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Abstract

Purpose—Vandetanib is well-tolerated in patients with advanced medullary thyroid carcinoma
(MTC). Long-term outcomes and mechanisms of MTC progression have not been reported
previously.

Design—We monitored toxicities and disease status in patients taking vandetanib for hereditary,
advanced MTC. Tumor samples were analyzed for molecular mechanisms of disease progression.

Findings—Seventeen patients (8 male, age 13 (9-17)* years) enrolled; 16 had a RET
p.Met918Thr germline mutation. The duration of vandetanib therapy was 6.1 (0.1-9.7+)* years
with treatment ongoing in nine patients. Best response was partial response (PR) in ten, stable
disease (SD) in six, and progressive disease (PD) in one patient. Duration of response was 7.4
(0.6-8.7+)* and 4.9 (0.6—7.8+)* years in patients with PR and SD, respectively. Six patients died
2.0 (0.4-5.7)* years after progression. Median progression free survival (PFS) was 6.7 years (95%
Cl: 2.3 years-undefined) and 5-year overall survival (OS) was 88.2% (95% CI 60.6-96.9%). Of 16
patients with a RE7 p.Met918Thr mutation, progression free survival was 6.7 years (95% CI 3.1-
undefined) and 5-year overall survival was 93.8% (95% CI 63.2-99.1%). No patients terminated
treatment because of toxicity. DNA sequencing of tissue samples (n=11) identified an increase in
copy number alterations across the genome as a potential mechanism of drug resistance.

Conclusion—This study demonstrates that vandetanib is safe and results in sustained responses
in children and adolescents with hereditary MTC. Our preliminary molecular data suggest that an
increase in copy number abnormalities may be associated with tumor progression in hereditary
MTC patients treated with vandetanib.

*median (range)

INTRODUCTION

Multiple Endocrine Neoplasia (MEN) Type Il includes two distinct genetic cancer
predisposition syndromes, type 1A (MEN2A) and type 11B (MEN2B), caused by germline,
activating mutations in the REarranged during 7ransfection (RET) proto-oncogene. MEN2A
is associated with mutations in extracellular cysteine residues, and MENZ2B is associated
with the p.Met918Thr point mutation in the kinase domain of the RET protein(1). Nearly all
patients with MEN2B develop medullary thyroid carcinoma (MTC) within the first few
years of life and most succumb to metastatic disease as adolescents or young adults(2).

Based on an improvement in progression free survival in pivotal phase 111 studies RET-
targeting tyrosine kinase inhibitors (TKIs), vandetanib and cabozantinib, have been
approved for the treatment of patients with advanced MTC(3, 4). Vandetanib is a potent,
orally bioavailable, small-molecule inhibitor of RET, VEGFR and other related receptor
tyrosine kinases with inhibitory concentrations in the low nanomolar range(5).
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Initial studies of vandetanib in adults with metastatic breast cancer(6), relapsed/refractory
solid tumors(7), multiple myeloma(8), non-small cell lung cancer(9) and advanced MTC(10)
provided a robust toxicity profile, maximum tolerated dose (MTD) of 100-300 mg/day, and
pharmacokinetic characterization supportive of once daily dosing. In our phase I/11 trial of
vandetanib for children with hereditary MTC (NCT00514046) we showed that 100
mg/m2/day of vandetanib administered on a continuous dosing schedule induced partial
disease remission(11).

Most patients who respond to treatment with vandetanib eventually develop progressive
disease(12). Several studies have explored RET, RAS, and other genomic alterations in
MTC(13-15), yet few address mechanisms of disease progression. Previously implicated
mechanisms of disease progression in MTC include RET mutations that impair TKI
binding(16, 17), activity of micro RNAs(18), mTOR pathway co-activation(19), and
compound RET mutations(20).

Here, we present an updated analysis of a preliminary phase I/11 trial with MEN2B and
advanced MTC with a data cutoff of July 2017(11). We analyze the long-term outcomes of
pediatric patients and identify clinical and biologic markers of response, progression, and
TKI resistance. We performed genomic and transcriptomic analyses of tumor samples from
patients who experienced progressive disease while on TKI therapy. Additionally, we
performed an in-depth analysis on longitudinal tumor biopsies of a single patient who
experienced progressive disease despite vandetanib and cabozantinib treatment.

