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Abstract: Cancer patients have an incidence of about 60% kidney disease development and are
at elevated risk of acute renal damage. Kidney disease in these patients is frequently associated
with nephrotoxicity from the ongoing oncological treatment. New anticancer therapeutic strategies,
such as targeted therapies and immunotherapies, offer substantial benefits in the treatment of many
neoplasms. However, their use is associated with significant nephrotoxicity, which qualitatively
differs from that seen with traditional cytotoxic chemotherapy, while the underlying mechanisms are
complex and still to be clearly defined. Nephrologists need to be knowledgeable about the array of
such renal toxicities for effective collaboration with the oncologist in the prevention and management
of kidney involvement. Renal adverse effects may range from asymptomatic proteinuria to renal
failure, and their prompt identification and timely treatment is essential for optimal and safe care of
the patient. In this article, after presenting clinical cases we discuss the differing renal toxicity of three
novel anticancer agents (aflibercept, dasatinib, and nivolumab) and possible measures to counter it.

Keywords: nephrotoxicity; cancer; kidney; VEGF; anti-VEGF agents; immune checkpoint inhibitor;
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1. Introduction

Onco-nephrology is today an established, evolving subspecialty that encompasses the complex
relationship between cancer and the kidneys. On the one hand, the presence of kidney disease,
particularly in the setting of reduced renal function, needs to be taken into consideration in
cancer therapy management, since it jeopardizes continuing potentially curative chemotherapeutic
regimens [1]. On the other hand, cancer may cause kidney damage through several direct or indirect
mechanisms, including the involvement of renal parenchyma, volume depletion, tumor lysis syndrome,
hypercalcemia, and myeloma kidney. It must be noted, also, that the number of nephrotoxic oncology
medications has significantly increased over the last few decades [2].

The emergence of effective and well-tolerated therapies targeting specific genes/proteins and novel
immunotherapies, while allowing chemotherapy-refractory malignancy to be treated, has however
increased the occurrence of kidney-related adverse events [2,3]. Clinical manifestations may include
acute kidney injury, glomerular injury with proteinuria, electrolyte disturbances, hypertension,
tubular dysfunction, and at times chronic kidney disease [4]. The nephrotoxicity profiles of these
therapies are qualitatively different from those observed with conventional cytotoxic chemotherapy [4].
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Kidney injury may derive from several differential mechanisms, depending not only on the class but
also on the single agent [5]. Thus, the practicing nephrologist has to become familiar and develop
expertise with the potential nephrotoxicity of new anticancer medications, particularly their associated
clinical and laboratory manifestations, given their wide use and the increased number of patients
surviving cancer.

We report here three cases which display multiple different aspects of the nephrologist’s
involvement in differential renal toxicities from three commonly used new anticancer agents (aflibercept,
dasatinib, and nivolumab), and discuss them in the context of the most recent literature, focusing not
only on treatment but also on the prevention/minimization of renal damage.

2. Case Reports

2.1. Case 1

A 54-year-old male patient with a history of high blood pressure was efficaciously treated
with lisinopril 20 mg/day. A positive fecal occult blood screening had raised the suspicion of a
neoplastic pathology of the rectum, which was confirmed by a subsequent colonoscopy. An abdomen
computerized tomography (CT) with contrast medium, carried out for staging of the disease,
showed multiple hepatic metastases and a left kidney wrinkle. Biochemical tests showed slightly
reduced renal function, with serum creatinine at 1.3 mg/dL (estimated Glomerular Filtration Rate,
eGFR, 61.9 mL/min by Chronic Kidney Disease—Epidemiology Collaboration, CKD-EP]I, equation).
The patient underwent a left hemicolectomy and the resection of liver metastases. An abdomen
CT scan one year after surgery showed the recurrence of the disease in the liver, and the patient
started chemotherapy with oxaliplatin, 5 fluorouracil, and cetuximab every two weeks for six months.
On January 2019, the therapeutic regimen was modified to include aflibercept (anti-Vascular Endothelial
Growth Factor, VEGF), 5 fluorouracil (pyrimidine analogue), and irinotecan DNA polymerase inhibitor.
At that time, the serum creatinine was 1.5 mg/dL (eGFR 52 mL/min). After three months of therapy,
with a cumulative dose of 20 mg/kg aflibercet there was severe worsening of hypertension no longer
controlled by lisinopril, which was associated with the gradual and progressive worsening of renal
function: the creatinine was 3 mg/dL, with the eGFR at 22 mL/min. The daily urine protein loss was
found to be in the nephrotic range (11 g/24 h). There were no direct or indirect signs of hemolysis and the
platelet count was normal. Antineoplastic therapy was discontinued. Anti-hypertensive therapy was
switched to nifedipine at 30 mg twice daily and furosemide at 25 mg/die. After 15 days, as the further
worsening of renal function was found (creatinine at 3.8 mg/dL), steroid therapy (methylprednisolone
at 32 mg/day) was started. Anti-hypertensive therapy was upgraded by including doxazosin 4 mg x
2/die and increasing furosemide to 25 mg twice a day. Since 24 h blood pressure monitoring showed
the mean of systolic and diastolic blood pressure to be 170 and 110 mmHg, respectively, minoxidil
at 5 mg twice a day was added, obtaining an improved control of blood pressure (140/90 mmHg).
After two months, the serum creatinine was 4 mg/dL and the methylprednisolone was tapered to
16 mg/day; the proteinuria decreased to 3.5 mg/dL. One month later, the renal function proved to have
plateaued (Figure 1). The patient then moved to another city and was lost to follow-up. He died of
cancer three months later.
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Figure 1. Time course of renal function over time.
2.2. Case 2

