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Highlights

e Tyrosine kinase inhibitors (TKls) are employed in advanced thyroid cancer patients
e Renal adverse events (RAEs), especially proteinuria, are frequently reported

e  VEGF pathway inhibition seems to be involved in the development of RAEs

e  TKis-treated patients should be monitored with serum creatinine and urine dipstick
e In case of RAEs from TKIs a multidisciplinary approach is recommended

ABSTRACT
Over the past decade, the prognosis of advanced thyroid cancer (TC) patients has dramatically improved thanks to the

introduction of tyrosine kinase inhibitors (TKls). Despite their effectiveness, these drugs are burdened with several
side effects that can negatively affect quality of life and compromise therapy continuation. Among renal adverse
events (RAEs), proteinuria is the most frequently reported in clinical trials and real-life experiences, especially during
treatment with lenvatinib or cabozantinib. This peculiar toxicity is commonly associated with targeted therapies with
anti-angiogenic activity, even if the mechanisms underlying its onset and progression are not entirely clear. RAEs
should be early recognized and properly managed to avoid renal function worsening and life-threatening
consequences. Aiming at providing a comprehensive summary that can help clinicians to identify and manage TKls-
related RAEs in TC patients, we reviewed the current evidence about this topic, from pathogenesis and potential risk
factors to diagnosis and treatment.
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Introduction

In recent years, the increasing knowledge of the molecular pathways implicated in tumorigenesis has led to several
anticancer targeted therapies. Tyrosine kinase inhibitors (TKIs) have been successfully employed for the treatment of
progressive metastatic thyroid cancer (TC) in phase Il and Il clinical trials [1-4]. The Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) approved vandetanib and cabozantinib for the treatment of
medullary thyroid cancer (MTC), while sorafenib, lenvatinib and cabozantinib were approved for the management of
radioiodine-refractory (RAI-R) differentiated thyroid cancer (DTC). More recently, a second generation of TKIs
targeting specific altered oncogenes has been introduced and approved by FDA and EMA also in TC setting, two
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selective tropomyosin receptor kinase (TRK) inhibitors (larotrectinib and entrectinib) and two selective
rearranged during transfection (RET) inhibitors (selpercatinib and pralsetinib) [5].

One of the main target molecules of the first generation of TKIs employed for the management of TC (TC-TKIs) is the
vascular endothelial growth factor receptor (VEGF-R) [6]. The VEGF pathway inhibition confers a strong anticancer
efficacy to these agents, but it also seems to contribute to their multiple toxic profile [7].

Among the renal adverse events (RAEs) during TC-TKIs, proteinuria is the most frequently reported in clinical trial and

real-life experience [8]. This toxicity is also associated with other targeted therapies with anti-angiogenic activity, thus
suggesting a drug class effect [9].

Conversely, no remarkable nephrotoxicity with RET inhibitors and TRK inhibitors has been reported so far.

Proteinuria, in particular albuminuria, is an early and sensitive marker of glomerular disease and kidney damage.
Furthermore, it is a critical prognostic factor for a further decline in renal function and progression to end-stage
kidney disease, as well as an independent and significant risk factor for cardiovascular disease and all-cause mortality
[8]. Whether proteinuria might represent an on-target side effect is still unknown, since results about targeted agents
used in various neoplasms are conflicting [9].

Some reviews about anti-VEGF kidney toxicity are available in the literature; however, none is focused explicitly on the
renal effects of TC-TKls. Aiming at providing a comprehensive summary that can help clinicians identify and manage
TC-TKIs-related RAEs, we reviewed the current evidence about this topic, from pathogenesis to diagnosis and
treatment.

Pathophysiology

The mechanisms underlying proteinuria induced by TC-TKIs are not still thoroughly understood.

During anti-angiogenic therapies, proteinuria commonly occurs with hypertension. It has been hypothesized that
VEGF pathway inhibition leads to a decreased vascular production of nitric oxide (NO), which causes systemic and
intraglomerular hypertension leading to proteinuria [10]. After cessation of an anti-VEGF drug, a consensual decrease
of blood pressure (BP) and proteinuria is usually observed [11]. However, it is not clear if a causal relationship exists or
if both AEs are independently caused by VEGF blockade. Renal alterations can also occur in the absence of increased
BP in anti-VEGF-treated patients. Furthermore, in murine models, glomerular injury has been detected even before
the onset of hypertension [10, 12]. Hence, additional mechanisms are likely to be involved in the pathogenesis of
proteinuria.

The glomerular filtration barrier is composed by fenestrated endothelium, structurally supported by the glomerular
basement membrane, and podocytes, with their slit diaphragm. Podocytes secrete VEGF and VEGF-Rs are expressed
on podocytes and glomerular capillary endothelial cells. This interplay is critical in maintaining the integrity of the
filtration barrier: VEGF exerts a paracrine effect on endothelial structures helping to maintain fenestrations, together
with an autocrine regulation of the podocyte cytoskeleton and slit membrane [10, 13].

