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Abstract

Background—Chronic use of tyrosine kinase inhibitor (TKI) may lead to previously
unrecognized adverse events. We evaluated the incidence of acute kidney injury (AKI) and
chronic kidney disease (CKD) in chronic phase (CP) chronic myeloid leukemia (CML) patients
treated with imatinib, dasatinib and nilotinib.

Methods—Four hundred and sixty-eight newly diagnosed CP CML patients treated with TKIs
were analyzed. Molecular and cytogenetic response data, creatinine, glomerular filtration rate
(GFR) were followed from start of therapy to last follow-up (median 52 months). GFR was
estimated using the Modification of Diet in Renal Disease (MDRD) equation.

Results—Nineteen patients (4%) had TKI-associated AKI. Imatinib was associated with higher
incidence of AKI compared to dasatinib and nilotinib (p=0.014). 58 patients (14%) developed
CKD while receiving TKI, 49 of them (84%) while treated with imatinib (p<0.001). Besides
imatinib, age, history of hypertension and diabetes mellitus were also associated with development
of CKD. In patients with no CKD at baseline, imatinib was shown to decrease GFR overtime.
Interestingly, imatinib did not cause significant decline in GFR of patients with history of CKD.
Imatinib, dasatinib and nilotinib increased mean GFR after three months of treatment, and
nilotinib led with the most significant increase (p<0.001). Acute or chronic kidney disease had no
significant impact on overall cytogenetic and molecular response rates or survival.
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Conclusion—Administration of TKI may be safe in the setting of CKD in CP CML patients, but
close monitoring is still warranted.

Introduction

Tyrosine kinase inhibitors (TKI) have revolutionized the treatment of chronic myeloid
leukemia (CML). Imatinib was the first TKI to be successfully used in clinical medicine
providing not only progression-free and overall survival advantage but also fewer adverse
effects compared with previous standard therapy with cytarabine and interferon (IFN)Z.
Second generation TKIs such as nilotinib, dasatinib and bosutinib, were later introduced
demonstrating efficacy and safety for patients resistant to or intolerant of imatinibZ3, and
more recently as initial therapy*->.

Although TKIs are generally well tolerated and have fewer adverse events compared to IFN-
based therapy, these drugs demonstrate off-target effects. TKIs were designed to target
BCR-ABL, a chimeric protein, produced from the BCR-ABL fusion gene, originated from
balanced translocation involving the chromosome 9 and 22, t(9;22)(q34;011)6. However,
off-target kinases (e.g., PDGFR-a, PDGFR-B, KIT, DDR-1, DDR-2, and CSF1) are also
affected’-8.

Overall, imatinib has been well tolerated in clinical trials, and the side effect profile has
usually been mild to moderate. Gastrointestinal symptoms (nausea, vomiting and diarrhea),
rash, muscle cramps and edema have been commonly occurring adverse effects®. A series of
case reports propose that imatinib may be leading to acute kidney injury (AK1)19-15_ Authors
suggested that this side effect may be due to two mechanisms: toxic tubular damage and
tumor lysis syndrome (TLS). Renal tubular cells are susceptible to the toxic effects of
medications as tubular cells are exposed to high levels of toxins by concentrating and
absorbing glomerular filtratel8. It has been shown that PDGF receptors are important in
renal tubular cell regeneration after acute tubular necrosis (ATN)7. Thus, imatinib may
interfere with PDGFR-mediated repair mechanisms.

There is lack of data regarding the effect of long term TKI treatment on kidney function and
the incidence and prognosis of chronic kidney disease (CKD) in CML patients. One study
has suggested decreased estimated glomerular filtration rate (GFR) in patients treated with
imatinib8, and there are no similar analysis for second generation TKIs. In our study, we
aimed to evaluate the incidence of AKI and CKD in chronic phase (CP) CML patients being
treated with imatinib (standard and high-dose), dasatinib and nilotinib as initial therapy. We
also evaluated the GFR changes over time and its impact on outcome in these patients.