Case two refers to a 43-year-old woman who was in good health until March 2014 when, in the
absence of clinical symptoms, a routine blood count examination documented an increase in myeloid
line cells associated with lymphocyte reduction at a peripheral smear. An osteomedullary biopsy was
found to be diagnostic for chronic myeloid leukemia. Therapy with hydroxyurea and allopurinol was
initiated. In April 2014, following a positive finding for the Philadelphia chromosome, the ongoing
therapy was suspended and treatment with imatinib was begun. It was maintained until February
2016, when, due to the onset of nausea refractory to symptomatic agents, the therapy was switched to
dasatinib at 100 mg once a day. Laboratory tests documented normal renal function. In September 2017,
for the first time the patient performed a urine stick that revealed proteinuria at 200 mg/dL. The daily
urinary protein loss was 7.630 g, and the patient was referred to our unit. During hospitalization,
laboratory tests confirmed proteinuria with normal renal function (serum creatinine at 0.9 mg/dL).
A renal biopsy documented the presence of minimal-change glomerulonephritis. The glomeruli in
hematoxylin-eosin were normal except for minimal basement membrane thickening. Complement
and immunoglobulins were absent on immunofluorescence. Electron microscopy revealed diffuse foot
process effacement over the entire capillary surface (Figure 2).

It was recommended that the dasatinib therapy be discontinued. Regular nephrological checks
documented the progressive reduction in proteinuria. In February 2019, proteinuria was absent and
the renal function remained normal (serum creatinine at 0.9 mg/mL). The absence of proteinuria
and normal renal function were confirmed in February 2020. The oncologist did not resume any
antineoplastic agent.



Int. J. Mol. Sci. 2020, 21, 4878 40f18

Figure 2. Electron micrograph revealing diffuse foot process effacement over the entire capillary surface

(arrowheads).
2.3. Case 3

Case 3 refers to a 58-year-old patient who had had hypertension for about 20 years. In 2016,
the patient underwent left lower pulmonary lobectomy due to adenocarcinoma. After about a year,
an abdominal CT scan documented a neoformation in the left kidney which required enucleation
(clear-cell renal carcinoma at histology). At a subsequent chest CT, multiple bilateral, non-calcific
nodular pulmonary lesions were documented, for which atypical sub-segmentary pulmonary resection
surgery was performed (including a nodular lesion of the lower left lobe) by means of video-assisted
mini-toracotomy; a histological examination was diagnostic for a metastatic lesion of adenocarcinoma
with pulmonary primitiveness without EGFR, ELK, or ROS 1 mutation. In February 2017, cisplatin
and pemetrexed chemotherapy was initiated, administered at 3-week intervals for a total of four cycles.
Monotherapy with pemetrexed was continued until October 2017, when the oncologist suspended
chemotherapy for three months due to abundant lacrimation. Laboratory tests documented the
normality of both renal function and urinalysis. In December 2017, Nivolumab therapy was started at
240 mg every two weeks. In March 2018, for the first time the renal function proved to be altered (serum
creatinine at 2 mg/dL, eGFR at 66.3 mL/min) in the absence of proteinuria or microhematuria in the
urine test. The renal function over the following weeks showed a rapid deterioration, with creatinine
at 6.5 mg/dL; diuresis was preserved (as was observed throughout the hospital stay). In light of
this clinical picture, and in agreement with the oncology specialist, therapy with nivolumab was
suspended. Despite the suspension, however, the renal function worsened further, with creatinine up
to 8.8 mg/dL (Figure 3). The patient was then admitted to our unit where, the severe worsening of
renal function being confirmed, a jugular central venous catheter was placed and hemodialysis (CRRT)
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was initiated for a total of three sessions. Steroid therapy with methylprednisolone at 40 mg/day i.v.
was also introduced and maintained during hospitalization, then replaced by oral methylprednisolone
at 32 mg/day. A renal biopsy could not be performed due to previous enucleation in the left kidney.
A progressive improvement in renal function was observed, and at discharge the creatinine was
3 mg/dL. An oral methylprednisolone 32 mg/day regimen was maintained for 3 months and then
gradually tapered off. During two years’ follow-up, the patient’s renal function proved to be stabilized
(serum creatinine at 2 mg/dL), without the need for dialysis therapy.
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Figure 3. Time course of renal function over time.