Pharmacological inhibition of the VEGF axis can cause a perturbation of endothelial-podocyte signaling and lead to
kidney damage (Figure 1) [9]. Treatment with anti-VEGF TKls induces the podocyte cytoplasmatic retention of RelA, a
subunit of the transcription factor NF-kB, and overexpression of C-Maf-inducing protein (c-mip), causing cytoskeleton
alteration and apoptosis [14, 15]. During treatment with these agents, a podocyte injury might also be mediated by
the inhibition of tyrosine phosphorylation of nephrin. This slit-diaphragm protein junction is essential to maintain the
filtration barrier's integrity and selective glomerular permeability [11, 16]. According with these data, in the majority
of patients on TKils targeting the VEGF-R tyrosine kinase domain, renal biopsy specimens exhibited podocytopathies,
including minimal change disease (MCD) and collapsing focal segmental glomerulosclerosis (FSGS) [14]. FSGS was
identified in both MTC and DTC patients during TC-TKls [10, 15].

Despite pathognomonic features of thrombotic microangiopathy (TMA) are more frequently observed during VEGF
direct ligand therapy (e.g., bevacizumab) [15], TMA has also been described during treatment with VEGF-R inhibitors,
including lenvatinib [13], cabozantinib [8, 17] and sorafenib [18]. TMA is under-diagnosed in anti-VEGF treated
patients since renal biopsy is rarely performed. Additionally, the histological findings are not usually related to the
degree of proteinuria and are not accompanied by severe hypertension, renal failure, hemolytic anemia, or
thrombocytopenia [19].

Beyond the crucial role of the inhibition of VEGF signaling in inducing renal damage in patients on TC-TKls, it has been
claimed that the blockade of other pathways might also mediate the worsening of renal injury, such as fibroblast



growth factor (FGF) axis, which is implicated in podocyte differentiation and recovery after injury [20, 21]. Recently,
the demonstration that TRKC is expressed in podocytes and is directly involved in actin cytoskeleton stability and
glomerular integrity [22] paved the way to a possible direct TKI-mediated effect in proteinuria development. However,
data are controversial and additional research is needed to draw definite conclusions, especially in the human setting.
In TC-TKIs-treated patients, renal failure has anecdotally been reported, even in absence of proteinuria. In this case,
direct tubule-interstitial damage without glomerular involvement has been hypothesized, although the specific
molecular mechanisms are still unknown [21]. TKIs may also impair tubular function, causing hypocalcemia [23] and
hypophosphatemia through a direct effect on proximal tubular cells receptors [24].

Tubular damage was also reported during treatment with other small molecules inhibitors employed in TC patients.
Vemurafenib and dabrafenib are inhibitors of advanced v-Raf murine sarcoma viral oncogene homolog B (BRAF), a
serine/threonine-kinase part of the mitogen-activated protein kinase (MAPK) pathway. The renal toxicities commonly
noted with BRAF inhibitors included an allergic interstitial nephritis or acute tubular toxicity in the early phase of
treatment. In some cases, Fanconi's syndrome, isolated electrolyte disorders (hypophosphatemia, hyponatremia,
hypokalemia) and subnephrotic-range proteinuria have also been reported [25]. Analysis of kidney biopsies revealed
tubular injury as the major histopathologic lesion. In a murine model, vemurafenib showed that the off-target
inhibition of ferrochelatase, an enzyme involved in heme biosynthesis, significantly contributes to kidney tubular
epithelial cell dysfunction. However, the mechanisms underlying the nephrotoxicity of BRAF inhibitors remain mostly
unclear [26].

Risk factors

So far, no focused evaluation has been performed to identify the patients at higher risk of developing RAEs during
treatment with TC-TKIs. Still, some data are available for other anti-angiogenic therapies.

Age could be considered a risk factor, with an increased risk detected among elderly patients [9].

Diabetes was independently associated with a higher incidence of severe proteinuria and, similarly, a direct
correlation between baseline high systolic BP and proteinuria onset has been observed [27].

A higher frequency of proteinuria during TKI was recently found in TC patients previously exposed to other
nephrotoxic drugs [8].

Several data suggested that a pre-existing grade (G)1 proteinuria correlates to a higher risk of any G and G >3
proteinuria while conflicting and more puzzling results have been reported about the relationship between baseline
estimated glomerular filtration rate (eGFR) and proteinuria on-therapy [27, 28].

The use of zoledronate has been associated with both dose-dependent and infusion time-dependent acute and
chronic renal failure [6]. In anti-VEGF treated patients, there is no sufficient evidence to indicate that baseline use of
bisphosphonates significantly alters the risk of proteinuria. However, a study reported that the use of pamidronate
was associated with an increased risk of proteinuria during treatment with bevacizumab [27, 29].

lodine-containing contrast media are frequently employed in patients treated with TC-TKIs, mainly on the occasion of
the computed tomography (CT) tumor assessments. These agents may induce kidney dysfunction due to several
factors, including the formation of reactive oxygen species (ROS), reduction of NO production, endothelial injury and
renal ischemia [30]. However, recent observational studies have questioned the prevalence and severity of contrast-
induced nephropathy (CIN) and the following risk classification was recommended: patients with eGFR > 45
mL/min/1.73 m? are at negligible risk for CIN, those with eGFR < 30 mL/min/1.73 m? are at high risk, while patients
with eGFR between 30 and 44 mL/min/1.73 m? have an intermediate risk, unless DM is present [31].