METHODS

Patients

Vandetanib was provided by AstraZeneca for the phase I/11 clinical trial. Sanofi/Genzyme
continues to provide vandetanib to the ongoing protocol.

The design, methods, and objectives of this single institution phase 1I/11 single-arm study
(NCT00514046) were previously described(11) and are briefly summarized. The trial
enrolled July 2007 to October 2012. Patients 5 to 18 years of age with measurable, locally
advanced or metastatic, hereditary MTC were eligible for participation in the trial. Other
eligibility criteria included recovery from toxic effects of prior therapy and adequate
performance score and organ function. All patients were enrolled in a National Cancer
Institute, Pediatric Oncology Branch MTC natural history study (NCT01660984) to allow
for longitudinal follow up. The data in the primary report was censored July 2011.

Both the phase 1I/11 and the natural history protocols conformed to the Declaration of
Helsinki, Good Clinical Practice guidelines, and were approved by the NCI Institutional
Review Board. All patients or their legal guardians signed a document of informed consent
indicating their understanding of the investigational nature and risks of this study. Assent
was obtained per institutional guidelines.
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Clinical Trial Procedures

Patients received oral vandetanib at two dose levels within the 100-300 mg/m2/d dose range
once daily, continuously (in 28-day cycles). A standard 3+3 dose escalation design was
followed in age groups 13-18 years and 5-12 years(21). Dose was calculated based on
body-surface area using a dosing nomogram. The recommended phase Il dose in the absence
of dose limiting toxicity was determined as 100 mg/m?/day(11). All patients in a subsequent
expansion cohort were treated at this dose level.

Tumor response was quantified using RECIST v1.0(22) as the primary endpoint. Biomarker
responses measuring serum levels of calcitonin and carcinoembryonic antigen (CEA) were
secondary endpoints. Tumor response was assessed every 2 months (two cycles) until cycle
8 and every 4 months thereafter. In July 2013, after the FDA approval of vandetanib for
adults with advanced MTC and after report of our initial trial results(11), we amended the
protocol to increase interval tumor response measurements to every 6 months and to allow
patients who experienced disease progression by RECIST after achieving a partial response
to continue study treatment if there was ongoing clinical benefit (i.e. decrease in MTC-
related diarrhea, constipation, and/or relief of pain). In some patients, alternative treatments
were discussed by the investigators and offered if available.

The NCI CTEP Common Terminology Criteria for Adverse Events Version 3.0 was used to
quantify severity of adverse events. Toxicity monitoring included physical exams, laboratory
tests, and serial imaging to quantify growth plate volume. Patients were assessed weekly
during cycle 1, biweekly until cycle 4, and then during each tumor response evaluation. The
2013 protocol amendment also included less stringent toxicity reporting criteria (to record
only grade 3 or higher toxicities or those causing a medication hold) and allowed for
flexibility in dosing schedule to accommodate grade 1/2 toxicities. Treatment limiting
toxicity was defined as any adverse event possibly, probably, or definitely attributed to
vandetanib therapy and required the dose be held, decreased, or stopped.

Endpoints included assessment of antitumor activity as measured by tumor response by
RECIST, duration of response, progression-free survival (PFS), overall survival (OS),
biomarker response (percent change in calcitonin and CEA from baseline and doubling
time) and determination of the safety and tolerability of vandetanib. Tumor biopsies were
optional. In addition, analysis of tumor samples from patients enrolled on the NCI Pediatric
Oncology Branch MTC natural history study (NCT01660984) was performed.

DNA and RNA Sequencing

Formalin fixed paraffin embedded (FFPE) blocks or unstained slides were collected at the
time of diagnosis, prior to therapy, and/or at disease progression when available. Coded
samples were compiled and annotated with histological diagnosis and clinical information.
Quality control was performed on all samples to ensure the match of tumor and normal
pairs.