Patients and Methods

Study Group

We reviewed medical records of 475 consecutive patients with early CP CML treated with
frontline TKI in consecutive prospective clinical trials at MD Anderson Cancer Center
(MDACC) between 2001 and 2011. Seven patients were excluded from analysis as they
received TKI for less than 3 months due to non-kidney related toxicities (n=2) and patient
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preference (n=5). Starting dose of imatinib was 400 mg twice daily in 207 patients and 400
mg once daily in 49 patients. Patients treated with dasatinib received 100 mg (100 mg daily
or 50 mg twice daily) and those treated with nilotinib received 800 mg (400 mg twice daily)
total daily dose. In order to be eligible, patients should have been diagnosed with
Philadelphia Chromosome positive (Ph (+)) or BCR-ABL positive early CP CML (time
from diagnosis <12 months). Patients should have received no or minimal prior therapy
which was defined as <1 month (30 days) of prior interferon alpha (with or without
cytarabine) and or hydroxyurea. Other eligibility criteria included performance status 0-2,
age =15 years, adequate end organ function (creatinine <1.5 x upper limit of normal (ULN),
total bilirubin <1.5 x ULN, SGPT <2.5 x ULN). Patients with New York Heart Association
(NYHA) class 3-4 heart disease, late CP (time from diagnosis >12 months), accelerated
phase (AP) and blast phase (BP) were excluded. All treatment studies and this chart-review
study were approved by Institutional Review Board of the MDACC. All patients signed an
informed consent for the interventional studies; a waiver of informed consent was granted
for the retrospective chart review.

Patients had a complete blood count and complete metabolic profile every 1-2 weeks for the
first three months and then every 6-12 weeks. Laboratory data from start of TKI were
recorded and included in the analysis for all patients as long as they stayed on clinical trial.
Information about other medications and clinical events that may be responsible for kidney
function changes was also collected. Bone marrow aspiration with karyotype and reverse
transcription polymerase chain reaction (RT-PCR) for BCR-ABL fusion transcripts from
peripheral blood were performed at diagnosis, every 3 months for the first year, and every 6
months thereafter.

Primary laboratory outcomes were creatinine and GFR changes. Creatinine is not a sensitive
test to determine kidney function as a significant portion of kidney function needs to be
affected before it detects any decline in GFR18. In this study, GFR was estimated using the
Modification of Diet in Renal Disease (MDRD) equation, which was shown to be a more
accurate estimate compared to the Cockcroft-Gault method and other commonly used
equations®. Primary clinical end points were AKI and CKD. AKI20 was defined as an
increase in serum creatinine of =0.3 mg/dl, and CKD?! defined as an estimated GFR <60
ml/min/1.73 m?2 persisting for at least 90 days.

Molecular responses were defined as follows: Deep molecular response (MR*®) BCR-
ABL1 transcript level <0.0032% international scale (IS), major molecular response (MMR)
BCR-AB1'S transcript level <0.1%. BCR-ABLL1 transcript levels were calculated by IS since
2005 when this standardization became available. Karyotype analysis was performed by G-
banding in bone marrow cells with 20 metaphases analyzed. Cytogenetic response was
defined as follows: minor cytogenetic response Ph-positive metaphases >35%, major
cytogenetic response (MCyR) Ph-positive metaphases between 0-35%, and complete
cytogenetic response (CCyR) 0% Ph-positive metaphases?2.
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Statistical Analysis

Results

The statistical analysis was performed by using SPSS software (Version 21.0. Armonk, NY:
IBM Corp) and Statistical analysis was performed using STATA/SE version 13.1 statistical
software (Stata Corp. LP, College Station, TX). Categorical variables were reported as
percentages and counts. Continuous variables reported as median (minimum-maximum) or
mean. Kruskal-Wallis test and Chi-square tests were used to evaluate associations between
TKI types. Univariate and multivariate logistic regression analysis was used to determine the
relationship between clinical features (diabetes mellitus (DM), coronary artery disease
(CAD), hypertension (HTN), age and type of TKI) and the development of AKI or CKD.
Repeated-measures ANOVA was used to evaluate the effects of TKI type over time on GFR
changes. Survival probabilities and medians were estimated by the Kaplan-Meier limit
product method. Event-free survival (EFS) was calculated from beginning of treatment to
the date of any of the following events: transformation to AP or BP, loss of MCyR or death
while on TKI. Transformation-free survival (TFS) was calculated from the start of treatment
to the date of progression to AP/BP during therapy, last follow-up, or death from any cause.
Overall survival (OS) was calculated until death from any cause at any time. Univariate and
multivariate Cox proportional hazard models were used to identify any association with each
potential clinical features and survival (EFS, TFS and OS). All tests are 2 sided and a p-
value < 0.05 was considered as statistically significant.

A total of 468 early CP CML patients consecutively enrolled in trials with imatinib (n=253),
dasatinib (n=99) and nilotinib (n=116) were included in this analysis. Clinical characteristics
of patients treated with the different modalities were similar as eligibility criteria were
nearly identical for all clinical trials (Table 1). Sokal?3 risk score was calculated for all
patients, and no significant difference was noted among the three groups (p=0.493). Median
duration on TKI treatment was 52 months and it was longest in the imatinib group (87
months) as clinical trials testing imatinib started earlier than the ones testing other TKIs.