It has been reported a case of a lenvatinib-treated patient who underwent three coronarographic procedures and
showed a steady increase in serum creatinine. In this case, the cumulative nephrotoxic effect of the concomitant
application of imeron and ultravist together with lenvatinib could not be excluded [6]. However, there is no clear
evidence to support the need for additional preparation or TKI interruption prior to the contrast administration to
prevent RAEs in TC-TKIs-treated patients with normal eGFR.

Evidence from clinical trials
RAEs have often been reported in clinical trials of anti-VEGF TKls. Table 1 summarizes data about nephrotoxicity of
TKIs with anti-VEGF activity registered in phase Il and lll trials involving TC patients [1-4, 32-43].



According to a recent meta-analysis regarding the newly approved anti-VEGF TKIs, lenvatinib is one of the most
frequently associated with any-G and high-G proteinuria [9]. In the phase lll trial SELECT, proteinuria of any grade was
one of the most common AEs among lenvatinib-treated patients, reported in 31% of cases versus 1.5% of patients in
the placebo group. It was the second most common G 23 AE (10% of lenvatinib-treated patients) and it was the third
most frequent cause of dose interruption or reduction (18.8% of cases) [4]. Like other AEs, it generally occurred in the
early phase of treatment: the median time of onset was 6.1 weeks. Drug interruption and dosage tapering were often
appropriate to resolve proteinuria, with a median time to resolution of 8.8 weeks; permanent drug discontinuation
was necessary only in 1% of patients [44]. Some subgroup-analysis of the SELECT population showed a higher
incidence of proteinuria (any-G 63.3%; G 23 20%) in Japanese patients [45] and a more common G 23 proteinuria in
older patients (>65 years) versus the younger ones (13.2 vs. 7.7%) [46].

Preliminary data from a phase |l trial investigating the safety and the efficacy of different starting doses of lenvatinib
(24 versus 18 mg/day) showed a similar incidence of G >3 proteinuria in the two groups, while any-G proteinuria
resulted slightly higher in the 24 mg/day arm (44 vs. 31.2%) [47].

Less frequent RAEs reported in the SELECT trial were renal failure (4.2% of lenvatinib-treated patients) and renal
tubular necrosis (one patient, 0.4%). No association between the development of RAEs and progression-free survival
(PFS) or overall survival (OS) has been demonstrated so far [44].

Lenvatinib was also evaluated for the treatment of advanced MTC and anaplastic thyroid cancer (ATC): again, in these
settings, proteinuria was reported among the most common AEs [35, 36].

Besides TC, lenvatinib is FDA-approved also as a first-line treatment for patients with unresectable hepatocellular
carcinoma (HCC) and, in combination with everolimus, with advanced renal cell carcinoma (RCC) following prior anti-
angiogenic therapy. In the REFLECT study regarding unresectable HCC, rates of any-G and G 23 proteinuria in
lenvatinib-treated patients were 25% and 6%, respectively [48]. In patients with advanced RCC, proteinuria was found
in 31% of patients treated with lenvatinib alone; it was the most common G 23 AE (19%). Among serious RAEs, acute
renal failure and haematuria were also reported in 8% and 2% of patients, respectively [49].

Regarding sorafenib, no RAEs were reported in the DECISION study in patients with RAI-R DTC [3]. Similarly, drug-
related nephrotoxicity was not registered in the phase Il trial evaluating sorafenib in an advanced MTC setting [40].
Among patients with unresectable HCC in the REFLECT study, sorafenib-treated cases experienced any-G and G3
proteinuria in 11% and 2% of cases, respectively [48]. These rates were inferior to those observed in the lenvatinib-
treated group of the same study and similar to safety data of another phase Ill trial regarding sorafenib in RCC patients
[50].

In the phase Ill trial ZETA, 10% of MTC patients treated with vandetanib developed proteinuria (G 1-2 in all cases) [1].
At the same time, no RAEs were reported in the phase Il trial of vandetanib in DTC [43].

Among patients with MTC in the phase Ill study EXAM, the patients treated with cabozantinib showed a very low
proteinuria rate (1.9%) [2]. However, a subgroup of MTC patients enrolled in the EXAM trial in an ltalian center
showed a high incidence of proteinuria (22.2% of treated patients) during long-term treatment, after a mean time of
38 months. Proteinuria was significantly related to previous exposure to other potentially nephrotoxic drugs (TKls or
traditional chemotherapy), suggesting that a pre-existing drug-induced renal damage could represent a predisposing
factor. In this cohort, a positive correlation between the onset of proteinuria and a better drug response was
observed. However, the relationship between this AE and response to therapy is difficult to establish, due to a
possible selection bias discussed by the authors: well-responder patients have long-term exposure to the drug and,
thus, a higher probability of developing proteinuria [8].

Outside the context of MTC, proteinuria incidence during cabozantinib was high (32%) in a phase Il trial including DTC
patients [33], but the rate of patients with nephrotoxicity was lower according to a more recent phase Il trial [34] .
The reported proteinuria rates were variable in other clinical trials regarding HCC or RCC patients (range 0-11%) [51,
52].

