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A B S T R A C T

The epidermal growth factor receptor (EGFR) is implicated in
various malignancies. The past decade has seen the develop-
ment and widespread use of EGFR inhibitors for the successful
treatment of such cancers. Available EGFR inhibitors include
small molecule tyrosine-kinase inhibitors and monoclonal anti-
bodies. Class-related renal adverse events result in dual toxicity
including tubular/electrolyte disorders and glomerulopathies.
Tubular injury is common and mainly due to monoclonal anti-
bodies while glomerulopathy is rare and related to various anti-
EGFR agents. The exact pathogenesis of anti-EGFR agents asso-
ciated with kidney disorders remains to be elucidated.

Keywords: EGFR, electrolyte, glomerulopathy, hypomagnese-
mia, onconephrology

I N T R O D U C T I O N

The epidermal growth factor receptor (EGFR) is overexpressed
in various malignancies such as non-small-cell lung cancer
(NSCLC), breast, head and neck, and pancreatic cancer. EGFR
activation reduces cancer cell apoptosis and allows progressive
tumor growth and metastasis. The past decade has seen the
development and widespread use of EGFR inhibitors for the
treatment of such cancers [1].

The EGFR is a transmembrane glycoprotein and a member
of the erbB family of receptor tyrosine kinases (TKs). The

ErbB family includes HER1 (EGFR/erbB1), HER2 (neu/
erbB2), HER3 (erbB3), HER4 (erbB4) and 13 polypeptide
extracellular ligands. The EGFR gene encodes a 170-kDa
type I transmembrane growth factor receptor located on the
short arm of chromosome 7 [1]. As seen in Figure 1, EGFR
binds to multiple ligands [EGF, transforming growth factor-a
(TGF-a) or amphiregulin] and forms homodimers as well as
three functional heterodimers, and subsequent autophosphor-
ylation of the tyrosine domain leads to downstream signaling
of the mitogen-activated protein kinase (MAPK) cascades,
Raf-Mek-Erk, PI3K [PI3K-Akt-mammalian target of rapamy-
cin (mTOR) or forkhead box protein O, PLC (PLC-PKC)]
and STAT (Jak-Src-STAT) pathways [1], which are associated
with cell growth, proliferation, differentiation, survival, adhe-
sion, invasion and angiogenesis [2–4]. Upon EGFR deregula-
tion, these signal transduction pathways are amplified
resulting in the development of cancer [5–7].

On the other hand, EGFR activation is a pivotal mediator for
renal fibrosis and may interact with TGF-b signaling [8, 9] and
delayed EGFR inhibition with a clinically available EGFR inhib-
itor, even after the onset of acute kidney injury (AKI), was
shown to effectively reduce kidney damage and AKI [10].
Furthermore, EGFR activation has a major role in activating
pathways that mediate podocyte injury and loss in diabetic
nephropathy [11]. Thus, based on this mechanism, one would
predict that EGFR inhibitors should be renoprotective. It
appears, however, through this anti-EGFR class-related renal
toxicity review, that this is not the case.
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Currently available EGFR inhibitors include small molecule
tyrosine-kinase inhibitors (TKIs) [i.e. gefitinib (IressaTM),
erlotinib (TarcevaTM) and Afatinib], and monoclonal antibod-
ies (MAbs) [i.e. cetuximab (ErbituxTM) and panitumumab
(VectibixTM)] (Figure 1). The development plan of selected
EGFR inhibitors is summarized in Table 1.

EGFR TKIs

First-generation TKIs.
Gefitinib. This is an orally active, reversible EGFR-TKI
developed by AstraZeneca. Based on Phase II IDEAL studies
[12, 13] and four randomized Phase III trials (WJTOG3405
trial, NEJ002 study, IPASS trial and First-SIGNAL trial
[14–17]), it was approved as first-line therapy for the treatment
of advanced NSCLC in patients with activating mutations of
EGFR. Currently, gefitinib is undergoing a Phase III random-
ized IMPRESS study (NCT01544179) in NSCLC [1].

Erlotinib. This is an orally active, reversible EGFR-TKI mar-
keted by OSI, Genentech and Roche for stage IIIb/IV NSCLC
patients, which was approved worldwide as second- or third-
line treatment of advanced NSCLC based on the Phase III,
randomized BR.21 study [18], and as a first-line treatment for
patients with EGFR exon 19 deletion and L858R mutation based
on OPTIMAL [19] and EURTAC studies [20]. Furthermore, in

combination with gemcitabine, erlotinib was approved as a
treatment for pancreatic cancer [21]. Erlotinib is currently
investigated in NSCLC as adjuvant treatment (NCT01456325)
for patients with MET-diagnostic-positive NSCLC
(NCT01456325), head-to-head against gefitinib in mutant
EGFR NSCLC Korean patients and in erlotinib/bevacizumab
combination treatment for stage IIIb/IV NSCLC patients [1].

Lapatinib. Originally designed as an EGFR inhibitor, lapatinib
failed to demonstrate tumor regression in EGFR-overexpressed
NSCLC [22]. Further development concerning lapatinib became
HER2-activation and based on a Phase III randomized study
comparing lapatinib plus capecitabine versus capecitabine alone
in metastatic breast cancer (MBC) patients [23], lapatinib was
approved by the FDA for HER2-activated breast cancer [23, 24].

