 m?, persistent abnormalities in urinary sediment, abnormal renal
imaging): one child with reduced GFR and three others with persistent microscopic
hematuria (Prestidge et al. 2011). Although the rate of renal impairment in this study
was low, the authors observed that 40—56 % of children had evidence of glomerular
hyperfiltration depending on the definition used (GFR >2 standard deviations for
age or >90th percentile for age). In diabetic adults without CF, glomerular
hyperfiltration precedes the development of albuminuria and subsequent GFR
decline (Moriya et al. 2012) and it is possible, as the authors suggest, that glomerular
hyperfiltration in CF patients similarly portends subsequent kidney function decline,
although this has not been established.

The impact of repeated nephrotoxic insults in the CF population becomes most
apparent in patients undergoing lung transplantation. In a large cohort study of
pediatric lung transplant recipients, patients with CF had more rapid decline in
kidney function following lung transplant than other transplant recipients (Hmiel
et al. 2005). In this study, Kaplan-Meier analyses determined that older age at
transplant and diagnosis of CF were both associated with loss of renal function
over time. Broekroelofs similarly found that rate of renal function loss was greatest
among lung transplant recipients who also had CF (—10 mL/min/year, range: —14 to
—6 mL/min/year) compared to others (Broekroelofs et al. 2000). Meanwhile, using
data from the CF Foundation Patient Registry, Quon determined that the 2-year risk
of post-lung transplant kidney dysfunction among CF patients was 35 % (95 % CI:
32-39 %) and the risk increased substantially with increasing age (Quon et al. 2012).
There are a number of potential reasons why patients with CF are at high risk for
development of renal impairment following lung transplantation: receipt of repeated
and chronic nephrotoxic medications prior to and following transplantation
(calcineurin inhibitors, antibiotics), diabetic nephropathy, and the presence of kidney
stones. Renal reserve may be impaired heading into transplant, because of the
numerous insults sustained prior to the procedure, and compounded by infection,
receipt of additional antibiotic courses, and advanced diabetic disease afterward
(Hmiel et al. 2005). With the high risk of development of CKD for patients with
CF undergoing lung transplantation, it is paramount to identify means to reduce
insults to the kidney prior to transplant.



696 K.J. Downes and S.L. Goldstein

Causes of Acute Kidney Injury in Cystic Fibrosis

There are a number of potential causes of AKI in patients with CF including toxins,
intrinsic renal disease, obstruction, and other insults. In this population, the most
likely inciting factor is the use of nephrotoxic medications. Individuals with CF have
frequent lung infections which contribute to a decline in lung function over time, and
aggressive antimicrobial therapy is used in both the acute and long-term manage-
ment of CF lung disease. Unfortunately, a number of antibiotics commonly admin-
istered in the CF population, most notably aminoglycosides and colistin, have
nephrotoxic effects. Nonsteroidal anti-inflammatory drugs (NSAIDs) are also fre-
quently used in CF to mitigate lung inflammation but can have detrimental effects on
the kidney. Other nephrotoxic medications such as antihypertensive medications and
immunosuppressants, although less commonly given, diabetic nephropathy, renal
stones, and other causes may also contribute to kidney injury in this population; each
of these potential causes will be discussed in further detail below.

Antibiotics

Aminoglycosides are a commonly used class of antibiotics in CF because of their
activity against Gram-negative bacteria, particularly Pseudomonas aeruginosa, the
most common pathogen infecting the lungs of patients with CF. These are
concentration-dependent antibiotics, meaning that bacterial killing is optimized at
high concentrations. To take advantage of this property, AGs are typically administered
in high doses once daily to maximize killing and allow sufficient time for clearance of
the medication prior to re-dosing. However, nephrotoxicity is a known side effect of
AGs and the cellular mechanisms leading to toxicity are complex. Aminoglycoside
nephrotoxicity results from accumulation of drug within proximal tubule cells leading
to cytotoxicity, apoptosis, and cell death (Rougier et al. 2004). After glomerular
filtration, a portion of the drug binds to an endocytic receptor, megalin, located on
the apical surface of the proximal tubule epithelial cell and is endocytosed (Moestrup
et al. 1995). Expression of megalin is directly related to the degree of drug accumula-
tion as it is the principle receptor for AG uptake in the kidney (Schmitz et al. 2002), as
well as a number of other important ligands. Following endocytosis, the drug accumu-
lates within lysosomes, causes damage to membrane phospholipids and is released into
the cytosol where cellular toxicity occurs (Servais et al. 2005). Tubule cell damage and
apoptosis then lead to a reduction in the glomerular filtration rate (GFR) and impaired
kidney function (Lopez-Novoa et al. 2011).

Most reports of AKI in patients with CF have implicated AG as the cause
(Bertenshaw et al. 2007; Al-Aloul et al. 2005b; Drew et al. 2003; Kennedy
et al. 2005; Smyth et al. 2008). In a survey of CF centers in the United Kingdom,
an AG was administered prior to onset of AKI in 88 % of cases reported (Bertenshaw
et al. 2007). An additional risk factor such as dehydration, underlying renal disease,
or long-term receipt of a nephrotoxic drug also often accompanies cases of
aminoglycoside-associated AKI (Smyth et al. 2008). Yet, the true incidence of
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AG-associated AKI in the CF population had not been known. This is because
detection of AKI is reliant upon systematic SCr measurement, which is rarely
performed. Among children with CF, AKI rates during AG courses of up to 20 %
have been described when SCr is monitored daily (Downes et al. 2014).
But, detection of AKI is significantly impacted by the frequency of SCr measure-
ment. Nonsystematic SCr measurement, which is common practice, and dependence
upon a suboptimal marker (SCr) lead to an underestimation of the actual incidence
of AKI.