3. Discussion

The following discussion divides into different sections, covering the nephrotoxicity of the different
classes of pharmacological agent described in our case reports, followed by some nephrological
considerations concerning attempts to combat renal damage.

3.1. Vascular Endothelial Growth Factor Signaling Pathway Inhibitors

In 1971, angiogenesis was proposed for the first time by Folkman as a mechanism for growth
and tumor metastases [6]. VEGEF is the main promoter of angiogenesis [7]; it induces endothelial
fenestrations and modulates vascular permeability. VEGF is expressed in all tissues during development
and in vascular tissues in adults. In human renal tissue, VEGFA is the most abundant isoform of VEGFE.
VEGFA acts by binding to one of two receptors—VEGEF receptor 1 (VEGFR1) and VEGFR2 [8]—and
downstream signaling pathways such as MAPK/ERK 1/2, endothelial nitric oxide synthase, and the
anti-mammalian target of rapamycin [5]. Both VEGF receptors are involved in angiogenesis, though
VEGEFR? is responsible for most VEGFA signaling [9]. VEGFR1 also exists in a soluble form, which acts
as a decoy receptor, inhibiting VEGFA signaling [10]. In the kidney, VEGFA is expressed in podocytes
and in the tubular epithelium, while its receptors are found in the mesangium and the glomerular and
peritubular capillaries [5]. The functions of constitutively expressed VEGFA and VEGF receptors in
the kidney are reported in Table 1.
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Table 1. Function of constitutively expressed Vascular Endothelial Growth Factor (VEGF) and VEGF
receptors in the normal kidney.

Embryonic stage and development

o Endothelial cell differentiation, migration, and maturation during nephron formation (metanephric stage);
o Induction of fenestrations, transcellular gaps, caveolae, and inter-endothelial gaps.
Adult stage, developed kidney

® Vascular permeability/regulation of glomerular permeability;

® Regulation of slit diaphragm by upregulation of podocin and its interaction with CD2AP;
e Protection of renal tubular cells;

e Maintenance of basement membrane composition;

o Calcium homeostasis and podocyte survival;

o Mediation of endothelium dependent vasodilation;

o Remodeling of interstitial matrix.

VEGE, vascular endothelial growth factor; CD2AP, CD2-associated protein.

The pharmacologic inhibition of VEGFA/VEGEFR signaling and its downstream pathways is
a common therapeutic strategy in the oncology setting, where new drugs are continuously being
developed. VEGF signaling pathway inhibitors can be classified according to their target of action in
the VEGFA-VEGFR2 pathway as drugs inhibiting VEGFA, sequestering VEGFA, inhibiting receptor
tyrosine kinases, or inhibiting downstream pathways [5,11].

Renal adverse effects may include arterial hypertension, asymptomatic proteinuria, nephrotic
syndrome, and acute renal failure [11]. The mechanisms of renal toxicity in VEGF signaling pathway
inhibitors, particularly endothelial and glomerular injury, may vary among the different classes of such
agents, and most of them are not clearly understood [5].

3.1.1. Aflibercept

Aflibercept was approved for the treatment of cancer by the Food and Drug Administration (FDA)
in 2011. It is a recombinant fusion protein which comprises binding domains for VEGFR1 and VEGFR2
attached to the Fc region of human IgGl1 [6], and acts as a VEGF trap for soluble VEGF enzyme [12].

Aflibercept, as well as all other VEGF-targeted therapies, can cause or worsen hypertension, one risk
factor being a pre-existing hypertensive state [13]. In a prospective single-center study concerning an
observational cohort of patients referred for hypertension, proteinuria, and/or renal failure, all seven
patients treated with aflibercept required antihypertensive drugs [14]. In a meta-analysis of 15 trials in
colorectal cancer patients treated with aflibercept, a 42.4% incidence of all grade (gradel-4) hypertension
and a 17.4% incidence of high-grade hypertension was found [15]. High-grade hypertension was
a combination of grade 3 (requirement of therapy or more intensive therapy than previously) and
grade 4 (hypertension crisis). The use of aflibercept was associated with a higher risk of developing
hypertension than bevacizumab treatment [15].

There are several mechanisms whereby anti-VEGF agents including aflibercept may cause
hypertension (Figure 4). The inhibition of VEGF reduces the transcription of endothelial nitric oxide
synthase and hence the production of nitric oxide [16]. Decreased nitric oxide can increase blood
pressure via both vasoconstriction and sodium retention [11,17,18]. In addition, the inhibition of the
VEGF pathway could lead to hypertension through a reduction in the density of microvessels (capillary
rarefaction), with a consequent increase in peripheral resistance [18]. Finally, increased oxidative stress
can also contribute to hypertension [11], VEGF being protective against endothelial damage secondary
to oxidative stress [19].
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Figure 4. Proposed mechanisms in the genesis of hypertension by targeted anti-VEGF therapy. Modified
from 18.