Icotinib. This is an orally available, reversible EGFR-TKI
developed by Zhejiang b Pharma, and was approved in China in
2011 [25].

Second-generation TKIs.
Afatinib. Unlike reversible first-generation TKIs, afatinib is
an irreversible inhibitor of the TK activity of EGFR through the
formation of a covalent bond to the ATP-binding site [26, 27].
This ultimately leads to reduced auto-phosphorylation and cell
proliferation. Afatinib was approved by the food and drug admin-
istration (FDA) and European Medicines Agency (EMA) on the
basis of two Phase III clinical trials comparing afatinib against
chemotherapy in the first-line setting in NSCLC [1, 28, 29].

FIGURE 1: Overview of the VEGFR and EGFR signaling pathways and drugs targeting signaling proteins and receptors. EGFR, epidermal
growth factor receptor; VEGFR, vascular endothelial growth factor receptor; MAbs, monoclonal antibodies; TKIs, tyrosine kinase inhibitors.
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|Dacomitinib (PF00299804). This is an orally available,

irreversible, pan-ErbB TKI developed by Pfizer. Several
single-arm studies were conducted to explore the efficacy of
dacomitinib in NSCLC patients with wild-type KRAS, who
were refractory to prior line(s) of chemotherapy and erlotinib
or gefitinib (NCT00548093 in USA and NCT00553254 in
Korea) [30, 31] and in a first-line dacomitinib A7471017 trial
(NCT00818441) [32].

EGFR MAbs

The MAbs approved by the FDA include cetuximab
(ErbituxTM) in February 2004 and panitumumab (VectibixTM) in
September 2006 [33, 34]. These agents continue to be evaluated in
treatment of various advanced malignant diseases such as meta-
static colorectal cancer (mCRC), NSCLC, and head and neck can-
cer. Cetuximab is also used in squamous cell carcinomas of the
head and neck (together with chemotherapy or radiation therapy).

Cetuximab and panitumumab are most effective in combination
with chemotherapy, but also show activity as single agents in che-
morefractory mCRC [35]. Both are approved in patients with
KRAS wild type refractory metastatic CRC as first- and second-line
therapy and monotherapy based on the Phase III randomized
CRYSTAL trial [36] and randomized Phase II OPUS trial [37] for
cetuximab, and on the randomized Phase III PRIME trial [38, 39]
for panitumumab. These two molecules appear to be equally effec-
tive, as reported in patients with chemotherapy-refractory wt KRAS
exon 2 mCRC in the randomized Phase III ASPECCT trial [40].

Cetuximab is a recombined, chimeric (mouse/human) IgG1
MAb whereas Panitumumab is a fully human IgG2 MAb, both
directed against the extracellular domain of EGFR [41, 42].
Panitumumab binds to EGFR with an 8-fold higher affinity
than cetuximab [43], and panitumumab and cetuximab bind to
different sites on the domain III of EGFR, which may support
reports suggesting treatment efficacy of panitumumab after fail-
ure of cetuximab [44–49]. Panitumumab may also induce

Table 1. Selected EGFR tyrosine kinase inhibitors in NSCLC (and other cancers)

Drug Indication Mode Phase of development Trial or ID No.

First-generation EGFR TKIs
Gefitinib EGFR Reversible FDA approved (2003) IDEAL-1 and -2 studies

INTACT-1 and -2 studies
IPASS (Iressa Pan-Asia Study)
Korean first-SIGNAL study
Japanese WJTOG3405 study
IMPRESS study (NCT01544179)
NCT00054691 (skin)
NCT00317772 (ovarian)
NCT00229723 (head and neck)
NCT00632723 (breast)
NCT00212108 (nasopharyngeal carcinoma)

Erlotinib EGFR Reversible FDA approved (2003) TRIBUTE, TALENT and TORCH studies
OPTIMAL and EURTAC studies
NCT01456325
NCT01515137 (head and neck)
NCT00503841 (breast)
NCT00088946 (bladder)

Lapatinib EGFR, erbB2 Reversible FDA approved (2007, meta-
static breast cancer)

EGF30008

Icotinib EGFR Reversible Approved (2011, China) NCT01040780
KD019 EGFR, erbB2 Reversible Phase III NCT02154529
Varlitinib EGFR, erbB2/4 Reversible Phase II (metastatic gastric,

cholangiocarcinoma)
Orphan drug designation

Second-generation EGFR TKIs
Afatinib EGFR, erbB2/4 Irreversible FDA approved 2013 LUX-Lung 1 to 8, ASCENT study

NCT01345682, NCT01345669
Dacomitinib EGFR, erbB2/4 Irreversible Phase III NCT00548093, NCT00818441

ARCHER1009 (NCT01360554)
ARCHER1050 (NCT01774721)
BR.26 study (NCT01000025)

Neratinib EGFR, erbB2 Irreversible Phase III (metastatic breast
cancer)

NCT01808573

Poziotinib EGFR, erbB2 Irreversible Phase II NCT01819428
BMS690514 EGFR, erbB2/4, VEGFR1/2/3 Reversible Phase II NCT00743938
CUDC101 EGFR, erbB2, HDAC Reversible Phase I (head and neck cancer) NCT01384799

Third-generation/mutant-selective EGFR TKIs
CO-1686 Mutated EGFR Irreversible Phase I/II NCT01526928
AZD-9291 Mutated EGFR Irreversible Phase I/II NCT01802632
WZ4002 Mutated EGFR Irreversible Preclinical No clinical trial initiated
TAS-2913 Mutated EGFR Irreversible Preclinical No clinical trial initiated
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antibody-dependent cell-mediated cytotoxicity via myeloid-
derived cells, which has been suggested to be an additional pani-
tumumab action mechanism [50].