Similar to AG, the antibiotic colistin has broad Gram-negative activity and is used
often in patients with CF to treat more resistant pathogens. It is a polymyxin
antibiotic whose nephrotoxic potential is recognized but not well understood. The
mechanism of nephrotoxicity is thought to be similar to the mechanism by which the
drug exhibits its antibacterial activity: increasing cell membrane permeability (Lewis
and Lewis 2004). Damage to renal tubule cells leads to acute tubular necrosis,
mitochondrial dysfunction, and impaired kidney function (Dai et al. 2014). Histor-
ically, colistin was associated with nephrotoxicity in up to 50 % of recipients
(Falagas and Kasiakou 2006). However, newer formulations of the drug, careful
monitoring of patients, and avoidance of coadministration with other known
nephrotoxins have led to a reduction in reported toxicity.

The nephrotoxic potential of colistin in patients with CF is conflicting. In a
retrospective review of 52 patients receiving 135 courses of colistin at a single
center, Ledson and colleagues found that there was no change in renal function
following receipt of the drug among the 122 evaluable courses (Ledson et al. 1998);
colistin was used in combination with other drugs in 85 % of courses in this study.
Meanwhile, in a randomized trial of IV colistin monotherapy versus combination
antipseudomonal therapy (Conway et al. 1997), recipients of monotherapy did not
demonstrate a change in creatinine clearance after 12 days, while those who received
IV colistin in combination with another non-AG antibiotic had a significant decline
by day 12 (day 1 = 109 mL/min vs. day 12 = 91 mL/min, p <0.01). Nevertheless,
reports of kidney injury with colistin are less prevalent than with IV aminoglycosides
in CF, perhaps owing to the different frequency of use of these agents.

There have been no studies directly comparing the development of kidney injury
from AG vs. colistin in CF patients. But, receipt of repeated courses of nephrotoxic
antibiotics may be associated with long-term renal damage even in the absence of
detected SCr-based AKI. In a prospective study of 80 CF outpatients with Pseudo-
monas aeruginosa, Al-Aloul and colleagues found a strong correlation between IV
AG use and diminishing kidney function (» = —0.32, P = 0.0055) as determined by
measured creatinine clearance (Al-Aloul et al. 2005a). Figure 2 displays the inverse
correlation between kidney function and number of courses of IV nephrotoxic antibi-
otics found in this study. The association between decreased renal function and
repeated antimicrobial exposure was not significant for regimens including IV colistin
with a beta-lactam antibiotic (» = 0.02, p = 0.83). However, there was a significant
association between renal function decline and receipt of IV aminoglycosides with a
beta-lactam antibiotic (r = —0.35, p = 0.0018); the effect was more pronounced when
an IV aminoglycoside was coadministered with colistin (r = —0.51, p <0.001).
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Fig. 2 Correlation between renal function (mCCL) and lifetime use of IV nephrotoxic antibiotics
(courses containing aminoglycosides and/or colistin). R = 0.65, P <0.00001. Abbreviations: mCCL
measured creatinine clearance (Reproduced with permission from Al-Aloul et al. 2005. ©2004
John Wiley & Sons, Inc)

NSAIDs

Beyond the treatment of pain, nonsteroidal anti-inflammatory drugs (NSAIDs) may
have a role in the treatment of chronic lung inflammation in CF patients. However,
NSAIDs alter kidney function through their effects on prostaglandins (Weir 2002)
and in the setting of altered renal blood flow (dehydration, shock, etc.) may com-
promise renal perfusion and lead to kidney injury. Despite their potential adverse
effects, NSAIDs have rarely been reported to have significant nephrotoxic effects in
patients with CF. In a single-center retrospective study of patients on chronic
ibuprofen, 50 % patients had to discontinue the therapy due to adverse events
(Fennell et al. 2007) but only one (2 %) discontinued the drug due to renal toxicity.
Similarly, Lahiri et al. reported that high-dose ibuprofen was not associated with
increased non-creatinine biomarkers of kidney injury (Lahiri et al. 2014); these
biomarkers will be discussed in further detail below.

Other Nephrotoxins

A number of other medications administered in patients with CF may be toxic to the
kidneys, as with other groups of patients. Lung transplantation is an important option
for CF patients with severe and end-stage lung disease. Immunosuppressant medi-
cations such as the calcineurin inhibitors cyclosporine and tacrolimus have important
therapeutic roles in transplant recipients but can lead to rapid decline in kidney
function following transplant (Quon et al. 2012; Hmiel et al. 2005; Broekroelofs
et al. 2000). These medications contribute to kidney injury and a reduction in GFR
by causing vasoconstriction of afferent and efferent glomerular arterioles (Lanese
and Conger 1993). Their nephrotoxic effects may be compounded by years of prior
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nephrotoxin receipt in CF patients and may unmask decreased renal reserve (Hmiel
et al. 2005). Antihypertensives such as loop diuretics and angiotensin-converting
enzyme inhibitors may alter renal hemodynamics causing kidney injury (Ferguson
et al. 2008). And antimicrobials such as acyclovir and amphotericin have their roles
in CF care for the treatment of herpes virus and fungal infection, respectively, but
may also be nephrotoxic.