Medical co-morbidities, such as HTN, DM and CAD, were found at similar rates among
patients in each of the three cohorts. Median baseline creatinine levels were the same (0.9
mg/dL) for patients treated with imatinib, dasatinib, or nilotinib. No difference in baseline
GFR was observed among all three cohorts (p=0.106).

Nineteen patients (4%) had TKI-associated AKI during follow up (Table 2). Baseline
creatinine increased at least 1.5 fold in 79% of these patients. Median time interval from
start of TKI to first occurrence of AKI was 9 days (range 4-84 days). TKI was held in 4 of
19 patients (21%) for a median of 10 days. No patient had to discontinue or switch TKI due
to AKI. Factors possibly contributing to the development of AKI were identified in 8
patients: 4 patients were documented to have dehydration due to poor oral intake (n=2) or
diarrhea (n=2), two patients were on furosemide for fluid retention, and two other patients
were on prophylactic allopurinol at the time of AKI. No possible contributing factors were
identified for the remaining 11 patients. Among 19 patients who developed AKI, 16 (84%)
were treated with imatinib and three (16%) with other TKIs (1 with dasatinib and 2 with
nilotinib (p=0.014) (Table 3). Overall, 6%, 1% and 2% of patients treated with imatinib,
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dasatinib, and nilotinib developed AKI, respectively. Among the 16 patients who developed
AKI on imatinib, 15 were on 800 mg and 1 patient was on 400 mg total daily dose. Patients
who had AKI were older (p=0.006) and more likely to carry prior diagnoses of DM, HTN or
CAD (p<0.05). TKI type was the only statistically significant factor (OR: 5.7, p=0.010)
associated with the development of AKI while adjusting for the other clinical factors (Table
3).

Forty-eight patients had a prior diagnosis of CKD at the start of TKI treatment. The
distribution of patients with history of CKD were similar among all three TKI groups
(p=0.241). Although the specific cause of this was not purposely investigated, 60% (29/48)
of them had underlying DM, HTN and/or CAD, and 48% were above the age of 65 years.
Fifty-eight patients (14%) developed new onset CKD over the course of TKI therapy.
Overall, 22% (49/ 226), 5% (5/ 93) and 4% (4/101) of CML patients treated with imatinib,
dasatinib, and nilotinib developed CKD, respectively. Five percent of instances of CKD
were classified as stage IV, and the rest were stage 111 disease per KDOQI criteria?l. Median
time interval from start of TKI to diagnosis of CKD was 12 months (range: 3-108 months).
No TKI dose change was made for patients who developed CKD. Forty-nine of these 58
patients (84%) were on imatinib and nine (16%) were on other TKIs (5 dasatinib, 4
nilotinib) (p<0.001). Incidence of CKD was similar for patients on imatinib 400 mg or 800
mg (p=0.711). Median age was 60 years and 45 years in patients with CKD and without
CKD, respectively (p<0.001) (Table 3). DM, HTN or CAD were also associated with
development of CKD (p<0.010). In multivariate analysis, age, treatment with imatinib, and
coexistence of DM or HTN were found to be associated with development of CKD
(p<0.01). Among them, treatment with imatinib was the most significant factor associated
with the development of CKD with an odds ratio of 8.3 (95%CI 3.5-19.4; p<0.001).

We then calculated the mean GFR for all patients at baseline, 3, 6, 12 months and annually
for as long as they remained on study. Patients with normal renal function (Figure 1A) and
with history of CKD (Figure 2A) were evaluated separately to understand the effect of TKIs
in these two cohorts. Among patients with no CKD at baseline, the GFR changes were
significantly associated with the TKI used over time (p<0.001). The mean GFR declined
significantly in patients treated with imatinib or dasatinib, and this decline was more
prominent in patients treated with imatinib (Figure 1B). In imatinib group, at 3 and 6
months, mean GFR declined from baseline by 8 and 10 ml/min/1.73 m?2, respectively. This
downward trend continued for 4 years then stabilized. We also analyzed whether the GFR
change was affected by the starting dose of imatinib. The changes were similar in both
groups suggesting there was no dose effect within the tested doses (p=0.319) (Figure 3). In
the dasatinib group, mean GFR decline was modest (3 and 4 ml/min/1.73 m2) at 3 and 6
months, respectively, and it stabilized after 1 year. Interestingly, mean GFR increased
slightly in patients treated with nilotinib. Mean increase from baseline was 4 ml/min/1.73m2
after 3 months of therapy with nilotinib (p<0.001), and GFR remained above the baseline
throughout treatment.