R E N A L T O X I C I T Y O F E G F R I N H I B I T O R S

Class-related nephrotoxicity of EGFR inhibitors results in a dual
toxicity including tubular and electrolyte disorders and glomeru-
lopathies. Tubular and electrolyte disorders are common and
mainly a complication of MAbs while glomerular lesions are
unusual and related to various anti-EGFR agents. Table 2 defines
the grades of electrolyte disorders. The exact pathogenesis of anti-
EGFR-associated kidney-related disorders is unclear and requires
further study. It should be pointed out that the two anti-EGFR
MAbs cetuximab and panitumumab are commonly employed
along with cytotoxic chemotherapy, the latter potentially being
able to contribute, directly or through the induction of adverse
events such as vomiting and diarrhea, to kidney injury [51].

T U B U L A R A N D E L E C T R O L Y T E D I S O R D E R S

Anti-EGFR MAbs

Wang et al. [52] conducted a meta-analysis including 16 411
patients from 25 randomized controlled trials (RCTs) of pub-
lished randomized controlled trials to evaluate the incidences
and overall risks of all-grade and grade 3/4 electrolyte disorder
events associated with anti-EGFR MAbs. Various electrolyte dis-
turbances are reported, mainly hypomagnesemia. Both the inci-
dence and severity of electrolyte disorders appear to be higher
with panitumumab as compared with cetuximab. In subanalysis
of different tumor types, the addition of cetuximab augmented
notably the incidence of grade 3/4 events in colorectal cancer
[relative risk (RR) 2.7, 95% confidence interval (95% CI) 0.8–
8.3] and NSCLC (RR 5.7, 95% CI 2.9–10.9). For the panitumu-
mab treatment group, colorectal cancer patients received an

obviously higher incidence of grade 3/4 events than those in
controls (7.2 versus 2.1%, P< 0.001) [52].

Hypomagnesemia. The all-grade incidence of hypomagne-
semia related to anti-EGFR MAbs was 34.0% compared with
9.7% in controls (95% CI 28.0–40.5%, P< 0.001). The incidence
of grade 3/4 hypomagnesemia events compared with controls
was 4.8 versus 0.7% with an increased RR of grade 3/4 hypo-
magnesemia events (RR 6.10, 95% CI 4.37–8, 52, P < 0.001) in
all cancers types [52]. Colorectal cancer patients had the highest
risk of grade 3/4 hypomagnesemia events among cancer
patients: compared with chemotherapy alone, addition of cetux-
imab increased the risk of grade 3/4 hypomagnesemia with RRs
of 7.14 (95% CI 3.13–16.27, P < 0.001) while panitumumab
cases were more vulnerable to grade 3/4 hypomagnesemia (RR
18.29, 95% CI 7.29–48.41, P< 0.001) [52].

A meta-analysis demonstrated an overall incidence of all-
grades hypomagnesemia of 17% (RR 5.83), whereas the RR of
developing hypomagnesemia was 3.87 and 12.55 in cetuximab-
and panitumumab-treated patients, respectively [53].

The major risk factor for the development of hypomagnese-
mia was the duration of treatment: grade 3 and 4 hypomagnese-
mia ranging from 6% to 47% in relation to the duration of
treatment time<3 months or>6 months, respectively [51, 54].
Other risk factors included age and magnesium values at base-
line [55]. Due to conflicting data, it is unclear if hypomagnese-
mia is a biological marker of therapeutic effectiveness [56, 57].

Renal magnesium wasting underlies the development of
hypomagnesemia. Pro-epidermal growth factor (pro-EGF) and
magnesium permeable transient receptor potential cation chan-
nel (TRPM6 channel, subfamily M, member 6 and TRPM7) were
both shown to be involved in transepithelial Mg2þ transport in
the distal convoluted tubule [58], which is the main site of active
renal Mg2þ reabsorption. In vitro, cetuximab abolished the stim-
ulatory effect of EGF on TRPM-6 activity, thus affecting
Mg2þ transport and leading to hypomagnesemia [55, 59–62].