The higher rate of renal damage and proteinuria reported for lenvatinib and cabozantinib when compared to
vandetanib and sorafenib could be partly explained by their different anti-VEGFR activity [8].

Data from the real-life setting
To our knowledge, no prospective study regarding FDA-approved TC-TKIs with a focused evaluation on RAEs has been
conducted in a real-life setting.



The only retrospective analysis specifically addressing RAEs during TKI treatment for advanced DTC was conducted in a
single center in Japan; 73 patients with normal renal function before TKI therapy were divided into two groups, on the
basis of lenvatinib or sorafenib treatment. The incidence of proteinuria was higher in the lenvatinib group (60.8 vs
27.8%), and a slight reduction in eGFR and serum albumin was noted only in patients on lenvatinib; more than 20% of
patients in the lenvatinib group underwent dose reduction or drug withdrawal for RAEs [53].

In the last years, various real-life retrospective studies regarding the efficacy and safety of lenvatinib treatment for
RAI-R TC have been published, with heterogeneous findings regarding proteinuria [54-68] (Figure 2). The higher
percentages were found in Japanese real-life studies (78.6% reported by Masaki et al [63]; 61.5% observed by Suzuki
et al [60]), suggesting a different ethnic susceptibility to develop proteinuria [69]. A similar heterogeneity in the
incidence of proteinuria during this TKI has also been reported in other malignancies: although in a small cohort,
almost 80% of the patients with ATC showed some degree of this AE [70], while the incidence was relatively low in
HCC [71]. Lenvatinib-induced renal failure was rarely reported and seldom severe [57, 66].

In most real-life cohorts, no RAEs were reported during sorafenib [72-74]. Conversely, some reports of proteinuria [53,
67, 75, 76] and renal failure [67, 77] can be found in the literature.

Few real-life data have also been gathered for vandetanib. In a retrospective French cohort, the use of vandetanib was
associated with both proteinuria and renal impairment, especially in the case of long-term treatment (>4 years) [78].
These findings have not been confirmed by another recent multicentre experience [79].

RAEs were not described during treatment with cabozantinib in TC patients not enrolled in clinical trials, apart from
single case reports [6]. Many studies focusing on cabozantinib's real-world efficacy in RCC are available and reports of
RAEs seem relatively uncommon [80, 81].

Diagnosis

Thegbest overall index of kidney function is generally considered the eGFR. A level <60 ml/min/1.73 m? for at least
three months defines a chronic kidney disease (CKD); eGFR is mildly to moderately decreased (45-59 ml/min/1.73 m?)
in G3a stage, moderately to severely decreased (30-44 ml/min/1.73 m?) in G3b stage; severely decreased (15-29
ml/min/1.73 m?) in G4 stage; <15 ml/min/1.73 m? in G5 stage. CKD could also be present in patients with conserved
eGFR; other kidney damage markers include albuminuria, abnormalities detected by imaging or histology, urine
sediment alterations, or electrolyte disorders derived from tubular diseases [82].

The recommended method for the initial assessment of eGFR is the dosage of serum creatinine and a GFR estimating
equation. The Modification of Diet in Renal Disease (MDRD) and the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equations are based on standardized creatinine assay and, therefore, should be used for
estimating GFR. The Cockcroft and Gault formula was developed before the standardization of creatinine assays but
cannot be re-expressed for use with standardized creatinine assays [82].

Proteinuria is a term that, generally speaking, includes albuminuria, increased urinary excretion of other specific
proteins, and increased excretion of total urine protein. Higher proteinuria degrees are associated with a more rapid
progression to kidney failure, without any clear threshold value. However, nephrotic range proteinuria confers unique
additional risks. Albuminuria and proteinuria categories are summarized in Table 2.

Urine protein excretion is increased by physiological variables, such as upright posture, strenuous physical activity,
pregnancy, menstruation, urinary tract infection, and fever.

The methods for detecting urinary proteins and urine specimen collection timing are essential issues [82].
Semiquantitative proteinuria measurement, such as the standard urine dipstick, may not detect moderately increased
albuminuria (formerly called "microalbuminuria") unless the urine is highly concentrated. However, screening with
urine dipsticks is deemed acceptable for detecting severely increased albuminuria (formerly called
"macroalbuminuria") or proteinuria in cancer patients treated with TKls. In any case, patients with a dipstick test
positive for albuminuria/proteinuria (>1+) should be confirmed by quantitative measurement, the 24-hour urine
protein test.

Timed overnight collections or shorter timed daytime collections may reduce the inconvenience and difficulties of a
24-h collection but are associated with significant errors (under- or over-collections). An acceptable alternative for
guantitative evaluation, as well as for correcting for hydration-induced variations in urinary concentration, is the
measurement of the protein-to-creatinine ratio (PCR) or the albumin-to-creatinine ratio (ACR) in an untimed "spot"



urine specimen. Protein excretion varies throughout the day, and the ratio in mid-morning specimen has been
suggested to correlate most closely with the 24-h protein excretion rate.