DNA and RNA samples from tumor and adjacent normal tissue (either unaffected thyroid or
lymph node) were extracted from FFPE blocks or unstained slides as previously
described(23). Approximately 200 nanograms of DNA was used for library preparation with

Clin Cancer Res. Author manuscript; available in PMC 2019 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kraft et al.

Page 5

the Kapa Hyper Prep Kit. Custom gene capture and paired end sequencing was performed as
previously described(23). Approximately 500 nanograms of DNA and 500 nanograms of
RNA from selected samples (patient #8) were subject to whole exome sequencing and whole
transcriptome sequencing. FFPE exome libraries were prepared by Genomics Lab using
Agilent SureSelectXT Human All Exon V5 plus UTR target enrichment kit. Exome samples
were pooled and run on a HiSeq3000 with Illumina TruSeq V4 chemistry. RNA-seq libraries
were prepared with the TruSeq Stranded Total RNA Sample Preparation kit and sequenced
on one HiSeq2500 lane using Illumina TruSeq v4 chemistry.

Data analysis was accomplished using the Pipeliner tools package available from The Center
for Cancer Research Collaborative Bioinformatics Resource (https://
bioinformatics.cancer.gov/). After removal of duplicate reads, local realignment was
performed with GATK version 3.5 and somatic point mutations, insertions, and deletions
were called using the union of the calls of Strelka and Mutect version 2 bioinformatics
platforms(24). To further refine the accuracy of the calls, raw variants were further filtered
by requiring them to be nonsynonomous as well as restricted only to areas of the genome
designed to be captured in the assay. For somatic calls, a minimum total coverage depth of 5
reads and a variant allele frequency of greater than 5% was required. DNA copy number
(CN) discovery was performed using cnvKit and further visualized using NEXUS Copy
Number Version 9.0 from BioDiscovery, Inc (25). Whole transcriptome sequencing files
were assessed for quality and mapped using STAR(26). Resulting fastq files were analyzed
by TopHat2 and Cufflinks using Partek Flow version 6.0 and samples were compared using
fragments per kilobase of transcript per Million (FPKM) values(27, 28). DNA and RNA
correlations were performed using Log»(Ratio) and Log,(FPKM) values, respectively.

All sequencing files reported were uploaded to dbGaP (https://www.nchi.nlm.nih.gov/gap)
to promote ongoing discovery.

Statistical Analysis

Time-to-event data were analyzed using the Kaplan-Meier method to estimate median event
times, and are reported with two-sided 95% confidence intervals (Cls). Median duration of
follow-up was estimated using the reverse Kaplan-Meier method. Duration of PR and
duration of SD were determined using the Kaplan-Meier method. Duration of response for
patients with a PR was measured from the date of PR until date of progression, censoring
patients if they had not progressed as of July 1, 2017; duration of SD was measured from
enrollment date until date of progression, censoring patients if they had not progressed by
July 1, 2017. A time-varying covariate analysis was performed using a Cox proportional
hazards model, along with a landmark analysis beginning at the date the last PR was noted,
to assess the association between response and stable disease on overall survival. Rate of
change (slope) and doubling time for calcitonin and CEA were calculated as previously
reported(29, 30). Comparisons of baseline clinical values were made among groups of
patients based on response using the Kruskal-Wallis test and the Jonckheere-Terpstra test for
trend. Other reported values herein are medians, p-values were two-tailed, and reported
without adjustment for multiple comparisons.
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The first patient was enrolled on July 13, 2007 and the last patient was enrolled on October
17, 2012. For this report, the data cutoff was July 1, 2017. Seventeen patients (8 male,
median age 13 years, range 9-17) enrolled. Sixteen had a RET p.Met918Thr germline
mutation and one patient had a unique RET p.Ser836Ser/p.Gly691Ser/p.Ser904Ser/
p.Leu769Leu mutation (Supplementary Table 1). The median duration of treatment was 6.1
years (range 0.1-9.7 years) and is ongoing in nine patients, seven of whom have not
experienced disease progression.