Diabetes

In 2012, nearly 20 % of individuals with CF had cystic fibrosis-related diabetes
(CFRD) with more than a third of adults being affected (Cystic fibrosis foundation
patient registry 2012 annual data report 2013). Similar to type I and type II diabetes
in patients without CF, CFRD causes long-term kidney damage. In a study using
registry data from Germany and Austria (Konrad et al. 2013), the rate of diabetic
nephropathy (defined as the presence of microalbuminuria) was similar among
adults with CFRD (25.2 %) compared to non-CF patients with type I (17.2 %) or
type II diabetes (24.7 %, p-values not reported) after adjustment for demographics.
Using the US CF Registry data from 2001 to 2008, Quon determined that CFRD
requiring insulin therapy was a significant risk factor for the development of stage
3 CKD as defined by an estimated GFR <60 mL/min/1.73 m? (Quon et al. 2011).
Considering that this study was a retrospective analysis of registry data with reliance
on eGFR for detection of CKD, this may actually underestimate the impact of CFRD
on CKD development. CFRD requiring insulin therapy is also a significant risk
factor for renal dysfunction following lung transplant (HR 1.30; 95 % CI, 1.02-1.67)
(Quon et al. 2012). While the microvascular complications of CFRD can lead to
chronic renal insufficiency, it is unknown whether CFRD also contributes to epi-
sodes of acute kidney injury or compounds the nephrotoxic effects of antibiotics in
the CF population.

Stones

Patients with CF are at higher risk for nephrocalcinosis compared to the general
population which can contribute to an impairment of kidney function. In a single-
center cohort study of pediatric CF patients, the prevalence of risk factors for stone
formation was high — hyperoxaluria (N = 58/83, 78 %), hypocitraturia (57/76,
75 %), hypercalciuria (16/87, 18 %), and hyperuricuria (15/83, 18 %) (Andrieux
et al. 2010). However, no patients had symptomatic kidney stone formation and only
2 % had stones diagnosed by ultrasonography. Some studies have reported a
prevalence of nephrolithiasis as high as 21 % (Terribile et al. 2006). Microscopic
nephrocalcinosis may also be a frequent occurrence in CF patients, and the increased
sodium secretion that occurs in CF may lead to dehydration and low urine volumes,
further compounding the risk for stone formation. Repeated exposure to antimicro-
bials may alter gut flora and decrease the Oxalobacter formigenes, which leads to
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reduced degradation of oxalate and an increased risk of hyperoxaluria and stone
formation (Sidhu et al. 1998).

Markers of Kidney Injury in Cystic Fibrosis

With the myriad of potential causes of kidney injury in patients with CF, the long-
term ramifications of repeated and chronic renal insults on kidney function is
becoming more apparent as patients with this disease live longer. Traditional
markers of kidney function and injury such as serum creatinine are inadequate.
And, there is a need for accurate and sensitive markers of kidney injury and
incorporation of these markers into routine CF care. Yet, the ideal biomarkers for
AKI detection among patients with CF have not been established, and further
research is urgently needed.

Novel biomarkers for kidney injury may be clinically useful for early detection of
AKI. These biomarkers, of which several have been identified and will be discussed
below, are more sensitive than traditional SCr measurements in detecting kidney
injury directly and are under investigation for their utility in risk stratification and
prognostication in AKI (Parikh et al. 2005). Increased levels have been associated
with poor clinical outcomes irrespective of SCr measurements (Haase et al. 2011;
Parikh et al. 2005). Serum biomarkers often reflect abnormal kidney function
(impaired GFR), while urinary biomarkers may reflect kidney injury and/or function
(compromised reabsorption). Depending on the process, urinary biomarkers also
have the potential to signify specific sections of the nephron that are affected. This
type of specificity could be useful to elucidate the mechanism of underlying injury.
However, the determination of the optimal biomarkers for use in specific clinical
settings has not been established.

The following sections will discuss the utility of traditional and novel biomarkers
for detection of kidney injury in CF. Many of the biomarkers reviewed in this section
are described in more detail in other chapters in this book. Therefore, this section will
focus primarily on these biomarkers in CF patients specifically. Of note, few studies
explicitly examine the role of biomarkers in AKI detection in CF patients. The
majority of studies attempt to establish the relationship between biomarkers of
interest and GFR. This section summarizes available data and, when applicable,
provides guidance as to how kidney injury biomarkers can be used or studied in the
future to improve AKI detection in patients with CF.

Serum Creatinine and Estimated GFR

The glomerular filtration rate is widely considered the best measure of kidney
function. Direct measurement of GFR, however, is difficult, often costly, and
frequently impractical in the hospitalized setting. Serum creatinine is the traditional
biomarker most often used for simple assessment of kidney function as well as
detection of kidney injury. Creatinine, a product of muscle breakdown, undergoes
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glomerular filtration and is excreted in the urine. Because there is minimal extrarenal
clearance of creatinine in healthy individuals, renal creatinine clearance is used as a
surrogate for kidney function (Perrone et al. 1992). Twenty-four hour urine collec-
tion allows for calculation of CCl but is methodologically tedious and prone to error.
Therefore, serum creatinine values are used to estimate CCl and GFR through
implementation of a number of derived formulae. These formulae tend to be most
reliable in the setting of stable kidney function and thus stable SCr. And the validity
of these formulas is based on the assumptions that SCr is completely filtered and that
the rate of production equals the rate of renal excretion (Perrone et al. 1992). In the
setting of unstable renal function or ongoing kidney injury, unfortunately, these
criteria are not always met.

Changes in SCr values are nonspecific, often delayed, and do not directly reflect
cellular kidney injury. A demonstrable change in SCr is not detected until significant
renal mass, roughly 70-80 %, has been affected (Pfaller and Gstraunthaler 1998).
Creatinine is formed as a result of muscle breakdown which makes it an additionally
problematic marker of kidney function and injury in patients with CF, who fre-
quently have reduced muscle mass compared to healthy patients. Because of this,
SCr-based formulae for estimating GFR are often inaccurate and typically underes-
timate renal impairment in patients with CF (Al-Aloul et al. 2007). Al-Aloul
compared measured CCl from timed urine collections with ten SCr-based formulae
used to estimate CCl in 74 adult CF patients and 29 healthy, age- and BMI-matched
control subjects (Al-Aloul et al. 2007) and concluded that all formulae for estimating
CCl were unreliable in CF patients. The correlation between estimated and measured
creatinine clearance ranged from 0.55 to 0.7 with a bias of —9.1 to 22.9 depending
on the equation used. The formulae were also less accurate in CF patients than in
healthy controls. Additionally, the two equations most commonly used clinically for
estimating CCl, the Cockcroft-Gault formula (Cockcroft and Gault 1976) and the
abbreviated MDRD equation (Rule et al. 2004), grossly overestimated renal function
in adult CF patients with reduced CCl (<80 mL/min, Table 1) in their study
population.