Among patients with CKD at baseline, the mean GFR changes were significantly associated
with the TKI type over time (p<0.001). The mean GFR increased after 3 months of
treatment in all TKI groups (Figure 2A). It increased by 14 ml/min/1.73m? among patients
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treated with nilotinib, and by 3 and 6 ml/min/1.73m? in patients treated with imatinib and
dasatinib, respectively (Figure 2B). At 6 month follow-up, mean GFR trended down in all
groups, but it was still above the baseline. By the end of the 24 months, mean GFR
difference from baseline was slightly lower (1 ml/min/1.73m2) for imatinib and higher (4
ml/min/1.73m?) for the dasatinib cohort. In contrast, among nilotinib-treated patients, the
mean GFR increased from baseline by 8 and 10 ml/min/1.73m2, at 12 and 24 month follow-
up, respectively.

CCyR, MMR and MR** rates were not significantly different among patients who
developed AKI or who did not.(Table 3). In contrast, patients who developed CKD while on
TKI were found to have higher rates of CCyR (98% and 89%, p=0.063) and MMR (97%
and 84%, p=0.021) compared to the patients who did not have CKD, respectively. Similarly,
deep molecular response rates (MR*°) were 86% and 63% in patients who developed CKD
and no CKD, respectively (p=0.001). However, in multivariate analysis, no association was
found between cytogenetic or molecular responses and CKD.

EFS proportion rates were found to be lower in AKI patients compared to the patients
without AKI (p=0.030). TFS and OS proportion rates were similar (Figures 4a-4c). Five of
19 patients (26%) with AKI had an event (3 loss of MCyR, 1 BP, 1 death) at some point
during their follow-up. Among five patients, only one required TKI interruption due to AKI
(held for 5 days). There were no association between development of CKD and EFS, TFS,
and OS (Figures 5a-5¢). AKI, age, and CAD are significantly associated with the risk of
dying (Table 4). Patients who developed CKD appeared to have better OS (HR: 0.32,
95%CI: 0.10-0.97; p=0.044), but CKD had no association with EFS or TFS.

Discussion

This analysis suggests that treatment with imatinib and to a lesser degree with dasatinib, in
CML patients with relatively normal kidney function is associated with decline in GFR over
time. In contrast, CML patients with CKD at baseline did not experience any further decline
in GFR, regardless of the TKI used. Nilotinib was the only TKI associated with modest but
significant increase of GFR from baseline. Interestingly, this increment was more obvious in
CML patients with CKD. Among these TKIs, only imatinib was found to be associated with
development of AKI. It should be acknowledged that the larger proportion of patients
treated with imatinib in our imatinib cohort received a higher starting dose (i.e., 800 mg
daily). When comparing the changes in GFR between patients treated at the standard and the
higher dose of imatinib, we did not identify any difference in the changes of GFR suggesting
there might not be a dose effect. However, this would have to be confirmed in patients more
uniformly treated at the standard dose.

As most patients with CML are likely to receive TKI for prolonged periods of time and
possibly indefinitely, it has become important to understand the long term consequences of
exposure to these drugs24. This is the first study evaluating and comparing the renal function
in CML patients receiving imatinib, dasatinib or nilotinib. In this analysis, patients who
developed AKI were older and more likely to have DM, HTN or CAD. Age and these
medical co-morbidities are known risk factors for renal disease. However, in our study,
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multivariate analyses showed that imatinib was an independent factor for the development
of AKI. In some reports, TLS has been suggested as a risk factor for development of AKI in
patients treated with imatinib2-26, This could be an important consideration especially in
CML with AP or BP. However, in our study population, none of the patients that developed
AKI had changes in uric acid or potassium levels or any other clinical features that may be
considered diagnostic or suggestive of TLS. TKIs are also inhibitors of PDGFR-a, PDGFR-
{3 receptors. It has been shown that PDGFRs are involved in tubulogenesis and are
distributed mainly in renal tubules and to a lesser extent in the glomerulus of a normal rat
kidney. mRNA expression of PDGFRs is enhanced after ischemic injuryl’. Although, the
molecular mechanisms of TKI renal toxicity have not been thoroughly recognized or
investigated, it has been suggested that inhibition of the PDGF B-Chain/PDGRF axis by
PDGFR- selective agents like trapidil may worsen renal ischemia-perfusion injury in rats?’.
Based on these observations it has been proposed that PDGF blockage should be avoided
during ischemia-reperfusion injury of the renal tubules”: 27, In a handful of the patients
reported here there was some suggestion of concomitant dehydration that may have caused
poor renal perfusion. However, most patients did not have such identifiable factors that
could have triggered poor perfusion.