Table 2. Grading scale of electrolyte disorders

Adverse event Grades

1 2 3 4 5

Hypokalemia <LLN–3.0 mmol/L <LLN–3.0 mmol/L;
symptomatic; intervention
indicated

<3.0–2.5 mmol/L;
hospitalization indicated

<2.5 mmol/L; life-threat-
ening consequences

Death

Hypomagnesemia <LLN–1.2 mg/dL;
<LLN–0.5 mmol/L

<1.2–0.9 mg/dL;
<0.5–0.4 mmol/L

<0.9–0.7 mg/dL;
<0.4–0.3 mmol/L

<0.7 mg/dL; <0.3 mmol/L;
life-threatening
consequences

Death

Hyponatremia <LLN–130 mmol/L – <130–120 mmol/L <120 mmol/L; life-
threatening consequences

Death

Hypocalcemia Corrected serum calcium
of <LLN–8.0 mg/dL;
<LLN–2.0 mmol/L;
ionized calcium
<LLN–1.0 mmol/L

Corrected serum calcium
of< 8.0–7.0 mg/dL;
<2.0–1.75 mmol/L;
Ionized calcium
<1.0–0.9 mmol/L;
symptomatic

Corrected serum calcium
of< 7.0–6.0 mg/dL;
<1.75–1.5 mmol/L;
ionized calcium
<0.9–0.8 mmol/L;
hospitalization indicated

Corrected serum calcium
of<6.0 mg/dL;
<1.5 mmol/L; ionized
calcium <0.8 mmol/L; life-
threatening consequences

Death

LLN, lower limit of normal.
Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0 Published: May 28, 2009 (v4.03: June 14, 2010) US DEPARTMENT OF HEALTH AND HUMAN
SERVICES, National Institutes of Health, National Cancer Institute http://evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf (last accessed 12/14/2016).
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Careful management of hypomagnesemia is indicated in
patients receiving EGFR antibodies. Particular caution should
be taken in elderly and frail patients with a history of myocar-
dial infarction or arrhythmias, as hypomagnesemia might lead
to severe cardiac events [63, 64].

Treatment of hypomagnesemia involves the temporary dis-
continuation of anti-EGFR therapy and replacement with either
oral or intravenous magnesium [51, 54, 60, 65, 66].

Hypokalemia and hypocalcemia. As hypomagnesemia is
also associated with reduced parathyroid hormone (PTH)
secretion and renal potassium wasting effect, both hypocalce-
mia and hypokalemia, respectively, must be monitored for and
treated. Unlike hypomagnesemia, clinically significant hypocal-
cemia is rare and resolves after discontinuation of anti-EGFR
MAbs [52]. In the Wang meta-analysis, the all-grade incidence
of hypokalemia and hypocalcemia related to anti-EGFR MAbs
was 14.5% (95% CI 8.2–24.4%) and 16.8% (95% CI 14.2–
19.7%), respectively, which was significantly higher than in con-
trols (P < 0.001 for both) [52]. MAbs also obviously increased
RR of grade 3/4 hypokalemia and hypocalcemia events with the
value of 1.68 and 1.88, respectively [52]. Again, colorectal can-
cer patients were more prone to have grade 3/4 hypokalemia
events than others: compared with chemotherapy alone, addi-
tion of cetuximab increased the risk of grade 3/4 hypokalemia
with RRs of 2.19 (95% CI 1.14–4.23, P ¼ 0.019), whereas pani-
tumumab cases were more vulnerable to grade 3/4 hypokalemia
(RR 3.3, 95% CI 1.32–8.25, P¼ 0.011) [52].

In a meta-analysis of prospective Phase II–III clinical trials of
patients (11 trials; n¼ 2254) with advanced malignancies treated
with cetuximab, Cao et al. [67] reported an 8 and 6.2% incidence
of all grades and grade 3/4 hypokalemia, respectively. The FDA
review of panitumumab demonstrated a 34 and 10% incidence of
all grades and grade 3/4 hypokalemia, respectively [68].

The exact mechanism of anti-EGFR MAbs-induced hypo-
kalemia is unclear, but is probably multifactorial: (i) due to a
direct toxic effect on the kidney [66] through TRPM6 [69].
Increasing potassium is required to repair Na/K-ATPase due
to the magnesium deficiency. Then, over-intracellular trans-
port of potassium could result in hypokalemia, (ii) as a result
of hypomagnesemia [70] or (iii) could be related to an
increased risk of diarrhea and dehydration with these agents
[53]. Whether hypokalemia induced by cetuximab therapy is
related to impaired renal handling or intestinal loss needs to
be clarified by further studies.

Human TRPM6 also gives rise to hypomagnesemia with sec-
ondary hypocalcemia [71]. Although the mechanism responsi-
ble for development of hypocalcemia is unclear, several
explanations are proposed [51] such as: (i) ‘hypomagnesemic
hypocalcemia’ related to PTH resistance due to hypomagnese-
mia and which usually responds to Mg replacement, (ii) end-
organ unresponsiveness to PTH with altered release of PTH or
(iii) an impaired formation of 1, 25-dihydroxy vitamin D3.

Hyponatremia. No obvious higher risk of hyponatremia
events related to MAbs was discovered. The overall incidence of
grade 3/4 and all-grade hyponatremia events was 7.8% (95% CI
2.1–25.0%) and 9.4% (95% CI 7.0–12.5%), respectively [52].

E G F R T K I s

The EGFR TKIs usually cause less hypomagnesemia as com-
pared with the anti-EGFR MAbs, probably due to a different
potency of the two classes of agents on magnesium metabolism
[72]. Despite this, magnesium levels should be monitored also
in patients treated with EGFR TKIs [51, 73].

For both gefitinib and erlotinib, there are no specific data rel-
ative to the incidence of electrolyte disorders; however, in the
INTEREST gefitinib study an incidence of 6.6% of fluid reten-
tion (all grades) was reported, without further details [51, 74].
As for afatinib, a 34 and 3% incidence of hypokalemia of all
grades and of grade 3/4, respectively, has been reported [51, 75].
In the literature, one case of AKI [76] occurred on the 16th day
of gefitinib use for lung adenosquamous carcinoma. Kidney
function was recovered within 2 days after adequate hydration
and gefitinib withdrawal [76].