All patients were evaluable for response. Ten (58.8%) achieved a partial response (PR) and
six (35.3%) had stable disease (SD) as best response (Figure 1A). Seven patients maintained
their best response (PR or SD) at the data cutoff (Figure 1A). The median time to first
documented PR was 0.79 years (range, 0.45— 2.41 years) (Figure 1B). Responses were
sustained for a median of 7.4 years (range, 0.6-8.7+) in patients achieving best response of
PR and 4.9 years (range, 0.6—7.8+) in patients achieving best response of SD.

Median progression free survival (PFS) was 6.7 years (95% ClI: 2.3 years-undefined) and 5-
year overall survival (OS) was 88.2% (95% CI 60.6-96.9%). A single patient with a unique
RET p.Ser836Ser/p.Gly691Ser/p.Ser904Ser/p.Leu769Leu mutation had rapid disease
progression after one month of therapy. Of the 16 patients with the RET p.Met918Thr
germline mutation, median follow-up was 8.0 years, the median PFS was 6.7 years (95% ClI
3.1-undefined), and median OS was not reached (Figure 1C, 1D). The five-year OS
probability was 93.8% (95% CI: 63.2-99.1%) and the seven-year OS probability was 72.3%
(95% CI 41.5-88.7%) (Figure 1D). The hazard ratio from a time-varying covariate analysis
was 0.64 (95% CI 0.10-3.93, p = 0.63) comparing patients achieving PR versus SD as best
response, indicating no association between response and duration of survival. Landmark
Kaplan-Meier analysis beginning 879 days (2.4 years) after enrollment, to reflect the time
until the last patient was noted to respond, similarly did not show survival advantage in
patients that achieved PR versus SD (p = 0.64, figure 1E). The single patient harboring a
non-MEN2B, RET mutation (#3) experienced tumor progression and succumbed to disease.

Ten patients developed progressive disease (PD) on vandetanib. Five patients experienced
PD with increase in non-target lesions or previously unidentified lesions (#3, #4, #7, #8,
#14), four patients experienced an increase in target lesions (#1, #6, #9, #12), and one
patient experienced increase in tumor markers concerning for occult progression (#17). Sites
of PD are illustrated in Figure 2 and show a new inguinal lesion (pt #7)(A-C), a prostate
lesion (pt #8) (D-F), and increasing size of a lesion within the thyroid bed (pt #14) (G-I).
Seven patients stopped vandetanib after experiencing PD and patient #9 discontinued due to
personal preference (Table 1). Patient #6 discontinued vandetanib for a surgical procedure
and did not resume therapy by the data cutoff and patient #12 continues vandetanib despite
experiencing PD (Table 1). Treatments after stopping vandetanib are also summarized in
Table 1. One patient did not receive subsequent medical therapy directed at the MTC (#3),
five patients did not achieve objective responses on subsequent therapies (#1, #4, #7, #9,
#14), two patients continued enrollment on the vandetanib protocol due to clinical benefit
(#6, #12), and two patients (#8, #17) responded to a second TKI (Table 1, Supplementary
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Figure 1a—c). Four patients that experienced PD were alive after 0.4, 0.9, 3.0 and 4.1 years
(#6, #9, #12, #17), respectively. Six patients with PD experienced death from metastatic
disease after a median duration of 2.0 years (range 0.4-5.7 years). The Kaplan-Meier
estimate of median OS from the date of progression for the 10 patients who progressed was
3.0 years (95% CI: 0.4-5.7 years).