Although traditional monitoring for kidney injury involves SCr measurement, the
sensitivity of this parameter is poor. While more accurate methods of estimation of
kidney function are available, such as 24-h urine creatinine collection or nuclear
GFR studies, they are typically used to assess GFR at a single time point. These
approaches are generally not practical in the hospitalized setting and cannot gener-
ally be used for monitoring or early detection of AKI due to the methodological rigor
involved in their use.

Aminoglycoside Clearance

Therapeutic drug monitoring (TDM) is used to try to improve efficacy and minimize
toxicity from aminoglycosides. The goal of TDM is to maximize effectiveness and
safety by determining patient-specific doses and dosing intervals through drug level
monitoring. Trough levels are typically monitored to assure adequate clearance of
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the drug and elevated serum trough concentrations most closely relate to nephrotox-
icity (Bertino et al. 1993). Both sophisticated and simple methods have been
developed to determine an individual patient’s pharmacokinetic parameters (volume
of distribution, elimination rate constant, total body clearance) based on serum drug
concentrations (Tod et al. 2001). Although there is variability in monitoring practices
between CF centers, TDM is almost universally used.

In theory, AG clearance should be directly related to kidney function since these
drugs are almost exclusively eliminated via glomerular filtration. Unfortunately, the
correlation between GFR and actual drug clearance in CF patients is variable. Some
studies (Town et al. 1996) describe a significant correlation between the measured
creatinine clearance and tobramycin total body clearance (» = 0.52, p = 0.02). Other
more recent studies (Soulsby et al. 2010), however, observed that tobramycin
clearance correlates poorly with measured GFR in both adults (» = 0.1, p = 0.71)
and children (» = 0.25, p = 0.19) with CF. Figure 3 displays Bland-Altman plots
comparing GFR estimated via tobramycin clearance and measured GFR.

Aminoglycoside clearance is more reflective of kidney function than of kidney
injury. Changes in drug clearance over time may suggest that an individual has
sustained injury, but the extent of kidney injury needed to result in clinically
significant alterations in drug clearance has not been described. Theoretically,
longitudinal monitoring of tobramycin clearance could be used to identify chronic
renal insufficiency. However, to our knowledge, no studies have demonstrated
decreased AG clearance as a marker of CKD in patients with CF.

In a recent population pharmacokinetic study, Alghanem observed that AG
clearance appears to be stable over time in patients with CF despite receipt of
multiple courses of therapy over several years (Alghanem et al. 2013). The authors
evaluated 1,075 aminoglycoside courses in 166 patients aged 14—66 years; subjects
received as many as 28 courses over a 15 year period. There were no significant
changes in kidney function (based on eCCl) over time, and only a single patient had
moderate renal impairment (eCCL 45-58 mL/min). Additionally, there was little
change in aminoglycoside clearance from one course to the next (between-occasion
variability = 11 %), and no significant trends were detected in AG clearance over
time based on the number of prior aminoglycoside courses. The authors concluded
that in the population of CF patients they studied, there was no decline in AG
clearance over time.

These findings contrast with data from other studies suggesting an increased
prevalence of kidney dysfunction over time in patients with CF (Quon et al. 2011;
Al-Aloul et al. 2005a). The discrepancy may lie in the variable relationship between
AG clearance and eGFR in CF patients. Creatinine clearance had only a weak
relationship to AG clearance in the Alghanem study which likely reflects the
unreliable nature of SCr-based equations for estimating kidney function in CF
patients. Additionally, Alghanem and colleagues relied on drug levels drawn within
72 h of the start of therapy in the majority (83 %) of cases. It is possible that patients
with mild/moderate underlying renal dysfunction do not demonstrate impaired drug
clearance early in antibiotic courses. The mechanism of AG toxicity is dependent
upon accumulation of drug in proximal tubule cells, and decreased AG clearance
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Fig. 3 Bland and Altman analysis for differences between tobramycin clearance and measured
GFR in mL/min/1.73 m? in adults (a) and children (b). The x-axis represents the average GFR and
the y-axis represents the difference between the measured GFR and tobramycin clearance
(Reproduced with permission from Soulsby et al. 2010. ©2010 Elsevier)

may not manifest until a sufficient amount/duration of drug has been administered.
Serial AG level measurements would be needed to determine when individuals pass
the cutoff that leads to impaired kidney function, but the frequency of measurement
needed to accurately capture this may be impractical. Ultimately, the inconsistent
relationships between AG clearance and measured and estimated CCl make it
difficult to rely on drug clearance as a marker of kidney injury.
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N-Acetyl-3-p-glucosaminidase (NAG)

In the setting of kidney injury, enzymes located within tubular epithelial cells may be
released into the urine. N-Acetyl-p-p-glucosaminidase (NAG) is one such enzyme.
NAG is a proximal tubule lysosomal enzyme and detection in the urine increases in
the setting of a number of causes such as nephrotoxic injury and diabetic nephrop-
athy (Skalova 2005). Although not specific to a particular mechanism of injury, it is a
sensitive marker of renal tubular injury and has been studied in a variety of patient
populations. Typically, NAG is expressed as a ratio with urinary creatinine to
account for biologic variability.