The increased loss of proteins in urine (proteinuria) represents a common event in cancer patients
treated with angiogenesis inhibitors, though its incidence may be vary from study to study. Significant
predictors for the development of proteinuria may include the number of cycles (>13), the systolic blood
pressure at baseline > 135 mmHg, and the use of calcium channel blockers [20]. Systemic hypertension
is a postulated pathogenic mechanism in the development of such proteinuria, through an increase in
intraglomerular pressure [11]. However, there is increasing evidence based on renal histology data
that anti-VEGF therapy can lead to various kidney injuries causing proteinuria [4,5]. The excretion
of protein in urine in normally hampered by the glomerular filtration barrier, which is formed of
endothelial cells, podocytes, and basement membrane components. VEGF is produced by podocytes
and binds to VEGFR-2 expressed by endothelial cells. This interaction is of critical importance for both
normal function and the repair of the system [14]. The inhibition of VEGF in podocytes indeed has been
shown to result in the loss of endothelial fenestrations in the glomerular capillaries, the proliferation of
glomerular endothelial cells, the loss of podocytes, and the urinary excretion of proteins [21].

In the few cases of biopsy-proven renal toxicity by aflibercept, thrombotic microangiopathy
(TMA) characterized by luminal thrombosis within the glomerular capillary was consistently
found [14,22,23]. It must be noted that aflibercept-associated TMA, unlike other more aggressive
iatrogenic TMA [24], seems to be renal-specific (intraglomerular exclusively), with biological disorders
such as thrombocytopenia or schistocytosis in only half of the patients [23]. Renal involvement
may occur at variable times after the beginning of aflibercept and include hypertension, proteinuria
up to the nephrotic range (>3.5 g/die), and/or renal insufficiency (creatinine clearance <60 mL/min
per 1.73 m?). A decrease in both proteinuria and blood pressure together with the improvement of
renal function was found only when VEGF-trap was withdrawn and antihypertensive medications
were used [14]. Molecular studies on glomeruli in biopsied kidney samples from patients treated
with anti-VEGF agents (bevacizumab or aflibercept) have shown undetectable VEGF expression,
a high abundance of RelA (both glomerular endothelial cells and podocytes), and no detection of
c-Maf-inducing protein (c-mip) [23]. The upregulation of RelA, a subunit of the transcription factor
nuclear factor-kB (NF-kB), indicates increased NF-kB activity and is proven to directly suppress c-mip
activity by binding to its promoter [23]. Since the activation of NF-kB induces proinflammatory
cytokines and increases the intrarenal renin angiotensin system caused by proteinuria, blocking it
might offset the renal damage associated with persistent proteinuria [25]. The inhibition of NF-kB
could therefore be therapeutically useful in treating aflibercept-associated TMA, though this issue
remains to be validated in future studies.

Upon the initiation of aflibercept treatment, the patient reported here (case 1) displayed a poor
control of blood pressure and proteinuria in the nephrotic range. Despite the discontinuation of
VEGF-trap, as suggested by guidelines [26,27], and intensive anti-hypertensive polipharmacotherapy,
the renal function continued to worsen. Thus, though no actual histological diagnosis, which may
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influence treatment options and prognosis [4], was obtained since kidney biopsy was not feasible,
corticosteroid therapy was started. After two months, though kidney function did not recover unlike
a previous case [22] (possibly due to the slightly reduced renal function of our patient at baseline),
stabilization and no further apparent worsening was observed, as confirmed a month later (Figure 1).
One can therefore report that corticosteroids may represent a rescue therapy in aflibercept-treated
patients with serious renal complications, particularly severe proteinuria or persistent renal insufficiency,
although clearly further evidence is needed to support such a strategy.

3.1.2. Dasatinib

Dasatinib is one of the tyrosine kinase inhibitors (TKIs) of VEGF signaling. Several TKIs have been
approved for clinical use. They have distinctive pharmacodynamic properties [5], and their effects
on the kidney appear to be agent-specific. TKIs interfere with the activity of one or more families of
receptor tyrosine kinases, including VEGFR, fibroblast growth factor receptor, platelet-derived growth
factor receptor, and epidermal growth factor receptor, which all share a similar structure [5].

Dasatinib is a second-generation TKI which inhibits the activity of breakpoint cluster region-abelson
(BCR-ABL)-kinase; kinases from the SRC family; and several other oncogenetic kinases, including PDGF
beta receptor, ephrin receptor, and c-kit. It has a short half-life and the ability to act on the activated
form of BCR-ABL protein, which distinguishes dasatinib from other TKIs such as imatinib and nilotinib.
Dasatinib is approved for the treatment of adult patients suffering from newly diagnosed Philadelphia
chromosome-positive (Ph+) chronic myeloid leukemia, Ph+ acute lymphoblastic leukemia, and chronic
myeloid leukemia resistant to previous therapy in either the blast, accelerated, or chronic phase.