The inhibitory effect of PDGF B-Chain/PDGRF axis blockage on tubular regeneration has
been mainly shown in ischemia-reperfusion animal models28. In contrast, in all other animal
injury models the blockage of PDGF appeared to have the opposite effect, with an
improvement of renal function?%-38, For instance, several studies have shown there is an
improvement in renal function with TKI therapy in animal models of nephropathies such as
diabetic nephropathy3, nephroangiosclerosis3?, lupus nephritis®8 and chronic allograft
nephropathy“?. Inhibition of PDGFR in some of these models was associated with decreased
mesenchymal proliferation and matrix accumulation. PDGF has been commonly implicated
in the pathogenesis of progressive kidney injury in human disease and experimental
models®!. PDGF is synthesized by renal cells and infiltrating macrophages that are
frequently associated with progressive renal injury36: 42-43, PDGF plays a role in
nephropathy by stimulating mesengial cell proliferation and increasing extracellular matrix
synthesis,** and PDGF blockage has been suggested as a possible mechanism to attenuate
progression of CKD?28, lyoda et. al. reported that nilotinib treated rats have less proteinuria
and attenuated glomerulosclerosis in experimental renal disease*®. This observation is
concordant with our observation that patients treated with nilotinib had stable or improved
GFR in patients with normal kidney function or CKD. It does not however explain the
differences observed between the three inhibitors considering all three are PDGFR inhibitors
(Figure 1). It is likely that the renal dysfunction associated with TKI therapy is
multifactorial. Further studies are required to understand the mechanism by which TKI may
adversely affect renal function.

Interestingly, patients with a history of CKD had no significant decline in GFR after being
treated with imatinib or dasatinib, and a modest increase in GFR in patients treated with
nilotinib (Figure 2B). This observation should be considered with caution since patients with
higher levels of creatinine were excluded from the trials. Still, some patients had modest
renal dysfunction as assessed by GFR but this should not be considered as proof of the
safety of these agents in patients with more significant renal dysfunction. Studies
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specifically directed at such patients are required to better define the safety of different TKls
in that patient population.

Age is an important factor in renal function as average GFR declines over time6. Wetzels
et. al reports 0.4 ml/min/year decline in estimated GFR in 869 healthy individuals*’. In our
analysis, we do not have a control group. However, the mean decline in GFR observed in
our study population was remarkably greater than that proposed in the aforementioned
study, making it less likely that the observed decline in GFR was entirely due to aging. In
the first 5 years, the mean decline in GFR was approximately 3 and 1 ml/min/year for
imatinib and dasatinib, respectively. GFR then remained relatively stable after the 5! year in
the imatinib group (Figure 1A). This may suggest that imatinib use beyond 5 years may not
be a risk factor for further GFR decline.

In conclusion, AKI occurs in a small percentage of patients treated with TKI, particularly
those treated with imatinib. The effect tends to be mild and usually requires no treatment
interruptions or changes in TKI. Still, it is important to monitor renal function particularly
early during the course of therapy as most AKI cases occur during the first 3 months of
therapy. Imatinib and to a lesser extent dasatinib may decrease GFR levels early during the
course of treatment, but this GFR change was not clinically significant and was not
associated with any significant impact on response rates or survival. Thus, administration of
these drugs may be safe in the setting of CKD in CP CML patients but further studies are
needed in this patient population to confirm this observation.

Acknowledgments

Funding

This study was supported in part by the MD Anderson Cancer Center Support Grant CA016672 and Award
Number P01 CA049639 from the National Cancer Institute.

References

1. O'Brien SG, Guilhot F, Larson RA, et al. Imatinib compared with interferon and low-dose
cytarabine for newly diagnosed chronic-phase chronic myeloid leukemia. N Engl J Med. 2003;
348:994-1004. [PubMed: 12637609]

2. Kantarjian H, Giles F, Wunderle L, et al. Nilotinib in imatinib-resistant CML and Philadelphia
chromosome-positive ALL. N Engl J Med. 2006; 354:2542-2551. [PubMed: 16775235]

3. Talpaz M, Shah NP, Kantarjian H, et al. Dasatinib in imatinib-resistant Philadelphia chromosome-
positive leukemias. N Engl J Med. 2006; 354:2531-2541. [PubMed: 16775234]