G L O M E R U L O P A T H Y

Seven patients with anti-EGFR-induced nephrotic/nephritic
syndrome (NS) were reported in the literature [77–83]. As
shown in Table 3, glomerular disease occurred after 2–24 weeks
of therapy with gefitinib (three), cetuximab (two) and panitu-
mumab and erlotinib (one each) [77–83]. These cases highlight
the variable and often prolonged time course between drug
exposure (2 weeks to 6 months) and clinical recognition of
kidney injury. In these cases, anti-EGFR therapy was prescribed
for various cancers [bronchopulmonary (four), digestive (two)
and head and neck (one)]. Six patients obtained renal histology
with a diagnosis of minimal change nephropathy (MCN) (gefi-
tinib; two cases), proliferative IgA crescentic glomerulonephritis
(GN) (gefitinib and cetuximab, one case each) or pauci-immune
crescentic GN (erlotinib, one case) and immune complex GN
(panitumumab). Two of the three patients on gefitinib had
additional interstitial damage such as severe tubulointerstitial
involvement (in case of proliferative IgA crescentic GN) or mild
inflammatory interstitial infiltrate (associated with MCN).

Response to therapy has been reported for six patients: four
of them received treatment with glucocorticoids coupled with
discontinuation of anti-EGFR agent, resulting in complete or
partial improvement in proteinuria in three and one patients,
respectively. Two patients (cetuximab and erlotinib, one case
each) required transient hemodialysis (3 weeks for cetuximab,
unknown for erlotinib). In one case of MCN with gefitinib with-
drawal alone, without immunosuppressive use, complete remis-
sion of NS was observed 8 weeks later. A few months after
remission, the patient developed recurrent lung tumors.
Following the rechallenge with initiation of erlotinib, the patient
achieved remission without proteinuria suggesting that erlotinib
is a potential treatment option in patients with NS associated
with gefitinib therapy [82]. The remaining patient with NS who
did not receive corticosteroids while maintaining gefitinib had
no improvement in renal parameters. Sixteen months later, the
patient continued to have proteinuria and microhematuria,
while renal dysfunction remained unchanged [79].
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unclear. In fact, experimental data regarding these drugs are
moving toward a potential renal protective effect. EGFR is
widely expressed in the mammalian kidney, including the glo-
meruli, proximal tubules and cortical and medullary collecting
ducts [84–86]. EGFR was also detected in glomerular parietal
epithelial cells [87] and in the connective tissue of fibro-
cellular crescents in primary glomerulonephritis and lupus
nephritis [87]. In addition, there have been several cases of
leukocytoclastic vasculitis during treatment with erlotinib [88]
or gefitinib [89] and one case report of ANCA-negative
pauci-immune crescentic glomerulonephritis during erlotinib
[83] therapy.

Members of the EGF peptide growth factor-related family
[90], such as EGF, amphiregulin, TGF-a, betacellulin and epire-
gulin, heparin binding-epidermal growth factor (HB-EGF) are
produced as transmembrane proteins that are cleaved by metal-
loproteinases, especially ADAMs, to release a soluble active
moiety that can activate EGFR [91]. Using a mouse model of
anti-glomerular basement membrane disease in which the mice
developed severe crescentic glomerulonephritis and loss of renal
function, Bollée et al. [10] demonstrated that mice with genetic

deletion of HB-EGF show markedly decreased functional and
structural injury. They also confirmed increased expression of
HB-EGF in podocytes and parietal epithelial cells in wild-type
mice with rapidly progressive glomerulonephritis (RPGN),
showing substantially increased glomerular immunoreactive
HB-EGF in human biopsies of individuals with RPGN [10].
Thus, the authors postulated that inhibitors of the EGFR cas-
cade may actually be useful for preventing severe renal damage
and renal failure [10].

However, simultaneously combined nephrotic syndrome
due to minimal change disease associated with interstitial lym-
phoplasmacytic infiltration was noted with gefitinib therapy
[80, 81], as has already been reported with nonsteroidal anti-
inflammatory drugs (NSAIDs) and amoxicillin [92]. This drug-
induced dual pathology may be caused by hypersensitivity and
heavy proteinuria related to lymphokines produced as a result
of the immunological response [93]. Anti-EGFR therapy may
then promote, via speculative aberrant pathways, a migration of
effector T-cells into the kidney and an inflammatory response
leading to interstitial infiltration of lymphocytes. Thus, patho-
genic mechanisms of these renal adverse events require more
investigation.