Though preclinical studies and multiphasic clinical trials failed to identify serious renal toxicity,
real-life experience with dasatinib has evidenced some uncommon renal adverse effects. The recent
mining of the FDA Adverse Reporting System database has demonstrated that, among several
FDA-approved kinase inhibitors, dasatinib is associated with a high risk of nephrotoxicity, particularly
proteinuric glomerular disease, with no apparent increase in hypertension risk [28]. Three case reports
of acute renal failure have been reported, although none were definitely linked to dasatinib [4].

The incidence of proteinuria in dasatinib-treated patients proved to be 18% in a phase I
dose-escalation and pharmacokinetic study, with a much lower incidence of grades 3—4 proteinuria [29].
The severity of proteinuria seems to be dose-dependent [30]. To our knowledge, including the present
one there are nine case reports of nephrotic syndrome caused by dasatinib reported in the scientific
literature. Three cases affected children [31-33], and the remainder adults [30,34-37]. Nephrotic
proteinuria developed after a duration of dasatinib administration ranging from 2 weeks [30] to
2 years [37]. Dose reduction [30] or the discontinuation [31-33,37] of dasatinib was associated with an
improvement in proteinuria. Switching to a first-generation TKI such as imatinib [35,36] or nilotinib [34],
or to the new second-generation TKI bosutinib [37], also proved an effective strategy.

In the case reported here (patient 2), upon the identification of the underlying podocytopathy and
taking into consideration the normal renal function, dasatinib was discontinued with approval by the
oncologist and no further therapy such as steroids was employed. Nephrological monitoring over time
confirmed the disappearance of proteinuria and the maintenance of normal renal function as well.

Biopsy specimens obtained in some cases of dasatinib-associated nephrotic proteinuria [31,32,34,35,37]
revealed podocytopathy (minimal change disease), characterized by the effacement of the podocyte
foot processes at electron microscopy analysis, as in our patient (Figure 2). Podocytes are crucial for
the establishment of the blood-urine filtration barrier in glomeruli, and the injury of them causes
proteinuria. Nephrotic-range proteinuria in dasatinib patients has generally been attributed to the
disruption of the VEGF signaling pathways through the inhibition of the Src family of kinases [38,39],
which in turn inhibits VEGF production [40]. VEGEF is produced in podocytes and, as an autocrine
effect, binds to the VEGFR-2 of its own podocyte, thereby controlling both the cytoskeleton and
slit diaphragm among the podocyte foot processes [41]. It is thus possible that dasatinib-induced
glomerular damage could be similar to that occurring with other VEGF inhibitors [38].
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However, recent findings indicate that dasatinib nephrotoxicity is independent of systemic or
glomerular VEGF inhibition but rather primarily due to its direct effect on the podocyte cells [28].

Dasatinib-treated podocytes show significant changes in the focal adhesion, actin cytoskeleton,
and morphology, which are not observed with many other TKIs tested [28]. Quantitative
phosphoproteomics identified 76 statistically downregulated proteins, related to the regulation
of the actin cytoskeleton and focal adhesion. This unique cytoskeletal phenotype found in podocytes
treated with dasatinib as compared to other Kls, and proved to be induced by the inhibition of LIM
kinase [28], a key regulator for the formation and crosslinking of actin stress fibers [42]. In addition,
the atomic force microscopy elastography technique showed a significant and marked reduction in the
mean cellular elasticity of dasatinib-treated podocytes. Furthermore, the chronic administration of
dasatinib in mice resulted in the effacement of podocyte foot processes, thereby confirming the in vitro
observation of a substantial cytoskeletal effect.

Podocytes have exceptionally fragile cytoskeletal dynamics [43], and the loss of their biomechanical
integrity may represent a consistent signature underlying many glomerular disease models [44].
Dasatinib could induce glomerular toxicity through a direct effect on the structural integrity of
podocyte cytoskeleton, leading to decreased cellular elasticity impinging on its key function as a
structural member of the filtration barrier [28]. Such a unique nephrotoxicity mechanism would
distinguish dasatinib from other TKIs.

3.2. Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICPs) have recently emerged as a frontline treatment for various
types of malignancies. Immune checkpoints are regulatory proteins that act to maintain a balance
between activating T cells to enhance the destruction of foreign antigens (such as cancer cells) and
suppressing T-cell activation against self-antigens [45]. Cancer cells combat the immune system
by activating immune checkpoints in order to evade immune surveillance [46,47]. ICPs can target
either programmed cell death-1 and ligand (PD-1 and PDL-1, respectively), or cytotoxic T lymphocyte
antigen-4 (CTLA-4). The binding of the PD-1 protein on T lymphocytes to PDL-1 expressed on cancer
cells deactivates the T cells, thereby protecting the tumor cells from destruction by the immune system.
Monoclonal antibodies that interrupt the interaction between PDL-1 and the T cell PD-1 receptor allow
activated tumor-infiltrating T cells to destroy cancer cells [48,49]. The monoclonal antibodies blocking
PD-1 receptors include nivolumab, pembrolizumab, and cemiplimab, while atezolizumab, avelumab,
and durvalumab block PD-L 1 [45]. ICPs are also considered monoclonal antibodies targeting CTL-4,
such as ipilimumab and tremelimumab (the latter undergoing evaluation). CTL-4 expressed on the
CD4+ T-helper cell surface transmits an inhibitory signal to T cells. The blocking of CTL-4 prevents
this signal, thus improving the antineoplastic response [50].