4. Cortes JE, Jones D, O'Brien S, et al. Nilotinib as front-line treatment for patients with chronic
myeloid leukemia in early chronic phase. J Clin Oncol. 2010; 28:392-397. [PubMed: 20008621]

5. Kantarjian HM, Shah NP, Cortes JE, et al. Dasatinib or imatinib in newly diagnosed chronic-phase
chronic myeloid leukemia: 2-year follow-up from a randomized phase 3 trial (DASISION). Blood.
2012; 119:1123-1129. [PubMed: 22160483]

6. Garcia-Manero G, Faderl S, O'Brien S, Cortes J, Talpaz M, Kantarjian HM. Chronic myelogenous
leukemia: a review and update of therapeutic strategies. Cancer. 2003; 98:437-457. [PubMed:
12879460]

7. Manley PW, Stiefl N, Cowan-Jacob SW, et al. Structural resemblances and comparisons of the
relative pharmacological properties of imatinib and nilotinib. Bioorg Med Chem. 2010; 18:6977—
6986. [PubMed: 20817538]

Cancer. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yilmaz et al.

Page 9

8. Vandyke K, Fitter S, Dewar AL, Hughes TP, Zannettino AC. Dysregulation of bone remodeling by
imatinib mesylate. Blood. 2010; 115:766—774. [PubMed: 19890095]

9. Deininger MW, O'Brien SG, Ford JM, Druker BJ. Practical management of patients with chronic
myeloid leukemia receiving imatinib. J Clin Oncol. 2003; 21:1637-1647. [PubMed: 12668652]

10. Al-Kali A, Faroog S, Tfayli A. Tumor lysis syndrome after starting treatment with Gleevec in a
patient with chronic myelogenous leukemia. J Clin Pharm Ther. 2009; 34:607-610. [PubMed:
19744017]

11. Foringer JR, Verani RR, Tjia VM, Finkel KW, Samuels JA, Guntupalli JS. Acute renal failure
secondary to imatinib mesylate treatment in prostate cancer. Ann Pharmacother. 2005; 39:2136—
2138. [PubMed: 16288076]

12. Kitiyakara C, Atichartakarn V. Renal failure associated with a specific inhibitor of BCR-ABL
tyrosine kinase, STI 571. Nephrol Dial Transplant. 2002; 17:685-687. [PubMed: 11917072]

13. Pinder EM, Atwal GS, Ayantunde AA, et al. Tumour Lysis Syndrome Occurring in a Patient with
Metastatic Gastrointestinal Stromal Tumour Treated with Glivec (Imatinib Mesylate, Gleevec,
STI571). Sarcoma. 2007; 2007:82012. [PubMed: 18274611]

14. Pou M, Saval N, Vera M, et al. Acute renal failure secondary to imatinib mesylate treatment in
chronic myeloid leukemia. Leuk Lymphoma. 2003; 44:1239-1241. [PubMed: 12916879]

15. Vora A, Bhutani M, Sharma A, Raina V. Severe tumor lysis syndrome during treatment with STI
571 in a patient with chronic myelogenous leukemia accelerated phase. Ann Oncol. 2002;
13:1833-1834. [PubMed: 12419759]

16. Perazella MA. Drug-induced nephropathy: an update. Expert Opin Drug Saf. 2005; 4:689-706.
[PubMed: 16011448]

17. Nakagawa T, Sasahara M, Haneda M, et al. Role of PDGF B-chain and PDGF receptors in rat
tubular regeneration after acute injury. Am J Pathol. 1999; 155:1689-1699. [PubMed: 10550325]

18. Marcolino MS, Boersma E, Clementino NC, et al. Imatinib treatment duration is related to
decreased estimated glomerular filtration rate in chronic myeloid leukemia patients. Ann Oncol.
2011; 22:2073-2079. [PubMed: 21310760]

19. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to estimate
glomerular filtration rate from serum creatinine: a new prediction equation. Modification of Diet in
Renal Disease Study Group. Ann Intern Med. 1999; 130:461-470. [PubMed: 10075613]

20. Mehta RL, Kellum JA, Shah SV, et al. Acute Kidney Injury Network: report of an initiative to
improve outcomes in acute kidney injury. Crit Care. 2007; 11:R31. [PubMed: 17331245]

21. K/DOQI clinical practice guidelines for chronic kidney disease: evaluation, classification, and
stratification. Am J Kidney Dis. 2002; 39:S1-266. [PubMed: 11904577]

22. Kantarjian H, Sawyers C, Hochhaus A, et al. Hematologic and cytogenetic responses to imatinib
mesylate in chronic myelogenous leukemia. N Engl J Med. 2002; 346:645-652. [PubMed:
11870241]