Table 3. Clinicopathological features of cancer patients with glomerular diseases associated with EGFR inhibitor use

Drug [ref] Cancer type j prior
systemic therapy and
potential nephrotoxins

Timing of
glomerular
disorders

Renal findings and
D in kidney
function

Kidney pathological
findings

Clinical course

MAbs anti-EGFR
Cetuximab [77] Oral floor SCC j radia-

tion cisplatin and
docetaxel

4 months AKI: SCr from 0.6
to 3.4 mg/dL NS:
SAlb 2.4 g/dL,
UPCR 7.1 g/g

Diffuse proliferative and
focally crescentic GN with
IgA-dominant immune-
complex deposition

Kidney function improved
after discontinuation of
cetuximab therapy and a
short course of cyclophos-
phamide and steroid

Cetuximab [78] mRC j mFOLFOX6 þ
BVZ

3 weeks NS: SAlb from 3.9
to 1.3 g/dL, UPCR
from 0.0 to 8.92 g/
g, SCr 0.9 mg/dL

Not performed No response despite cetux-
imab discontinuation þ
oral prednisolone (0.6 mg/
kg/day)

Panitumumab [79] mCRC 2 weeks NS: SAlb from 4.0
to 2.0 g/dL, UPCR
from 0.0 to 6.0 g/g,
SCr 49 mmol/L

Immune complex GN Complete response 4
weeks after panitumumab
withdrawal þ oral predni-
solone (proteinuria <0.5
g/day, SAlb 4.0 g/dL)

TKIs anti-EGFR
Gefitinib [80] mLC 6 months Proliferative crescentic

GN with IgA-dominant
deposition and severe
tubulointerstitial
involvement

Unchanged renal parame-
ters 16 months later in
gefitinib maintenance
without immunosuppres-
sive agent

Gefitinib [81] adSCC 5 months NS: SAlb 2.4 g/dL,
UPCR >4.0 g/g

MCN with mild intersti-
tial infiltration of
lymphocytes

Not available

Gefitinib [82] mLC 6 months NS: SAlb 1.8 g/dL,
UPCR 8.0 g/g, SCr
0.61 mg/dL

MCN Complete response after 2
months of discontinuation
of gefitinib alone, without
corticosteroid
administration

Erlotinib [83] adNSCLC j
Carboplatin, docetaxel,
paclitaxel, irinotecan,
gemcitabine

1 month AKI: SCr from 88
to 1228 lmol/L
NS: Pu 0 to 3þ,
SAlb 21 g/L

Pauciimmune crescentic
GN (autopsy)

Despite erlotinib discon-
tinuation and supportive
therapy with hemodialysis,
anuria persisted, and
patient died of pneumonia

SCC, squamous cell carcinoma; SCr, serum creatinine level; SAlb, serum albumin level; UPCR, urine protein/creatinine ratio; mRC, metastatic rectal cancer; mLC, metastatic lung
adenocarcinoma; adSCC, advanced squamous cell carcinoma; adNSCLC, advanced non-small-cell lung cancer; Pu, proteinuria.

1094 H. Izzedine and M.A. Perazella

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/32/7/1089/3052309 by guest on 21 August 2022



||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
|

C O N C L U S I O N

The use of EGFR inhibitor agents is expected to increase in the
coming years. Since kidney toxicity is not uncommon with
these agents, it is mandatory for clinicians to become familiar
with these renal effects and to carefully weigh the benefits of
drug withdrawal versus the risks of ongoing tumor progression.
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36. Van Cutsem E, Köhne CH, Hitre EN et al. Cetuximab and chemotherapy as
initial treatment for metastatic colorectal cancer. N Engl J Med 2009; 360:
1408–1417

37. Bokemeyer C, Bondarenko I, Hartmann JT et al. Efficacy according to bio-
marker status of cetuximab plus FOLFOX-4 as first-line treatment for meta-
static colorectal cancer: the OPUS study. Ann Oncol 2011; 22: 1535–1546

38. Amado RG, Wolf M, Peeters M et al. Wild-type KRAS is required for pani-
tumumab efficacy in patients with metastatic colorectal cancer. J Clin Oncol
2008; 26: 1626–1634

39. Douillard JY, Siena S, Cassidy J et al. Final results from PRIME: randomized
phase III study of panitumumab with FOLFOX4 for first-line treatment of
metastatic colorectal cancer. Ann Oncol 2014; 25: 1346–1355

40. Price TJ, Peeters M, Kim TW et al. Panitumumab versus cetuximab in
patients with chemotherapy-refractory wild-type KRAS exon 2 metastatic
colorectal cancer (ASPECCT): a randomised, multicentre, open-label, non-
inferiority phase 3 study. Lancet Oncol 2014; 15: 569–579

41. Galizia G, Lieto E, De Vita F et al. Cetuximab, a chimeric human mouse
anti-epidermal growth factor receptor monoclonal antibody, in the treat-
ment of human colorectal cancer. Oncogene 2007; 26: 3654–3660

42. Van Cutsem E, Peeters M, Siena S et al. Open-label phase III trial of panitu-
mumab plus best supportive care compared with best supportive care alone
in patients with chemotherapy-refractory metastatic colorectal cancer. J Clin
Oncol 2007; 25: 1658–1664

43. Yang BB, Lum P, Chen A et al. Pharmacokinetic and pharmacodynamics
perspectives on the clinical drug development of panitumumab. Clin
Pharmacokinet 2010; 49: 729–740

44. Montagut C, Dalmases A, Bellosillo B et al. Identification of a mutation in
the extracellular domain of the Epidermal Growth Factor Receptor confer-
ring cetuximab resistance in colorectal cancer. Nat Med 2012; 18: 221–223