It should be considered that elderly and/or cachectic people (such as many of those treated for an advanced TC)
display a reduced urinary creatinine excretion due to a fall in muscle mass. Consequently, the accuracy of the ratio can
be significantly diminished, with PCR overestimating proteinuria. Given these limitations of ACR/PCR measurements,
alternative calculations for estimated albumin/protein excretion rate have been developed [83].

Patients with persistent proteinuria on more than two quantitative laboratory measurements (adequately spaced 1-2
weeks apart) should undergo further evaluation.

In oncological clinical trials, RAEs during TKls are generally defined according to the National Cancer Institute's
Common Terminology Criteria for Adverse Events (CTCAE) [84] (Table 3).

Figure 3 summarises the proper workup of TC-TKIs-related RAEs. Pre-existing renal dysfunction should be investigated
by dipstick test and eGFR assessment in all cases [19, 20]. If the baseline dipstick urinalysis detects proteinuria, a
guantitative measurement must be performed. In selected cases, the nephrologist consultation could help analysing
the potential risks linked to the start of an anti-VEGF-therapy and achieving optimal pre-TKI management of the
kidney disease [8].

During treatment with anti-VEGF agents, all patients should be regularly monitored using a urine sample dipstick [20].
Since proteinuria occurs in the early phase of treatment in most cases, it has been suggested to control the onset of
this AE once a month for the first three months of therapy [85]. Afterward, checks can be performed less frequently,
every 2—-3 months, even if RAE's long-term monitoring is required [8].

If a dipstick proteinuria 21+ is detected, a 24-hour urine collection is required [86]. Spot urine PCR determination can
be considered a valuable alternative: a statistically significant correlation between assessment by PCR and 24-hour
urine protein was found in patients receiving lenvatinib for HCC in the REFLECT study. The optimal cut-off to
discriminate G1 from G2 proteinuria by PCR resulted in 1.02 (mg/mg), while the optimal cut-off to distinguish G2 from
G3 proteinuria was 2.43 (mg/mg) [87]. These thresholds remain to be validated also for other TKls.

Referral to the nephrologist for further analysis (e.g., kidney ultrasound, evaluation of the urine sediment, renal
biopsy) should be considered in G2 proteinuria and it is recommended in G 23 proteinuria [88]. Since there is no clear
correlation between the degree of proteinuria and the severity of the renal injury, renal biopsy should be considered
in subjects with progressive proteinuria, especially in simultaneous unexplained renal function decline. Patient's life
expectancy should always be taken into account [19].

Changes in albuminuria/proteinuria provide important prognostic information and may reflect antiproteinuric agents'
response; hence, quantitative measurements are strongly recommended for their monitoring.

Management

Regarding TC-TKIs-related RAEs management, no evidence-based guidelines or interventional studies are available.
The current approach is mainly based on standardized protocols employed in oncological clinical trials or follows
indications provided by nephrologists in other settings.

In TC patients on TKls, proteinuria is generally manageable and usually it does not progress to life-threatening
consequences if appropriately monitored and treated.

Before the start of TKI therapy, a detailed record of the patient's clinical data and medical history is essential to detect
specific risk factors for RAE, including the presence of uncontrolled hypertension and DM: optimization of BP levels
and a good glycemic control are recommended before starting therapy [8].

According to the summary of product characteristics (SPC), in case of severe renal impairment the recommended
starting dose of lenvatinib is 14 mg/daily (instead of 24 mg/daily) [89], due to the higher incidence of G3 and 4
toxicities in subjects with baseline renal injury compared to patients with normal renal function [90]. In contrast, no
dose adjustment is suggested for patients with CKD starting sorafenib [91]. However, a reduced starting dose seems
reasonable with the possibility of a dose escalation in relation to tolerance and clinical effectiveness [90]. Due to
limited efficacy and safety data, vandetanib and cabozantinib are not recommended in case of severely impaired renal
function. Cabozantinib should be used with caution in subjects with mild or moderate CKD, while a reduced starting
dose of 200 mg/daily might be indicated for vandetanib in case of moderately impaired renal function [92, 93]. No
data regarding the use of these agents in patients on hemodialysis are available (Supplementary Table 1).



The new onset of hypertension or the worsening of BP control is a frequent TKl-related AE. Most patients with high BP
levels on treatment are prone to develop proteinuria. In uncontrolled BP, antihypertensive medications should be
prescribed, together with a low salt intake [19]. KDIGO guidelines recommend that BP targets consistently <130/80
mmHg should be maintained in adults with CKD and moderately increased albuminuria (AER >30 mg/24 hours) [82].
Among antihypertensive drugs, angiotensin-converting enzyme (ACE) inhibitors or angiotensin 2-receptor blockers
(ARBs) represent the first choice since they lower intraglomerular pressure, diminishing protein excretion. In
refractory patients, other antihypertensive molecules can be added (e.g., calcium channel blockers) [85]. There is
insufficient evidence to recommend combining ACE inhibitors with ARBs to prevent CKD progression [82].

For their antiproteinuric and renoprotective effect, ACE inhibitors or ARBs can be employed in proteinuria regardless
of blood pressure. The recommended dose in normotensive subjects remains unclear since no controlled trials are
available in these patients [19].