23. Sokal JE, Cox EB, Baccarani M, et al. Prognostic discrimination in “good-risk” chronic
granulocytic leukemia. Blood. 1984; 63:789-799. [PubMed: 6584184]

24. NCCN Chronic Myelogenous Leukemia. National Comprehensive Cancer Network. 2014 Version
1.2014.

25. Ali R, Ozkalemkas F, Ozkan A, et al. Tumour lysis syndrome with acute renal failure during
imatinib therapy. Leuk Res. 2007; 31:573-574. [PubMed: 16782190]

26. Gafter-Gvili A, Ram R, Gafter U, Shpilberg O, Raanani P. Renal failure associated with tyrosine
kinase inhibitors--case report and review of the literature. Leuk Res. 2010; 34:123-127. [PubMed:
19640584]

27. Takikita-Suzuki M, Haneda M, Sasahara M, et al. Activation of Src kinase in platelet-derived
growth factor-B-dependent tubular regeneration after acute ischemic renal injury. Am J Pathol.
2003; 163:277-286. [PubMed: 12819032]

28. Floege J, Eitner F, Alpers CE. A new look at platelet-derived growth factor in renal disease. J Am
Soc Nephrol. 2008; 19:12-23. [PubMed: 18077793]

29. Kishioka H, Fukuda N, Wen-Yang H, Nakayama M, Watanabe Y, Kanmatsuse K. Effects of
PDGF A-chain antisense oligodeoxynucleotides on growth of cardiovascular organs in stroke-
prone spontaneously hypertensive rats. Am J Hypertens. 2001; 14:439-445. [PubMed: 11368465]

Cancer. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yilmaz et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 10

Johnson RJ, Raines EW, Floege J, et al. Inhibition of mesangial cell proliferation and matrix
expansion in glomerulonephritis in the rat by antibody to platelet-derived growth factor. J Exp
Med. 1992; 175:1413-1416. [PubMed: 1569407]

Nakamura H, Isaka Y, Tsujie M, et al. Electroporation-mediated PDGF receptor-1gG chimera gene
transfer ameliorates experimental glomerulonephritis. Kidney Int. 2001; 59:2134-2145. [PubMed:
11380815]

Takahashi T, Abe H, Arai H, et al. Activation of STAT3/Smadl is a key signaling pathway for
progression to glomerulosclerosis in experimental glomerulonephritis. J Biol Chem. 2005;
280:7100-7106. [PubMed: 15591053]

Floege J, Ostendorf T, Janssen U, et al. Novel approach to specific growth factor inhibition in vivo:
antagonism of platelet-derived growth factor in glomerulonephritis by aptamers. Am J Pathol.
1999; 154:169-179. [PubMed: 9916931]

Ostendorf T, Kunter U, Grone HJ, et al. Specific antagonism of PDGF prevents renal scarring in
experimental glomerulonephritis. J Am Soc Nephrol. 2001; 12:909-918. [PubMed: 11316849]
Boor P, Konieczny A, Villa L, et al. PDGF-D inhibition by CR002 ameliorates tubulointerstitial
fibrosis following experimental glomerulonephritis. Nephrol Dial Transplant. 2007; 22:1323—
1331. [PubMed: 17308324]

Gilbert RE, Kelly DJ, McKay T, et al. PDGF signal transduction inhibition ameliorates
experimental mesangial proliferative glomerulonephritis. Kidney Int. 2001; 59:1324-1332.
[PubMed: 11260393]

Lassila M, Jandeleit-Dahm K, Seah KK, et al. Imatinib attenuates diabetic nephropathy in
apolipoprotein E-knockout mice. J Am Soc Nephrol. 2005; 16:363-373. [PubMed: 15625075]

Zoja C, Corna D, Rottoli D, Zanchi C, Abbate M, Remuzzi G. Imatinib ameliorates renal disease
and survival in murine lupus autoimmune disease. Kidney Int. 2006; 70:97-103. [PubMed:
16688113]

Schellings MW, Baumann M, van Leeuwen RE, et al. Imatinib attenuates end-organ damage in
hypertensive homozygous TGR(mRen2)27 rats. Hypertension. 2006; 47:467-474. [PubMed:
16432052]

Savikko J, Taskinen E, Von Willebrand E. Chronic allograft nephropathy is prevented by
inhibition of platelet-derived growth factor receptor: tyrosine kinase inhibitors as a potential
therapy. Transplantation. 2003; 75:1147-1153. [PubMed: 12717194]