45. Saif MW, Kaley K, Chu E et al. Safety and efficacy of panitumumab therapy
after progression with cetuximab: experience at two institutions. Clin
Colorectal Cancer 2010; 9: 315–318

46. Power DG, Shah MA, Asmis TR et al. Safety and efficacy of panitumumab
following cetuximab: retrospective review of the Memorial Sloan-Kettering
experience. Invest New Drugs 2010; 28: 353–360

47. Wadlow RC, Hezel AF, Abrams TA et al. Panitumumab in patients with
KRAS wild-type colorectal cancer after progression on cetuximab.
Oncologist 2012; 17: 14

48. Lau SC, Chung V, Lim D et al. Panitumumab following disease progression
on cetuximab in patients with metastatic colorectal cancer: a retrospective
review. J Oncol Pharm Pract 2014; 20: 83–87

49. Wadlow RC, Hezel AF, Abrams TA et al. Panitumumab in patients with
KRAS wild-type colorectal cancer after progression on cetuximab.
Oncologist 2012; 17: 14; doi: 10.1634/theoncologist.2011-0452

50. Schneider-Merck T, Lammerts van Bueren JJ, Berger S et al. Human IgG2
antibodies against epidermal growth factor receptor effectively trigger
antibody-dependent cellular cytotoxicity but, in contrast to IgG1, only by
cells of myeloid lineage. J Immunol 2010; 184: 512–520

51. Cosmai L, Gallieni M, Porta C. Renal toxicity of anticancer agents targeting
HER2 and EGFR. J Nephrol 2015; 28: 647–657

52. Wang Q, Qi Y, Zhang D et al. Electrolyte disorders assessment in solid
tumor patients treated with anti-EGFR monoclonal antibodies: a pooled
analysis of 25 randomized clinical trials. Tumour Biol 2015; 36: 3471–3482

53. Petrelli F, Borgonovo K, Cabiddu M et al. Risk of anti-EGFR
monoclonal antibody-related hypomagnesemia: systematic review and
pooled analysis of randomized studies. Expert Opin Drug Saf 2012; 11
(Suppl 1): S9–S19

54. Fakih MG, Wilding G, Lombardo J. Cetuximab-induced hypomagnesemia
in patients with colorectal cancer. Clin Colorectal Cancer 2006; 6: 152–156

55. Tejpar S, Piessevaux H, Claes K et al. Magnesium wasting associated with
epidermal-growth-factor receptor-targeting antibodies in colorectal cancer:
a prospective study. Lancet Oncol 2007; 8: 387–394

56. Vincenzi B, Galluzzo S, Santini D et al. Early magnesium modifications as a
surrogate marker of efficacy of cetuximab-based anticancer treatment in
KRAS wild-type advanced colorectal cancer patients. Ann Oncol 2011; 22:
1141–1146

57. Vickers MM, Karapetis CS, Tu D et al. Association of hypomagnesemia
with inferior survival in a phase III, randomized study of cetuximab plus
best supportive care versus best supportive care alone: NCIC CTG/AGITG
CO.17. Ann Oncol 2013; 24: 953–960

58. Schlingmann KP, Weber S, Peters M et al. Hypomagnesemia with secondary
hypocalcemia is caused by mutations in TRPM6, a new member of the
TRPM gene family. Nat Genet 2002; 31: 166–170

59. Groenestege WM, Thebault S, van der Wijst J et al. Impaired basolateral
sorting of pro-EGF causes isolated recessive renal hypomagnesemia. J Clin
Invest 2007; 117: 2260–2267

60. Schrag D, Chung KY, Flombaum C et al. Cetuximab therapy and sympto-
matic hypomagnesemia. J Natl Cancer Inst 2005; 97: 1221–1224

61. Chubanov V, Gudermann T, Schlingmann KP. Essential role for TRPM6 in
epithelial magnesium transport and body magnesium homeostasis. Pflugers
Arch 2005; 451: 228–234

62. Ikari A, Okude C, Sawada H et al. TRPM6 expression and cell proliferation
are up-regulated by phosphorylation of ERK1/2 in renal epithelial cells.
Biochem Biophys Res Commun 2008; 369: 1129–1133

63. Fakih M. Anti-EGFR monoclonal antibody-induced hypomagnesaemia.
Lancet Oncol 2007; 8: 366–367

64. Whang R, Hampton EM, Whang DD. Magnesium homeostasis and clinical
disorders of magnesium deficiency. Ann Pharmacother 1994; 28: 220–226

65. Carson EJ, Novak AM, Stella PJ. Hypomagnesemia in patients with stage IV
colorectal cancer treated with cetuximab as a single agent. J Clin Oncol 2005;
23 (Suppl 16s): abstract 3655

66. Jean GW, Shah SR. Epidermal growth factor receptor monoclonal antibod-
ies for the treatment of metastatic colorectal cancer. Pharmacotherapy 2008;
28: 742–754

67. Cao Y, Liu L, Liao C et al. Meta-analysis of incidence and risk of hypokale-
mia with cetuximab-based therapy for advanced cancer. Cancer Chemother
Pharmacol 2010; 66: 37–42

68. Giusti RM, Cohen MH, Keegan P et al. FDA review of a panitumumab
(Vectibix) clinical trial for first-line treatment of metastatic colorectal can-
cer. Oncologist 2009; 14: 284–290