In patients with CF, NAG has been primarily studied in the context of
nephrotoxin receipt, in particular aminoglycosides, and is a highly sensitive and
specific marker of tubular injury in this population (Godson et al. 1988). Urinary
levels of NAG increase significantly during courses of IV gentamicin (Godson
et al. 1988), amikacin (Halacova et al. 2008), and tobramycin (Steinkamp
et al. 1986; Glass et al. 2005; Etherington et al. 2007; Master et al. 2001,
Riethmueller et al. 2009; Smyth et al. 2005). Elevated levels of NAG can even be
observed during courses of inhaled tobramycin (Guy et al. 2010).

Most studies of NAG have confirmed that urinary concentrations increase despite
stable serum creatinine. Glass studied 22 children with normal GFR and stable SCr
receiving IV tobramycin three times daily for 14 days (Glass et al. 2005). NAG
significantly increased following completion of therapy compared to measurements
obtained prior to the start of the drug (p <0.0001). Steinkamp studied 14 subjects
before, during, and after receipt of 10 mg/kg/day of IV tobramycin with azlocillin
and observed a six- to tenfold increase in urinary NAG during therapy (Steinkamp
etal. 1986). Meanwhile, Etherington measured urinary NAG in 88 patients receiving
IV tobramycin or colistin on days 1, 14, and at first clinic follow-up (Etherington
et al. 2007). Although there were no changes in SCr, a 3.5-fold increase in urinary
NAG occurred between day 1 and 14, and NAG excretion was higher in subjects
receiving tobramycin compared to colistin (day 14 median NAG ratio, 2.24 vs. 0.98,
p <0.001), suggesting an increased risk of tubular toxicity from tobramycin. Addi-
tionally, NAG was higher at each time point of the study for subjects with CFRD.

Studies of urinary NAG in CF patients also provide some evidence that tubular
injury from nephrotoxic antibiotics may be sustained. In the study by Glass, urinary
NAG levels remained higher than pretreatment levels at 4 weeks after the course
(p <0.001) (Glass et al. 2005). Meanwhile, Etherington observed that the majority
(80 %) of patients who received multiple courses of treatment during the study
period had day 1 NAG levels that were significantly higher in subsequent courses
(p < 0.001) (Etherington et al. 2007). And, almost half (46 %) of patients had an
elevated NAG level at their clinic follow-up visit. Although NAG values returned to
normal during follow-up assessments in the study by Steinkamp, the study was small
(N = 14), and follow-up measurements were obtained at 4—120 days after treatment
cessation (Steinkamp et al. 1986).

Urinary NAG has also been used to monitor for nephrotoxicity in several studies
comparing different dosing regimens of aminoglycosides (Master et al. 2001;
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Riethmueller et al. 2009; Smyth et al. 2005). Two of these studies showed lower
NAG values with once-daily administration (Master et al. 2001; Smyth et al. 2005),
providing evidence for the improved safety of once-daily dosing. Although NAG
levels were similar between the once- and thrice-daily tobramycin groups in a
randomized trial, significant rises in urinary NAG develop during AG therapy
despite stable serum creatinine (Riethmueller et al. 2009).

Urinary NAG is a sensitive marker of proximal tubule kidney injury receiving
nephrotoxic medications, and several studies in CF patients have observed increasing
and often elevated values over the course of AG therapy without a demonstrable
change in serum creatinine. This corroborates that NAG is a more sensitive marker of
tubular injury than SCr during aminoglycoside courses and that it may have a role in
detection of subclinical kidney injury in patients receiving these medications. How-
ever, longitudinal studies are needed which seek to elucidate the relationship between
episodes of kidney injury detected by changes in NAG and long-term renal outcomes.

Urinary Albumin

The presence of albuminuria may result from glomerular damage due to increased
permeability or may signal proximal tubule dysfunction and decreased reabsorption
of the protein (Vaidya et al. 2008). Albumin is freely filtered by the glomerulus, and
urinary detection can be increased in the setting of non-pathologic conditions which
cause proteinuria, such as dehydration and vigorous exercise. Microalbuminuria,
defined as 30-300 mg/L (Vaidya et al. 2008), is often present in patients with
diabetes including CF patients with CFRD. In a large cohort study of CF children
and adults, CFRD contributed to a sevenfold increased odds (95 % CI: 2.5-20.0, p =
0.0002) of persistent microscopic albuminuria: 10.7 % of patients with CFRD versus
1.6 % of CF patients without CFRD (Lind-Ayres et al. 2011). Transient
microalbuminuria was present in a similar percentage of patients with and without
CFRD in this study, which was comparable to the rate found in the general popu-
lation (~6-7 %).

Other factors aside from diabetes may also contribute to the development of
albuminuria in CF patients. Lind-Ayres found that a significantly higher percentage
(40 %) of patients who had undergone lung transplant, all of whom either had CFRD
or glucose intolerance, had persistent microscopic albuminuria. Meanwhile, in a
small cohort study assessing proteinuria via 24-h urine collection, CF genotype was
the only factor associated with the presence of high (>150 mg/day, N = 6/22)
vs. low (<150 mg/day, N = 16/22) proteinuria (Cemlyn-Jones and Gamboa 2009).
The multifactorial nature of albuminuria and its high prevalence in the CF popula-
tion limits the utility of albuminuria as a marker of acute kidney injury. Persistent
detection of microalbuminuria heralds the onset of nephropathy in patients with
CFRD. But, the predictive capability of a single measurement is limited. Whether
albuminuria can be used as a reliable marker of acute kidney injury is yet to be
determined. Additional studies which provide data on serial urine albumin measure-
ments would be needed to determine its potential role for it in AKI detection.
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Table 2 Results for correlations between measured GFR and estimated renal function (95 %
confidence interval reported in brackets)