Floege J, Johnson RJ. Multiple roles for platelet-derived growth factor in renal disease. Miner
Electrolyte Metab. 1995; 21:271-282. [PubMed: 7565476]

Shultz PJ, DiCorleto PE, Silver BJ, Abboud HE. Mesangial cells express PDGF mRNAs and
proliferate in response to PDGF. Am J Physiol. 1988; 255:F674-684. [PubMed: 2845810]
Floege J, Johnson RJ, Alpers CE, et al. Visceral glomerular epithelial cells can proliferate in vivo
and synthesize platelet-derived growth factor B-chain. Am J Pathol. 1993; 142:637-650.
[PubMed: 8434653]

Doi T, Vlassara H, Kirstein M, Yamada Y, Striker GE, Striker LJ. Receptor-specific increase in
extracellular matrix production in mouse mesangial cells by advanced glycosylation end products
is mediated via platelet-derived growth factor. Proc Natl Acad Sci U S A. 1992; 89:2873-2877.
[PubMed: 1313571]

lyoda M, Shibata T, Hirai Y, Kuno Y, Akizawa T. Nilotinib attenuates renal injury and prolongs
survival in chronic kidney disease. J Am Soc Nephrol. 2011; 22:1486-1496. [PubMed: 21617123]
Bolignano D, Mattace-Raso F, Sijbrands EJ, Zoccali C. The aging kidney revisited: A systematic
review. Ageing Res Rev. 2014

Wetzels JF, Kiemeney LA, Swinkels DW, Willems HL, den Heijer M. Age- and gender-specific
reference values of estimated GFR in Caucasians: the Nijmegen Biomedical Study. Kidney Int.
2007; 72:632-637. [PubMed: 17568781]

Cancer. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yilmaz et al.

Page 11

90 =
85
E il
» -=|matinib
N 80
< (n=226)
- -+Dasatinib
o ><~Nilotinib
) o5 (n=101)
65 " "
M 112 1 2> & @4 5 & q 8 9 10
Year
15
% 10
]
1y +Imatinib
30 n=226)
s - asatlnlb
£ E
E E f\lllotlmb
w (n=101)
§ 5
s b o T SR Modi
-20

1/4 12 1 2 3 4 5 6 74 8 9 10
Year

Figure 1. GFR Changesin CML Patientswithout CKD at Baseline
(A) Mean GFR Trend Over time

(B) Mean GFR Difference from Baseline

GFR, glomerular filtration fate; CML, chronic myeloid leukemia; CKD, chronic kidney
disease; n, number of patients (at the start of treatment) . Data are mean [95% CI]. * p < 0.05
vs. baseline, * * p <0.01 vs. baseline, * * * p < 0.001 vs. baseline by paired t —test.
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Figure 2. GFR Changesin CML Patientswith CKD at Baseline
(A) Mean GFR Trend Over time

(B) Mean GFR Difference from Baseline

GFR,glomerular filtration rate; CML, chronic myeloid leukemia; CKD, chronic kidney
disease; n, number of patients (at the start of treatment). Data are mean [95% CI]. * p < 0.05
vs. baseline by paired t —test.
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Figure4.
Overall (A), Event Free (B) and Transformation Free (C) Survival of CML patients with or

without AKI determined by Kaplan-Meier survival method.
CML, chronic myeloid leukemia; AKI, acute kidney injury
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Figureb5.
Overall (A), Event Free (B) and Transformation Free (C) Survival of CML patients with or

without CKD determined by Kaplan-Meier survival method
CML, chronic myeloid leukemia; CKD, chronic kidney
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Multivariate Analysis of Survival

Clinical Features HR C..(95%) pvalue
Event-free Survival

AKI 6.14 2.0-18.6 0.001
CKD 0.68 0.3-1.5 0.353
CCyR 0.04 0.02-0.1 <0.001
Transformation-free Survival

AKI 7.2 1.5-35.1 0.015
CKD 0.63 0.17-2.4 0.502
CCyR 0.04 0.01-0.1 <0.001
Overall Survival

AKI 4.02 1.1-15.0 0.041
CKD 0.32 0.1-0.97 0.044
CCyR 0.08 0.04-0.2 <0.001
Age 1.05 1.02-1.1 0.001
HTN 0.5 0.2-1.5 0.220
CAD 4.4 1.4-14.0 0.013

Table 4

Page 21

HR, hazard ratio; C.1., confidence interval; AKI, acute kidney injury; CKD, chronic kidney disease; CCyR, complete cytogenetic response; HTN,
hypertension; CAD, coronary artery disease
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