ICPs are not excreted by the liver or the kidneys, have a long half-life, and undergo
receptor-mediated clearance. They have proved effective in the treatment of a broad spectrum of
cancers [51]. However, their use comes at the cost of autoimmune phenomena known as immune-related
adverse events [52]. A variety of organs can be affected, though skin and the gastrointestinal tract
seem to be the most commonly involved [53]. Renal complications appear to be less common [53,54],
although they are becoming increasingly recognized since the use of these agents continues to
expand [55], and there may be an underestimation according to autopsy series [56].

Nivolumab

Nivolumab is an immunoglobulin G4 monoclonal antibody that acts by targeting the PD-1
receptor, as previously described. It was approved in 2014 by the FDA for the treatment of subjects with
metastatic melanoma [57], and since then this immunotherapeutic approach has been used for several
other cancers. Renal toxicity more commonly manifests as acute kidney injury (AKI). An analysis of all
published phase II and III clinical trials that included at least 100 patients showed nivolumab-treated
patients (n = 1489) to have a 1.9% incidence of any AKI and a 0.3% incidence of grade 3 or 4 AKI [54].
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AKI occurred more frequently in patients (1 = 407) who received nivolumab plus ipilimumab (4.9%
and 1.7%, respectively).

Renal biopsy data demonstrate that acute tubulointerstitial nephritis (ATIN) is the most common
pathological finding in AKI patients treated with nivolumab alone or in combination with other
ICPs [54,58-64]. AKI developed after a variable time course from CPI exposure, ranging from some
weeks to several months. A recent report, however, showed AKI occurring within a few days of the
first administration of nivolumab [65]. The majority of the patients had sub-nephrotic proteinuria
and pyuria, whereas fever, rash, and eosinophilia were absent in most. Either complete or partial
renal recovery was obtained with drug discontinuation and steroid therapy [45]. It is noteworthy
that the majority of patients developing AKI were also receiving drugs known to be associated
with ATIN, mainly proton-pump inhibitors but also non-steroidal anti-inflammatory drugs and
antibiotics [45,54,58,64]. This suggests that ICP treatment can lead to the loss of tolerance via the
activation or reactivation of drug-specific T cells in some patients [66]. The discontinuation of a
potential culprit drug is recommended [45], since its cessation would lead to a more rapid attenuation
of immunologic activity [62].

That ATIN is the most common kidney lesion in patients receiving ICPs including nivolumab
has been confirmed in a recent multicenter retrospective study [66] focusing on the most clinically
significant episodes of ICP-AKI (the doubling of serum creatinine or the need for renal replacement
therapy). A lower baseline eGFR, the use of proton pump inhibitors, and combination ICP therapy
proved to be each independently associated with an increased risk of AKI. The presence of a concomitant
immune-related adverse event was associated with a worse renal prognosis [66].

More recently, newer reports have shown that besides ATIN, nivolumab therapy can cause
biopsy-proven glomerular pathologies in association with AKI [64].

Nephrotic syndrome cases due to membranous nephropathy [64,67], focal segmental
glomerulosclerosis [64,68,69], and membranoproliferative glomerulonephritis [70] have been reported.
Nivolumab discontinuation and steroids were adopted in all patients. This led to complete [64,70]
or partial [67] remission, the requirement of additional immunosuppressive medications such as
mycophenolate mofetil (because treatment with high-dose corticosteroids had an insufficient effect
and as a standard of care to treat the glomerulopathies) to obtain remission though followed by
relapse [68], and no recovery in dialysis-dependent end-stage renal disease [69]. IgA nephropathy
developed in two patients receiving nivolumab [71,72] and in one patient treated with nivolumab plus
ipilimumab [64]. Drug discontinuation [72] plus steroid therapy [64] was associated with remission,
whereas the other case showed a more severe AKI and in addition required renal replacement therapies
for 5 months before recovery [71]. Acute focal segmental necrotizing pauci-immune glomerulonephritis
was also noted in two patients—one treated with nivolumab and one with nivolumab combined with
ipilimumab [64]. Both patients completely recovered upon drug discontinuation, the use of steroids,
and one dose of rituximab [64].

The cause(s) of nivolumab nephrotoxicity are not clear. Nivolumab-related ATIN could be due to
the blockade of PD-1 signaling pathways altering T-cell immune tolerance against kidney intrinsic
antigens (autoimmune related) or concomitant drugs (drug-induced) [62]. PD-1/PD-L1 signals play an
important role in maintaining peripheral T-cell immune tolerance [73]. The expression of PD-L1 on
renal tubular cells protects these cells from T-cell-mediated autoimmunity [74]. It has also been shown
that there are some auto-reactive T-cells, which are normally kept dormant by several mechanisms
to prevent autoimmunity [75]. It has been proposed that the re-activation of these dormant T-cells
by anti-PD1 therapy could disrupt the peripheral immune tolerance between them and renal tubular
cells, leading to ATIN [60]. The variety of nivolumab-induced renal manifestations, however, suggests
multiple complex mechanisms that remain to be elucidated [64].