Test R value (adults) R value (children)
Cystatin C 0.64 [0.43-0.78] 0.61 [0.39-0.76]
P =0.0059 P =0.0011
Cockceroft and Gault equation (adults) or 0.51 [0.36-0.75] 0.60 [0.34-0.74]
Schwartz (children) P =0.0252 P =0.0015
Tobramycin clearance 0.10 [—0.83-0.52] 0.25 [—0.04-0.50]
P=0.7117 P =0.1920
aMDRD equation (adults) or updated 0.29 [—0.17-0.65] 0.60 [0.28-0.80]
Schwartz (children) P =0.2145 P =0.001

Reproduced with permission from Soulsby et al. (2010), ©2010 Elsevier

Cystatin C (CysC)

Cystatin C is a low molecular weight protein that is freely filtered by the glomerulus
and reabsorbed by proximal tubule cells via megalin-assisted endocytosis (Kaseda
et al. 2007). It does not undergo tubular secretion, and its function is to serve as an
extracellular inhibitor of cysteine proteases. Injury to proximal tubule cells leads to
increased excretion in the urine, while elevated plasma levels are reflective of
impaired glomerular filtration. Therefore, it may be a useful marker of proximal
tubule injury as well as a functional marker of impaired GFR. Numerous studies have
examined its role as a serum marker of GFR in a variety of populations, including CF.

Soulsby compared the correlation between measured GFR, using a radioisotope
technique, and eGFR using SCr-based equations, serum CysC levels, and
tobramycin clearance in adults and children with CF (Soulsby et al. 2010). The
results for the correlations are shown in Table 2. CysC had the strongest correlation
with measured GFR for both adults and children. However, CysC had no advantage
over SCr-based equations for detecting the 4/47 patients with impaired kidney
function (measured GFR <90 mL/min/1.73 m?). The sensitivity and specificity of
CysC for detection of decreased GFR was 100 % and 85.7 %, respectively. There
was very poor correlation between tobramycin clearance and measured GFR (R =
0.1 and 0.25 for adults and children, respectively), and the correlation between
tobramycin clearance and CysC was not reported. Given the low prevalence of
renal dysfunction in this population, the authors concluded that CysC offers no
benefit over SCr-based estimates of GFR.

This study contrasts with an earlier study by Beringer which demonstrated
superiority of CysC to SCr-based methods for GFR estimation in both CF patients
and healthy, age-matched controls (Beringer et al. 2009). GFR estimates based on a
CysC-based equation (GFR = 100/CysC — 14 Tidman et al. 2008) provided greater
precision in both the CF and control populations. And, for those with CF, the CysC-
based equation demonstrated a significantly higher AUC for the prediction of
impaired kidney function (measured GFR <90 mL/min/1.73 m?) compared with
the Cockcroft-Gault equation (AUC 0.928 vs. 0.556, p = 0.005) and aMDRD
equation (AUC 0.928 vs. 0.539, p = 0.003).
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Serum CysC has also shown utility during AG courses in CF patients. Halacova
measured serum CysC, CysC clearance, creatinine clearance, urinary NAG, and
amikacin clearance in 71 patients receiving intermittent infusion amikacin therapy
for 12 days (Halacova et al. 2008). Serum CysC levels increased throughout
amikacin treatment (P <0.001, Dunnett’s multiple comparisons test) and 80 % of
patients demonstrated CysC levels above the normal range. Consequently, the
estimated GFR using a CysC-based equation demonstrated a significant decline
over the course of amikacin treatment. Conversely, there were no significant changes
in creatinine clearance or serum creatinine from day 0 compared with day
12, although serum creatinine was above the normal range in 45 % (N = 32) of
patients on day 12 of therapy. Figure 4 shows a comparison of the creatinine
clearance and CysC clearance values over the course of amikacin in this study.
The GFR estimated by SCr was significantly higher than that predicted by CysC:
1.76 £ 0.02 versus 1.18 & 0.04 mL/s/1.73 m?* (~105.6 + 1.2 vs. 70.8 & 2.4 mL/min/
1.73 m?), p <0.0001. ROC analyses demonstrated that serum CysC and CysC
clearance were better predictors of amikacin clearance than creatinine clearance:
AUC values of the ratios of amikacin clearance to creatinine clearance, CysC, and
CysC clearance on day 12 compared to day 0 were 0.51, 0.92, and 0.84, respectively.

Urinary CysC may also be beneficial for AKI monitoring during
aminoglycosides, which are reabsorbed in the proximal tubule via the same
endocytic receptor, megalin, as CysC. In a rat model, significant changes in urinary
CysC could be detected as early as day 1 of gentamicin therapy (Hoffmann
et al. 2010). However, to our knowledge, this urinary biomarker has not been studied
in patients with CF. It holds promise for the noninvasive detection of AKI during
aminoglycoside courses and warrants investigation.

Beta-2-Microglobulin ([3,M)

Beta-2-microglobulin is another low molecular weight protein which, similar to
CysC, is filtered by the glomerulus and reabsorbed in the proximal tubule. It is the
light chain of the major histocompatibility class I molecule and, unlike CysC, is not a
useful serum biomarker due to its expression on the cell surface of all nucleated cells
(Ferguson et al. 2008). Its role as a kidney injury biomarker is limited to detection in
the urine which increases in the setting of impaired proximal tubule function. In a rat
model of nephrotoxicity (Sasaki et al. 2011), p,M increased on day 1 of gentamicin,
and the rate of increase was higher than other urinary biomarkers (CysC, NGAL,
NAG).