Patients with PR and SD at the data cutoff had similar baseline calcitonin levels, CEA levels,
tumor size per RECIST, percent change in tumor size, and time to best response compared to
patients with PD (Supplementary Table 2). Patients exhibited a trend towards higher baseline
calcitonin with increasing degree of tumor response (Supplementary Table 2). No other
measured baseline characteristics were associated with sustained response. Sixteen patients
exhibited overall decline or stabilization in calcitonin and CEA during vandetanib therapy
(Figure 3). Four of eight patients maintained calcitonin levels below baseline throughout
therapy despite eventual disease progression. Increase in calcitonin and CEA coincided with
drug holds as demonstrated by patients #2, #6, and #13 (Figure 3A-F, Supplemental Figure
la—c). There was no difference between patients that eventually progressed on therapy in
rate of change of tumor markers during the first four months of vandetanib treatment
(Supplemental Figure 2A-B). Nine of ten patients that experienced progressive disease had
increasing calcitonin or CEA levels corresponding to doubling times of less than five years
prior to experiencing PD (Supplemental Figure 2E). Interestingly, for some patients, such as
patient #12, the doubling times of calcitonin and CEA decreased one full year before the
patient met RECIST criteria for progressive disease (Supplemental Figure 3).

All patients experienced vandetanib related adverse events as described previously(11). Most
adverse events were grade one or two and no patient was required to discontinue therapy due
to drug toxicity. No patient experienced QT-prolongation mandating hold or discontinuation
of therapy. Ten patients had adverse events grade three or higher, required drug holds, or
dose reductions during the follow up period (Table 2). The most common reason for a drug
hold was unrelated to vandetanib treatment, but was instituted as a precaution for elective
surgeries to allow for wound healing. Ten patients experienced grade two hypertension that
required medical management (Supplemental Table 2). VVandetanib-related adverse events
included bleeding propensity, weight loss, hypertension, hepatotoxicity (elevated liver
function tests), renal toxicity (elevated creatinine), pulmonary toxicity (abnormal pulmonary
function tests), and gastrointestinal disturbances (diarrhea or constipation). Patient #12 and
#16 experienced disproportionate weight gain while on vandetanib, however, this was not
consistently observed (Supplemental Figure 4). No meaningful change in growth plate
volumes was observed in patients treated with vandetanib (data not shown). Two patients
continuing therapy had drug holds greater than one year due to recovery from scoliosis
surgery (#6) and nine months due to pregnancy (#13). Both patients were holding vandetanib
at the data cutoff. All patients adhered to greater than 95% of scheduled doses during the
follow up period based on patient diary and pill counts. Individualized dose adjustments and
schedules were common and the dose of vandetanib of patients continuing therapy (n = 9) at
the data cutoff was 67-100 mg/m? once daily.

Custom-capture genome sequencing of 241 cancer implicated genes was performed on seven
patients; 11 tumor biopsy samples, 10 with paired germline tissue. Seven samples were
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taken before patients started vandetanib and four were taken from patient tumors at the time
of disease progression (Table 3). One patient (#8) had three longitudinal samples available.
Except for the germline RET mutation, recurrent, nonsynonymous mutations were not found
in this cohort (Table 3). Seven patients experienced few somatic mutations and no difference
in the number of mutations was noted comparing samples before (n = 6) and after (n = 3)
vandetanib therapy (Table 3, Figure 4A). There was no difference in percent change of
genome in germline tissue. However, a trend towards increasing genome-wide, somatic CN
changes was observed after vandetanib therapy (Figure 4B).

Patient #8 had three samples collected from different time points during MTC therapy that
were used for in-depth analysis by whole exome sequencing (WES) and whole
transcriptome sequencing (RNA-Seq). Samples included a lymph node without evidence of
MTC used as the germline sample, a primary MTC lesion taken before any TKI therapy, a
prostate metastasis taken at disease progression on vandetanib (Metastasis 1), and a skin
lesion taken after disease progression on cabozantinib (Metastasis 2). Molecular analysis on
the longitudinal sample set demonstrated accumulation of whole-genome CN alterations and
loss of heterozygosity throughout therapy at the DNA level (Figure 4C-D). Notably, the
primary MTC sample (Figure 4F) and the prostate metastasis (Figure 4G) were separate
samples taken from different regions of the same tumors used in the panel-sequencing (Case
2 and 10, respectively). Additional computationally predicted deleterious, driving, and
cancer-implicated mutations were not found in the whole exome data compared to the panel-
sequencing. Representative immunohistochemistry, CN alterations, and B-allele frequency
plots are shown in Figure 4E—H. The SMARCA4 p.Leu783Arg somatic mutation found in
Case 10 was also found in the WES data from metastasis one. Further, copy neutral, loss of
heterozygosity was observed on chr5, chr8, chrl3 and chrl9 in both metastasis one and
metastasis two (Figure 4G-H). Metastasis two was noted to have an RB1 p.Val654fs somatic
mutation. Together, these data verified the chromosomal gains and loss as demonstrated by
the targeted panel sequencing results.