Our clinical case reported here (patient 3) indicates ATIN as the possible cause of AKI. The patient
developed renal insufficiency after nivolumab therapy, without the occurrence of proteinuria or
hematuria, and was not treated with other drug-inducing ATIN. He required renal replacement therapy,
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which is not common in ICP-AKI [66], in addition to nivolumab discontinuation and steroid therapy
(Figure 3). The renal function did not recover completely, but proved to be stable over time. In our
case, renal biopsy was not performed due to the previous enucleation of the left kidney.

The need for renal biopsy in the setting of ICP-associated nephrotoxicity is debated [76]. Arguments
against [77] are based on the evidence that most AKI cases can be correctly assumed to be caused by
ATIN, and that empirical steroid therapy will result in complete or incomplete recovery in most patients
without the risk of kidney biopsy complications, which is marked for patients with a single kidney
and for those with coagulopathy or thrombocytopenia. Arguments in favor of kidney biopsy [78] are
based on the fact that the knowledge of renal lesions can prevent exposing patients to unnecessary
steroids (and their possible complications) and potentially enable ICP therapy to be continued in
nonimmune-mediated lesions and acute tubular injury. Urinary cytokine biomarkers interleukin-9 and
tumor necrosis factor-alpha [79] might in future represent a noninvasive clinical test to identify ATIN.

Finally, there has been a recently reported case of a patient taking nivolumab who was infected by
coronavirus infection 2019 [80]. Despite old age and several comorbidities, she had a good clinical
course without pneumonia.

4. Nephrological Considerations

Nephrotoxicity from targeted therapies and immunotherapies is increasingly being reported.
However, not all patients exposed to these agents develop kidney injury, which suggests the presence
of factors that could increase the patient’s risk of nephrotoxicity; whenever possible, these should be
corrected prior to starting treatment. The identification of high-risk individuals before drug exposure
is necessary to prevent or reduce the development of kidney impairment, possibly leading to dose
reduction or treatment interruption [81].

Patient characteristics predisposing one to drug-induced nephrotoxicity include older age and
female sex, concomitant comorbidities (diabetes, hypertension), hypoalbuminemia, intravascular
volume depletion either true (diuretics, vomiting, diarrhea) or effective (congestive heart failure,
cirrhosis), and pre-existing renal impairment [38,82]. It is also important to evaluate ongoing and
previous therapies, since agents such as nonsteroidal anti-inflammatory drugs and proton pump
inhibitors, which are commonly employed in patients with cancer, are known to possibly cause clinical
renal syndromes. Renal handling and the innate toxicity of the medication should also be taken
into account.

Nephrological workup in a neoplastic patient both before and during anticancer therapy should
include the assessment of blood pressure, renal function, and urinalysis. High blood pressure is a
particular concern in patients to be treated with anti-VEGF therapies given either systematically or
intravitreally [83]. It is recommended that blood pressure should be carefully monitored after starting
antiangiogenic treatment for 3-4 weeks and then every 2-3 weeks, with a goal of < 140/90 mmHg [26].
Ambulatory blood pressure monitoring may be necessary in some patients. Although there are no
specific data as yet regarding which anti-hypertensive drug should be administered, agents blocking
the renin-angiotensin-aldosterone system could be preferred due to their added benefit of decreasing
proteinuria. Other anti-hypertensive agents may be needed when the blood pressure remains above
the goal. Nitrates (isosorbide mononitrate and isosorbide dinitrate) could be used in cases of reduced
NO signaling under VEGF blockade [84].

The measurement of renal function is fundamental for profiling the risk and appropriate dose of
any antineoplastic agent in order to guarantee the best cancer treatment possible. How to measure renal
function in cancer patients is debated [85]. The direct measurement of GFR is cumbersome. In clinical
practice, GFR is estimated by serum creatinine-based formulae, and the CKD-EPI equation appears to be
suitable for application in the cancer population [1]. A study analyzing data from 2582 cancer patients
examined all the main GFR estimating equations, using a chromium-51-ethylenediaminetetraacetic acid
(51Cr-EDTA) GFR measurement as the gold standard [86]. The body surface area-adjusted CKD-EPI
method was found to be the most accurate and least biased method published for estimating the GFR.
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The authors also developed a new model that further improves the estimation of GFR and allows
the calculation of predictive confidence intervals for this estimation [87]. If validated in large further
databases, this new model may come to be a new standard of care for cancer patients.

A screening urine analysis with the examination of urinary sediment should also be included in
the clinical evaluation of the neoplastic patient prior to anticancer therapy. If proteinuria of grade + 1
is present on the dipstick, then the urinary protein excretion should be quantified using 24 h of urine
collection or the spot urine protein-to-creatinine ratio (or albumin-to-creatinine ratio).