Data on the role of f,M in patients with CF are limited. In a prospective case-
control study evaluating the role of serum ,M as a marker of lung inflammation,
Kearns et al. measured f,M in CF outpatients (N = 12), CF patients receiving
antibiotics for a pulmonary exacerbation (N = 6), and healthy controls (N = 10)
(Kearns et al. 1989). Serum ,M values were significantly lower in healthy controls
than both CF groups (p <0.05), but there were no differences in urinary values of
oM between healthy controls and patients with CF. Meanwhile, in a randomized
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controlled trial of once- versus thrice-daily IV tobramycin, combined with
ceftazidime, urinary $,M was higher in the thrice-daily group (0.87 £ 0.5 mg/L
vs. 0.18 + 0.2 mg/L, P <0.01), although values were in the normal range for both
groups (Vic et al. 1998). The study population was small (N = 22) but SCr was
unchanged over the course of therapy in both groups. Unfortunately, this data
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combined with the fact that f,M is unstable in acidic urine make it an impractical
kidney injury biomarker in the clinical setting.

Retinol-Binding Protein (RBP)

Retinol-binding protein (RBP) is a hepatically synthesized chaperone for vitamin A
transport to tissues. It is freely filtered by the glomerulus and reabsorbed in the
proximal tubule via megalin (Christensen et al. 1999). RBP is a sensitive marker of
tubule dysfunction and can be detected in the urine soon after nephrotoxin exposure
(Ferguson et al. 2008). This biomarker has been studied preliminarily in CF patients.
Glass measured urinary RBP and NAG in 22 children with CF receiving a 14-day
course of IV tobramycin (Glass et al. 2005). Measurements were performed imme-
diately prior to and following therapy, as well as 4 weeks following completion of
therapy. Urinary NAG (P <0.001) and RBP (P = 0.03) both increased over the
course of therapy. Unlike NAG, however, urinary RBP returned to pretreatment
levels at 4-week follow-up. Interestingly, pretreatment levels of RBP were elevated
in 18 of 21 subjects with prior AG receipt vs. zero for NAG. However, there were no
differences in RBP following therapy based on the number of prior aminoglycoside
courses.

Given that RBP is a chaperone for vitamin A transport, serum levels may be
affected by nutritional status or the presence of liver disease in CF patients. In fact,
patients with CF have lower plasma RBP levels than age- and sex-matched controls
(Mrugacz et al. 2005) which could be a result of underlying pancreatic insufficiency
associated with this disease. In this context, the findings by Glass that urinary RBP
both: (a) increased during therapy and (b) was higher at baseline among subjects
with prior AG receipt are particularly interesting. These data suggest that RBP may
be a highly sensitive marker for both acute and chronic tubular dysfunction in the CF
population. Additional studies assessing the relationship between aminoglycoside
receipt and RBP levels should be performed, and the time course of elevation of RBP
during aminoglycosides needs to be elucidated.

Neutrophil Gelatinase-Associated Lipocalin (NGAL)

Neutrophil gelatinase-associated lipocalin (NGAL) is a protein involved in iron
homeostasis whose expression is upregulated in the setting of ischemia or infection.
In humans, increased urinary levels can be detected following a variety of kidney
insults and becomes elevated prior to SCr-based AKI develops (Gaspari et al. 2010;
Hirsch et al. 2007). Increased levels have been associated with poor clinical out-
comes irrespective of SCr changes (Haase et al. 2011; Singer et al. 2011). Urinary
NGAL concentrations may reflect dysfunction in glomerular filtration, impaired
proximal tubule reabsorption, and increased production by distal nephrons,
depending on the mechanism of injury (Kuwabara et al. 2009). Similar to RBP
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and cystatin C, urinary excretion is increased in the setting of nephrotoxic proximal
tubule injury (Kuwabara et al. 2009).

The role of NGAL as a marker of kidney injury in CF has not been defined. In a
study evaluating serum NGAL (Zughaier et al. 2013), values were higher in patients
with CF compared to healthy controls (P <0.001) yet similar when compared among
CF patients with stable disease vs. those experiencing a pulmonary exacerbation.
Meanwhile, when peripheral monocytes of both CF and healthy patients were
infected with Pseudomonas aeruginosa, NGAL secretion increased. This raises the
possibility that serum NGAL varies in response to lung infection and whether this
influences its utility as a kidney injury urinary biomarker has been debated (Nazareth
and Walshaw 2013). Nevertheless, the relationship between serum and urinary
concentrations in the setting of proximal tubule injury, as would result from
aminoglycoside exposure, has not been explored in CF patients. Animal studies
show a time-dependent increase in urinary NGAL following administration of
gentamicin (Zhou et al. 2014) suggesting that it may be a useful marker to determine
the optimal duration of aminoglycoside therapy in CF patients. Additionally, the
trajectory of NGAL values over the course of therapy may be a good indicator of
drug accumulation given the saturability of megalin-facilitated endocytosis.

Kidney Injury Molecule-1 (KIM-1)

Kidney injury molecule-1 (KIM-1) is a transmembrane protein located predomi-
nantly (~90 %) in the proximal tubule (Zhou et al. 2008; Chiusolo et al. 2010). Its
gene expression, and subsequent protein detection in the urine, is increased in the
setting of both ischemia and toxin administration, specifically gentamicin (Zhou
et al. 2008; Chen et al. 2010). Changes in KIM-1 precede rises in SCr following
ischemic and toxic insults (Tu et al. 2014; Torregrosa et al. 2015), making it a useful
biomarker of AKI development and severity.