69. Dimke H, Monnens L, Hoenderop JG et al. Evaluation of hypomagnesemia:
lessons from disorders of tubular transport. Am J Kidney Dis 2013; 62:
377–383

70. Whang R, Welt LG. Observations in experimental magnesium depletion.
J Clin Invest 1963; 42: 305–313

71. Chubanov V, Gudermann T. Trpm6. Handb Exp Pharmacol 2014; 222:
503–520

72. Dimke H, van der Wijst J, Alexander TR et al. Effects of the EGFR inhibitor
erlotinib on magnesium handling. J Am Soc Nephrol 2010; 21: 1309–1316

73. Costa A, Tejpar S, Prenen H et al. Hypomagnesaemia and targeted anti-
epidermal growth factor receptor (EGFR) agents. Target Oncol 2011; 6:
227–233

74. Kim ES, Hirsh V, Mok T et al. Gefitinib versus docetaxel in previously
treated non-small-cell lung cancer (INTEREST): a randomized phase III
trial. Lancet 2008; 372: 1809–1818

75. Sequist LV, Yang JC, Yamamoto N. Phase III study of afatinib or cisplatin
plus pemetrexed in patients with metastatic lung adenocarcinoma with
EGFR mutations. J Clin Oncol 2013; 31: 3327–3334

76. Wan HL, Yao NS. Acute renal failure associated with gefitinib therapy. Lung
2006; 184: 249–250

77. Sasaki K, Anderson E, Shankland SJ et al. Diffuse proliferative glomerulo-
nephritis associated with cetuximab, an epidermal growth factor receptor
inhibitor. Am J Kidney Dis 2013; 61: 988–991

78. Ito C, Fujii H, Ogura M et al. Cetuximab-induced nephrotic syndrome in a
case of metastatic rectal cancer. J Oncol Pharm Pract 2013; 19: 265–268

79. Izzedine H, Boostandoost H, Mathian A. Panitumumab-induced
immune complex glomerulonephritis. Am J Kidney Dis [17 October
2016, Epub ahead of print] pii: S0272-6386(16)30485-1. doi: 10.1053/
j.ajkd.2016.09.011

80. Masutani K, Fujisaki K, Maeda H et al. Tubulointerstitial nephritis and IgA
nephropathy in a patient with advanced lung cancer treated with long-term
gefitinib. Clin Exp Nephrol 2008; 12: 398–402

81. Kumasaka R, Nakamura N, Shirato K et al. Side effects of therapy: case 1.
Nephrotic syndrome associated with gefitinib therapy. J Clin Oncol 2004; 22:
2504–2505

1096 H. Izzedine and M.A. Perazella

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/32/7/1089/3052309 by guest on 21 August 2022



||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
||
|82. Maruyama K, Chinda J, Kuroshima T et al. Minimal change nephrotic syn-

drome associated with gefitinib and a successful switch to erlotinib. Intern
Med 2015; 54: 823–826

83. Kurita N, Mise N, Fujii A et al. Crescentic glomerulonephritis in a patient with
advanced lung cancer during erlotinib therapy. NDT PLUS 2009; 2: 513–514

84. Harris DC, Chan L, Schrier RW. Remnant kidney hypermetabolism and
progression of chronic renal failure. Am J Physiol 1988; 254: F267–F276

85. Harris RC. Response of rat inner medullary collecting duct to epidermal
growth factor. Am J Physiol 1989; 256: F1117–F1124

86. Breyer MD, Redha R, Breyer JA. Segmental distribution of epidermal
growth factor binding sites in rabbit nephron. Am J Physiol 1990; 259:
F553–F558

87. Nakopoulou L, Stefanaki K, Boletis J et al. Immunohistochemical study of
epidermal growth factor receptor (EGFR) in various types of renal injury.
Nephrol Dial Transplant 1994; 9: 764–769

88. Boeck S, Wollenberg A, Heinemann V. Leukocytoclastic vasculitis during
treatment with the oral EGFR tyrosine kinase inhibitor erlotinib. Ann Oncol
2007; 18: 1582–1583

89. Fernandez-Guarino M, Ryan AM, Perez-Garcia B et al. Necrotizing vasculi-
tis due to gefitinib (Iressa). Int J Dermatol 2007; 46: 890–891

90. Avraham R, Yarden Y. Feedback regulation of EGFR signalling:
decision making by early and delayed loops. Nat Rev Mol Cell Biol 2011; 12:
104–117

91. Zeng F, Singh AB, Harris RC. The role of the EGF family of ligands and
receptors in renal development, physiology and pathophysiology. Exp Cell
Res 2009; 315: 602–610

92. Dharnidharka V, Rosen S, Somers M. Acute interstitial nephritis presenting
as presumed minimal change nephrotic syndrome. Pediatr Nephrol 1998;
12: 576–578

93. Ravnskov U. Glomerular, tubular and interstitial nephritis associated with
non-steroidal antiinflammatory drugs. Evidence of a common mechanism.
Br J Clin Pharmacol 1999; 47: 203–210

Received: 26.11.2016; Editorial decision: 15.12.2016

E G F R i n h i b i t o r s i n N e p h r o l o g y 1097

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/32/7/1089/3052309 by guest on 21 August 2022


	gfw467-TF1
	gfw467-TF2
	gfw467-TF3