In nephropathic adults, it is generally recommended to avoid high protein intake; in case of severe CKD, a low protein
intake (<0.8 g/kg/day) is suggested [82]. Conversely, recent guidelines suggest a higher range of protein intake (1.2—
1.5 g/kg/day) in patients with cancer, because of the potential positive effects of protein balancing and avoiding
sarcopenia [94]. Frequently, oncologic patient's nutritional intake might be significantly reduced as a consequence of
treatment-related AEs, such as anorexia, nausea, and vomiting, leading to weight loss and sarcopenia in most cases.
Therefore, in case of TKlIs-related RAEs, there is not enough evidence to support a protein intake restriction, favoring
the loss of lean tissue and negatively affecting the patient's general well-being.

In most patients with DM, the ideal target for hemoglobin Alc (HbAlc) is <7.0% (<53 mmol/mol), even if the optimal
range must also be chosen taking into account patients' comorbidities and life expectancy [95]. In the last years,
sodium-glucose co-trasporter-2 (SGLT2) inhibitors and glucagon-like peptide 1 (GLP-1) receptor agonists have shown a
consistent benefit in terms of the renal outcome of type 2 DM patients [96]. In the absence of studies exploring such
agents' role in patients with DM and CKD on treatment with TKls, no strong recommendation can be formulated.
However, the introduction of one of these drugs in DM patients who experienced RAEs on anti-VEGF treatment, in the
absence of contraindication, seems advisable.

Proteinuria generally improves when the TKI is interrupted, or its dosage is reduced, suggesting a dose-dependent
relationship [85].

In the absence of edema or elevated serum creatinine, TKI may be continued when urinary protein levels are
<2g/24 h. Conversely, it is recommended to temporarily interrupt the treatment in case of confirmed proteinuria
>2g/24 h, before further renal deterioration ensues [20, 88]. The drug can be resumed at a reduced dose in case of
improvement (<2g/24 h), with subsequent quantitative monitoring of urine protein levels [19]. Treatment should be
permanently discontinued in case of nephrotic syndrome [86].

Since TKIs dramatically improve the outcome of most advanced TC patients, the withdrawal of TKI treatment always
needs to be discussed in a multidisciplinary team: the risk to continue the drug, that could definitively damage the
kidney, and the risk to interrupt therapy, that might let the tumor to progress, should be carefully weighted in a case-
by-case discussion [19].

Proteinuria can be considered a VEGF-class effect; hence, it could be argued that switching a patient to another anti-
angiogenic TKI may not be of any benefit [88]. However, various incidences of proteinuria are reported for each anti-
VEGF TKls. For example, it has been suggested that sorafenib has no other detrimental effect on proteinuria or renal
impairment induced by lenvatinib, so it may represent an effective treatment option for patients who cannot tolerate
lenvatinib for RAEs [97, 98].

The selective TRK inhibitors showed remarkable results in solid cancers (including TC) harboring neurotrophic tyrosine
kinase receptor (NTRK) gene fusions, while selective RET inhibitors demonstrated high efficacy in the setting of
advanced RET-mutated MTC or RET fusion-positive RAI-R TC [5]. The high specificity of these new classes of drugs
limits their off-targeted activities and the number of AEs, including renal events. Therefore, when a renal damage is
developed using a multitargeted-TKI therapy, the use of mutation-specific kinase inhibitors targeting NTRK or RET
might be considered in patients harbouring such mutations or gene fusions. Hence, the role of genomic sequencing
appears crucial in the selection of the most appropriate anticancer therapy in these cases.

Although kidney failure on TKiIs is less frequently described than proteinuria, progressive renal function deterioration
has been reported, particularly in long-term treatment [53]. Moreover, TC patients on TKls may experience gastro-
intestinal AEs, such as diarrhea or anorexia, accompanied by an important reduction in the intake of fluids, leading to



dehydration and further reducing the eGFR [85]. Close monitoring of serum creatinine and eGFR is mandatory; in
some cases, nutritional counseling about proper fluid intake can be helpful. In case of the progressive decline of renal
function, TKI treatment withdrawn must be considered [8].

As mentioned above, also iodinated contrast media, needed for a proper imaging definition by CT, can worsen kidney
function, causing CIN in some cases. Both reduced eGFR and proteinuria (>1 g/day) are risk factors for CIN [31, 99].
Therefore, it is reasonable to pay special attention to CIN development and prevent its harmful effects also in TC
patients with TKI-related RAEs. Where clinically possible, the use of nephrotoxic drugs should be minimized. Volume
supplementation is the cornerstone for CIN prevention: it suppresses the renin-angiotensin cascade, reduces renal
vasoconstriction and hypoperfusion, and lowers the contrast medium's concentration within the tubule lumen. A low
infusion rate (e.g., physiological saline solution 1 mL/kg per hour before and after contrast administration) is generally
employed in clinical practice to reduce the risk of volume overload and pulmonary edema, especially in the case of
heart disease. Sodium bicarbonate administration (e.g., 3 mL/kg per hour for 1 hour before the exam, followed by
1 mL/kg per hour for 6 hours after the procedure) can be employed to decrease the acidification of urine and increase
the neutralization of ROS, considering their essential role in the development of CIN.