As with many biomarkers of kidney injury, KIM-1 has not been extensively
studied in the CF population. Urinary KIM-1, NAG, and protein were studied in
52 children and young adults to determine the impact of high-dose ibuprofen use on
kidney biomarkers (Lahiri et al. 2014). Half of subjects were on high-dose ibuprofen
therapy, and there were no differences in mean biomarker concentrations between
the groups: KIM-1 = 0.306 + 0.28 ng/mg creatinine in subjects on ibuprofen
vs. 0.381 £ 0.28 ng/mg creatinine in subjects not receiving the medication (P =
0.34). The authors did observe a correlation between KIM-1 values and lifetime AG
exposure (r = 0.35, P = 0.012), although other factors which could influence this
association (age, recent AG exposure, receipt of oral antibiotics, etc.) were not
explored. Of note, this was a small study conducted in relatively healthy CF patients
for whom urinary biomarkers were measured at only a single point in time. There-
fore, results may not be reflective of the long-term effects of ibuprofen on the kidney.
Longitudinal studies are needed in patients with CF to define its role in detection
of AKI.
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Other Urinary Biomarkers

There are a number of other novel AKI biomarkers that have been studied in non-CF
populations. Interleukin-18 (IL-18), liver-type fatty acid-binding protein (L-FABP),
and clusterin, for example, may have a role in AKI detection or prognostication. But
studies are needed in patients with CF to determine their utility in this population.

Biomarkers and the Future of Kidney Injury in Cystic Fibrosis

Kidney injury is becoming an increasingly recognized issue in patients with CF. The
untoward effects of repeated antibiotic courses, CF-related diabetes, and other insults
on the kidney lead to an increased risk of development of chronic kidney disease in
this population (Al-Aloul et al. 2005a; Wehbe et al. 2012; Quon et al. 2011). As
lifetime survival in patients with CF increases, the long-term ramifications of this
disease and the associated treatments on renal health are becoming more evident. It
becomes paramount, therefore, to identify and employ strategies which seek to
characterize those at highest risk for AKI, improve detection of kidney injury, and
mitigate its long-term risks.

While diabetes may provide the highest threat to long-term kidney function, the
major risk factor for development of AKI in CF patients is the receipt of nephrotoxic
antibiotics such as aminoglycosides. There are no well-recognized methods for
decreasing the toxic effects of these antibiotics, aside from early discontinuation of
therapy. Unfortunately, avoidance of these medications is not a feasible or advisable
approach considering the impact of recurrent and chronic lung infections in this
population. While there is general agreement that monitoring of aminoglycoside
drug levels and renal function is necessary, there is a lack of consistency regarding
the optimal monitoring strategy to both identify and prevent AKI. Traditional
monitoring for kidney injury via measurement of serum creatinine is suboptimal.

Urinary biomarkers are highly sensitive for kidney injury. In general, however,
they have not been extensively studied in patients with CF, and their role in
monitoring for kidney injury in these patients has not been defined. There are a
number of avenues for future research in this field. In theory, biomarkers could be
used to risk stratify CF patients prior to start of nephrotoxic therapy and indicate
specific patients in whom alternative antibiotics should be considered. An improved
correlation between biomarkers and aminoglycoside pharmacokinetic parameters
(AUC, clearance) may allow for noninvasive and rapid monitoring of renal drug
handling. Biomarkers may detect AKI earlier than with SCr and promote implemen-
tation of nephro-protective strategies in patients receiving nephrotoxins. Alterna-
tively, they could be used to monitor the impact of interventions which seek to
reduce kidney injury.

The majority of studies conducted in CF patients have focused on determining
which biomarker is most reflective of kidney function in this population. While
important, the overall utility of these novel biomarkers lies in their ability to improve
the safety of nephrotoxic medications, promote earlier detection of AKI, and identify
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patients at higher risk for poor short- and long-term outcomes. Ultimately,
biomarker-driven trials will be needed prior to their implementation in the clinical
setting.

Potential Applications to Prognosis, Other Diseases, or
Conditions

A number of urinary and serum biomarkers have been identified which are highly
sensitive for the detection of kidney injury. These biomarkers increase in the serum
or urine following a variety of insults such as nephrotoxin receipt, ischemia, and
sepsis. Although these biomarkers have not been extensively studied in the CF
population, they show promise for improving the earlier detection of AKI compared
to traditional biomarkers in a variety of clinical scenarios. Urinary biomarkers also
have prognostic implications and have been linked to poor outcomes irrespective of
serum creatinine. These biomarkers could be used clinically to identify patients at
highest risk for morbidity and mortality. Urinary and serum biomarkers are applica-
ble in a variety of settings where patients are at risk for kidney injury: critical illness,
patients receiving nephrotoxins, cardiac bypass, and other. Since the mechanism and
severity of kidney injury relates to release/expression/excretion of these biomarkers,
they should have utility in multiple patient populations at risk for or sustaining
kidney injury.

Summary Points

» Cystic fibrosis (CF) is a genetic disease that predisposes patients to recurrent and
chronic respiratory tract infections.

 Patients with CF are at risk for development of acute kidney injury (AKI) due to
receipt of nephrotoxic medications, particularly antibiotics, as well as long-term
renal damage from long-standing diabetes and repeated nephrotoxin exposures.

* With advances in medical therapies leading to substantial improvement in life-
time survival among CF patients, the long-term ramifications of the disease and
its treatments on the kidney may become apparent.

» Chronic kidney disease is prevalent in patients with CF, and means to detect and
mitigate kidney insults are important to stem long-term deleterious effects.

* The traditional marker of kidney injury and function, serum creatinine, is
unreliable in patients with CF as it often overestimates true kidney function and
does not detect kidney injury until a significant number of nephrons have been
affected.

» Biomarkers, such as cystatin C (CysC), retinol-binding protein (RBP), kidney
injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL),
and others, hold significant promise for early detection of AKI, risk stratification,
and prognosis.
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» Additional research is urgently needed to explore and define the potential roles of
these novel biomarkers in detection of both acute kidney injury and chronic
kidney disease in the CF population.
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