The simple surveillance described above should be performed regularly when a patient is receiving
anticancer treatment, and may enable a prompt recognition of kidney injury. The regular monitoring
of renal function should also continue after drug discontinuation, since kidney toxicities may be
irreversible even following the discontinuation of treatment, as recently reported with TKIs [88].

Kidney biopsy is the gold standard for revealing diagnostic and prognostic histological features of
renal diseases. Since the types of nephropathy even when induced by simple agents, as mentioned in
previous sections, may vary enormously, and given the lack of specific clinical and laboratory features,
kidney biopsy is indicated in patients with nephrotic proteinuria, evidence of progressive renal disease,
unexplained AKI, or nephrotic syndrome. The identification of the glomerular pathology is relevant,
because treatment may require other immunosuppressive medications in cases refractory to steroids
and as a standard of care in treating glomerulopathies [57]. Considerations for kidney biopsy should
always include whether management would be affected, or the risks and benefits in a patient with
advanced cancer and possibly limited life expectancy.

To improve the management of nephrotoxicity, we urgently need to develop accurate biomarkers
for use in clinical practice. In current times, biomarkers of kidney damage, such as changes in serum
creatinine and eGFR and/or urinary albumin/protein excretion, apply to a later stage of kidney injury
after substantial kidney injury has occurred. Thus, there is the unmet need for new biomarkers enabling
the timely and more accurate detection of kidney dysfunction, which may lead to an improvement
in both short- and long-term outcomes [89]. Several cell-based and biomarker-based assays for
predicting nephrotoxicity have been developed, and work is underway to examine whether these
biomarkers prove useful in clinical drug trials and can be translated to clinical practice [82]. Moreover,
the analysis of urine peptide content (urinary peptidomics) may bring a significant improvement in
the management of kidney diseases by supporting earlier and more accurate detection, prognostic
assessment, and the prediction of treatment response [89]. Recent technical advances as well as certain
current and projected ventures hold the promise of clinching the use of urinary peptidomics in the
near future as a major part of kidney disease management.

The present study and review originated from the retrospective analysis of some patients who
were hospitalized in our Nephrology unit, and focuses on three novel anticancer agents only. This is
certainly a limitation. However, these novel agents are widely used in cancer treatment due to the
significant improvement they produce in survival and overall prognosis in many neoplasms, and there
is increasing recognition of the renal adverse effects that patients can experience. This suggests that
particular attention should be paid to possible nephrotoxicity, and close surveillance is required.
We recognize here that targeted therapies can have an impact on renal function in multiple ways.
We believe that our updated article on the renal toxicities of aflibercept, dasatinib, and nivolumab
provide data of interest to both clinicians and researchers.

In all, at the current time there are no established criteria for monitoring patients for renal
adverse effects, which can be conducted on a case-by-case basis. Additionally, poor understanding
of the pathophysiology associated with renal adverse effects limits the ability to predict and treat
nephrotoxicity. Thus, management still largely proceeds by trial and error. Sharing of data (and
possibly biological samples) among the scientific community may lead to advancements in the care of
cancer patients suffering from nephrotoxicity. An international database register for targeted therapies
and their renal adverse effects should also be realized, as suggested [38]. This is an important issue,
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especially considering that onco-nephrology is an evolving area requiring continuous update as new
drugs become available in clinical practice and renal toxicity is observed.

5. Conclusions

Despite significant improvements in patient outcome and survival, nephrotoxicity remains a
frequent and important complication of anticancer drugs. Renal adverse effects including hypertension,
proteinuria, and the worsening of renal function associated with novel targeted therapies and
immunotherapies are increasingly recognized in clinical practice, but strategies to mitigate them have
not been firmly established [5]. Useful measures, however, include searching for underlying host
risk factors, appropriate drug dosing, the avoidance of dehydration, the discontinuation of further
potentially nephrotoxic drugs, the adequate control of blood pressure, and the regular monitoring of
renal function and urinalysis.

Multidisciplinary management, ideally by a dedicated team, seems to be the key to providing
cutting-edge care for patients suffering from cancer and kidney impairment [81]. To be fully integrated
in the multidisciplinary team, nephrologists need to be acquainted with these emerging issues [1].
Collaboration with the nephrologist may be needed for renal check-up before any treatment to identify
patients who may be at risk of kidney complications, for recognizing and managing the renal side
effects of ongoing cancer therapies, for performing a kidney biopsy whenever indicated and feasible
and evaluating its result, for treating severe acute cases which may require renal replacement therapy,
and for long-term follow-up in surviving patients.

The timely recognition of renal adverse effects connected with targeted therapies such as aflibercept
and dasatinib, or with immunotherapies (nivolumab), can aid in the proper management of the cancer
patient. A better understanding of the molecular mechanisms whereby these anticancer agents induce
nephrotoxicity will provide better strategies to manage the kidney side effects without compromising
their antineoplastic benefit.
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