N-acetylcysteine administration's additional benefit has been investigated in high-risk patients, showing conflicting
results [100, 101]. In any case, each center should define a standardized protocol after a multidisciplinary discussion.

Conclusions

Currently, due to the promising results obtained by phase II/Ill clinical trials and real-life studies, lenvatinib and
sorafenib are commonly used for patients with advanced RAI-R DTC. Lenvatinib, in particular, is often used as a first-
choice drug in this setting due to its better efficacy and higher tolerability compared to sorafenib, as well as to greater
ease of prescription (at least in some countries). However, it has been associated with a high incidence of any-G and
high-G proteinuria, that can be severe enough to compromise renal function and therapy continuation [9]. Among
MTC patients, also cabozantinib determined proteinuria in a significant number of cases, especially during long-term
treatment.

Many questions regarding TC-TKI-associated nephrotoxicity are still unanswered and many critical issues remain to be
clarified.

First of all, the mechanisms underlying the onset and progression of proteinuria are not entirely clear. Hopefully, more
in-depth studies will clarify if the VEGF pathway's inhibition is responsible for hypertension and increased
intraglomerular pressure leading to proteinuria, or if glomerular injury (e.g., collapsing FSGS and TMA) and/or tubule -
interstitial damage may happen regardless of VEGF-blockade.

Secondly, contradictory evidence exists about the possibility that the onset or worsening of proteinuria may represent
a surrogate marker of a better antitumor response, similar to what has been hypothesized for other TKls-associated
AEs [102].

Moreover, it is still to be clarified if proteinuria is an independent and relevant risk factor for cardiovascular disease
and overall mortality in this setting, similar to what is observed in people with DM and/or hypertension. SGLT2
inhibitors and GLP-1 receptor agonists have been demonstrated to prevent the worsening of albuminuria and reduce
the decline of GFR in patients with DM, with effects supposed to be independent of the actions on glycemic control
[96]. In particular, SGLT2 inhibitors have been shown to offer cardiovascular and renal protection without differences
based on the presence of DM or baseline eGFR, potentially making them first-line therapy for CKD regardless of DM
[103]. If this was the case, they could be effective also for the management of TKls-induced proteinuria.

More evidence is required on the better screening test for starting (or continuing) TKI therapy. The need to interrupt
TKIs as proteinuria worsens or temporarily suspend them before contrast-administration for CT assessments remains
to be assessed.

Renal biopsy plays a crucial role in subsequent therapeutic decisions because proteinuria may imply the occurrence of
various conditions (MCD, FSGS, and TMA) with different clinical and renal prognoses. Noteworthy, TMA may appear in
a subclinical form without the classic presentation (severe hypertension, hemolytic anemia, thrombocytopenia) and
could be underestimated.

In each patient, both the risk of progression of cancer in case of interruption of treatment and the risk of progression
of renal damage in case of continuation of the same, must be carefully weighed. In this sense, some good results were
obtained on both fronts after replacing the more nephrotoxic TKls (lenvatinib, cabozantinib) with more neutral ones
(sorafenib, vandetanib). Moreover, the use of mutation-specific kinase inhibitors targeting NTRK or RET might be
considered in elegible patients.



Finally, a multidisciplinary approach, which necessarily involves the endocrinologist, the oncologist, the cardiologist,
and the nephrologist, is strongly recommended for managing patients with advanced TC treated with TKils.
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Figure 1. Potential mechanisms underlying the onset of proteinuria induced by TC-TKIs targeting the VEGF axis.
c-mip: C-Maf-inducing protein, VEGF: vascular endothelial growth factor, VEGFR: vascular endothelial growth factor
receptor

Figure 2. All grades, G1-2 and G=3 proteinuria reported in the real-life studies of lenvatinib in TC patients.

Figure 3. Suggested algorithm for the management of TKl-related RAEs.