Analysis of the full transcriptome identified 54 genes meeting computational cutoffs (false
discovery rate < 0.05, p-value < 0.01) as the most differentially expressed in biopsies from
different points during therapy (Figure 5A). An increase in the RET proto-oncogene was
observed across time points. We examined the normalized RNA expression of other genes
known to be related to RET and observed an increase in RNA expression of FL74, coding
for the vascular endothelial growth factor receptor (VEGFRS3) protein, and Epidermal
Growth Factor Receptor (EGFR) in the metastasis (Figure 5B). We compared the RNA
expression with CN changes to determine if transcript changes were associated with
genomic changes. RET (r? = 0.985) and £GFR (r? = 0.948) expression correlated with CN
changes (Figure 5C). FLT4 had an increase RNA expression independent of DNA CN
changes (Figure 5C). Further, we noted an increase in transcription across cell cycle genes
when comparing the samples longitudinally from primary MTC, to metastasis one, to
metastasis two (Supplemental Figure 5).

Clin Cancer Res. Author manuscript; available in PMC 2019 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kraft et al. Page 9

DISCUSSION

Long-term, continuous treatment with TKIs is beneficial in patients with advanced MTC. In
this updated analysis, vandetanib was well tolerated and resulted in durable responses in
pediatric patients with hereditary, metastatic MTC, with seven of 17 patients maintaining
partial response or stable disease for median follow up over five years. Our study represents
the largest prospectively followed cohort of patients with MEN2B and MTC and is
consistent with other case reports and population-based studies characterizing the outcomes
and lifespan of patients with MEN2B(31, 32).

While complete resection of the thyroid gland is the only curative therapy for patients with
primary MTC, the presence of locally advanced or metastatic disease at the time of
diagnosis limits the possibility of surgical cure(33). In this study, treatment with vandetanib
led to durable responses in patients with disease not amenable to surgical cure. The median
time to achieve a PR was 0.79 years with one patient taking as long as 2.41 years to achieve
a response. Patients 14, 15, and 16 had stable disease at the time of the initial report of this
study but later achieved a PR at 1.72, 1.21, and 2.41 years. This observation demonstrates
the potential benefit of chronic TKI therapy for advanced MTC. Disease progression
generally occurred in new, previously unrecognized, or non-target lesions (patients #3, #4,
#7, #8, #14) and one patient (#8) developed progressive disease in the prostate. In this
cohort, there was not a common location of progressive metastasis highlighting the
importance of a careful imaging survey in patients with metastatic disease.

Six of ten patients experiencing PD ultimately died from disease (median of 2.0 (range, 0.4—
5.7) years) after stopping vandetanib. Of the six patients that died, only patient #4
experienced a brief response of 0.79 years to a second, RET7-targeting TKI. Interestingly,
patient #17 had a prolonged, objective response to a subsequent RE7-targeting TKI. Patient
#17 was taken off vandetanib due to failure to meet secondary endpoints (increasing
calcitonin and CEA) and was enrolled on a subsequent clinical trial (Supplementary Figure
1b). Discontinuation of vandetanib was allowed and recommended for this patient after the
2013 protocol amendment and based on healthcare provider experience with previous
patients.