ACEi: angiotensin-converting enzyme inhibitor, ARB: angiotensin 2-receptor blocker, BP: blood pressure, CT: computed
tomography, eGFR: estimated glomerular filtration rate, G: grade, PCR: protein-to-creatinine ratio, RAE: renal adverse
event, TKI: tyrosine kinase inhibitor.
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Drug Molecular Study TC FDA RAEs
target phase subgroup approval
Axitinib VEGFR1-3 I} DTC No Proteinuria: 18% (any G), 5% (G > 3)
[32] ATC
MTC
Cabozantinib VEGFR2 111 (EXAM study) MTC Yes Proteinuria: 1.9% (any G), 0.9% (G > 3)
MET (2]
FLT3 1] DTC No Proteinuria: 32% (any G), 0% (G > 3)
RET [33]
c-kit 111 (COSMIC study) DTC Yes Proteinuria: 15% (any G), 1% (G > 3)
1l Renal failure: 1% (G > 3)
[34] Acute kidney injury: 1% (G > 3)
Lenvatinib VEGFR1-3 111 (SELECT study) DTC Yes Proteinuria: 31% (any G), 10% (G > 3)
FGFR1-4 [4] Renal failure: 4.2% (any G), 1.9% (G > 3)
PDGFRa 1] MTC No Proteinuria: 59% (any G), 2% (G > 3)
RET [35]
c-kit 1l ATC No* Proteinuria: 59% (any G), 6% (G > 3)
[36]
Pazopanib VEGFR1-3 1l DTC No Proteinuria: 20% (any G), 0% (G > 3)
PDGFR [37] Raised creatinine: 5% (any G), 2.5% (G > 3)
FGFR1/2 I ATC No Proteinuria: 33% (any G), 0% (G > 3)
c- kit [38]
1] MTC No Proteinuria: 37% (any G), 0% (G > 3)
[39]
Sorafenib VEGFR1-3 111 (DECISION study) DTC Yes N.R.
PDGFRp (3]
RET 1 MTC No N.R.
c-kit [40]
BRAF
Sunitinib VEGFR1-3 1] DTC No Proteinuria: 22% (any G), 0% (G > 3)
PDGFR [41] Raised creatinine: 43% (any G), 0% (G > 3)
RET 1] DTC, ATC, No Renal failure: 1.4% (G > 3)
c-kit [42] MTC
CSF-1R
Flt-3
Vandetanib VEGFR2-3 111 (ZETA study) MTC Yes Proteinuria: 10% (any G), 0% (G > 3)
EGFR [1] Renal failure: <1% (G > 3)
RET I} DTC No N.R.
[43]

Table 1. RAEs of TKIs with anti-VEGF activity from the main phase Il and lll clinical trials in the TC setting.

Abbreviations: ATC, anaplastic thyroid cancer; N.R., not reported; DTC, differentiated thyroid cancer; G, grade; MTC, medullary

thyroid cancer; TC, thyroid cancer
* From 2015, Lenvatinib is approved in Japan for the treatment of ATC and DTC patients




Normal to mildly Moderately increased Severely increased Nephrotic
increased albuminuria albuminuria albuminuria syndrome
("microalbuminuria") ("macroalbuminuria")
Urine dipstick Negative to trace Traceto + + or greater +++/++++
AER (mg/24-h) <30 30-300 >300 >2200
[20-200 pg/min]
ACR (mg/g; <30; 30-300; >300; >2200;
mg/mmol) <3 3-30 >30 >220
PER (mg/24-h) <150 150-500 >500 >3500
PCR (mg/g; <150; 150-500; >500; >3500;
mg/mmol) <15 15-50 >50 >350

Table 2. Albuminuria and proteinuria categories (modified from KDIGO 2012 [82]).

Relationships are based on the assumption of an average creatinine excretion rate ~1.0 g/24-h, but creatinine excretions varies
with age, sex, race, diet, and muscle mass. The relationship between urine dipstick and quantitative measurements depends on
urine concentrations.

Abbreviations: AER, albumin excretion rate; PER, protein excretion rate; ACR, albumin-to-creatinine ratio; PCR, protein-to-creatinine

ratio



G1 G2 G3 G4 G5

Proteinuria proteinuria 1+ 2+and 3+ 4+ - -

(urine dipstick)

urinary protein >2ULN <1.0 1.0-3.4 23.5 - -

(24-hour urine

collection; g/24h)
Chronic eGFRor CICr <LLN -60 59-30 29-15 <15 -
kidney (ml/min/1.73m)
disease proteinuria 2+ - - - -

(urine dipstick)

PCR (spot urine >0.5 - - - -

sample; mg/mg)

- - - dialysis or death
renal transplant
indicated

Table 3. Proteinuria and CKD as an adverse event according to CTCAE (Renal and urinary disorders; adults) [84].

Abbreviations: CICr, creatinine clearance; CTCAE, Common Terminology Criteria for Adverse Events; eGFR, estimated Glomerular
Filtration Rate; G, grade; LLN, lower limit of normal; PCR, protein-to-creatinine ratio; ULN, upper limit of normal




DRUG DOSE ADJUSTMENT IN CASE OF RENAL IMPAIRMENT

CABOZANTINIB Mild or moderate CKD (CICr 30-59 ml/min/1.73 m?): use with caution
Severe CKD (CICr 15-29 ml/min/1.73 m?): not recommended - insufficient data

LENVATINIB Mild or moderate CKD (CICr 30-59 ml/min/1.73 m?): initial dose adjustment not required
Severe CKD (CICr 15-29 ml/min/1.73 m?): initial dose adjustment (14 mg/daily)
End-stage kidney disease: not recommended - insufficient data

SORAFENIB Mild, moderate or severe CKD (CICr 15-59 ml/min/1.73 m?): dose adjustment not required
Dialysis: no available data

VANDETANIB Mild CKD (CICr 50-59 ml/min/1.73 m?): dose adjustment not required
Moderate CKD (CICr 30-50 ml/min/1.73 m?): initial dose adjustment (200 mg/daily)
Severe CKD (CICr 15-29 ml/min/1.73 m?): not recommended - insufficient data

Supplementary Table 1. Suggested management of the TKIs with anti-VEGF activity approved in TC in case of renal
impairment (adapted from the summary of product characteristics) [89, 91, 92, 93].

Abbreviations: CKD, chronic kidney disease, CICr, creatinine clearance