In some cases, the ability of RECIST criteria to capture disease burden may be limited in
metastatic MTC due to the large number of lesions in a single patient, the presence of bony
metastasis, and occult metastasis. This emphasizes the importance of biomarker
characterization. Calcitonin and CEA doubling times are helpful in determining the rate of
growth of MTC(34). Additionally, some studies have carefully examined these biomarkers
in patients on TKI therapy(35-37). Consistent with previous findings, we observed that use
of a single tumor biomarker may not accurately document the presence of progressive
disease; however, by using a combination of calcitonin and CEA slopes and doubling times,
we noted a correlation with progressive disease via RECIST (Supplemental Figure 2)(36).
We examined the slope of biomarker change between patients one year prior to experiencing
PD versus patients in the year prior to the data cutoff (Supplemental Figure 3). This
comparison is inherently flawed by the dissimilarities in patients, time points, and logistical
caveats such as drug holds. Furthermore, calcitonin levels may vary greatly due to the assay
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used, the hook effect with markedly elevated levels, and fed vs fasting sampling.
Prospective, properly controlled studies are needed to truly validate use of biomarkers while
on TKI therapy. Further, findings in this population may have limited applicability to adult
patients with sporadic MTC. Despite the caveats, our data agree with the American Thyroid
Association guidelines implying that patients with decreasing tumor marker doubling time
seem to have a worse prognosis (38). All together we suggest that changes in tumor marker
doubling time may be best interpreted in context with additional clinical correlates before
therapy is altered.

Vandetanib was well tolerated and no patient discontinued therapy due to adverse events
during the follow up period. Fourteen patients experienced hypertension that was amenable
to medical therapy and three patients required more than one medication or dose adjustments
to maintain normal blood pressures (Supplementary Table 3). No patients developed
pheochromocytoma while on the study. Vandetanib was held in patients recovering from
injuries or surgeries per previous recommendations(33). Almost all common adverse events
occurred early in therapy; however, significant adverse events requiring drug holds such as
elevated creatinine (patient #6) were discovered after six years on vandetanib, illustrating the
need for continuous monitoring. The decrease in adverse events later in therapy may be
related to dose reductions that occurred due to events earlier during treatment. Eight patients
required a dose reduction during the follow up period. Despite dose reductions or
discontinuing medication, many patients maintained responses for over one year. Patients
who remain on vandetanib at the data cutoff continue a dose of 67-100 mg/m?/day, or
incorporated an alternate day dosing scheme to minimize toxicities.

Continued adherence is of great concern for many patients on oral TKI therapy. We did not
observe significant noncompliance in patient reported medication logs and study mandated
pill counts. Additionally, the original phase I/11 study quantified plasma drug levels
suggesting sufficient levels for effect modulation(11). This suggests that lack of compliance
may not be a mechanism of resistance in this clinical setting. We also noted instances of
patients maintaining stable disease despite significant drug holds. Patient #9 discontinued
vandetanib after achieving stable disease and was followed for over five years outside of the
NIH before experiencing progressive disease (Supplemental Figure 1b). Patient #12
experienced repeated decrease in CEA and calcitonin without increase in tumor size despite
two significant drug holds (Supplemental Figure 1b). These observations suggest that drug
holidays may be useful in select patients without sacrificing efficacy.

Tumor samples were available for five patients before starting vandetanib (seven samples),
three patients at progression on TKI (five samples), and one patient both pre-TKI and at
progression (three samples). A uniform molecular mechanism of treatment failure was not
observed in this small sample set. Pre-TKI samples exhibited few tumor specific mutations
or CN alterations and four of five patients had loss of chromosome 1p. Copy number
imbalances have been reported previously in both sporadic and hereditary MTC(39, 40).
Marsh and colleagues also found loss of chromosome 1p in 21% of a cohort of MTC that
included both hereditary and sporadic disease suggesting that loss of 1p may be involved in
early tumorigenesis (39). We identified a number of genomic changes in progressive disease.
Interestingly, progression for one patient was associated with acquisition of a previously
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unidentified p.Leu790Phe somatic mutation within the kinase domain of the RET gene.
However, a pre-treatment sample was not available for this patient limiting the interpretation
of this finding. Previous reports of a RET p.Leu790Phe mutation are as germline findings
associated with MEN2A/FMTC and have not previously been reported in association with
resistance to vandetanib(41, 42). Longitudinal data from patient #8 demonstrated acquisition
of a SMARCA4 mutation in the first metastasis and an £B81 mutation in the second
metastasis. Loss of heterozygosity and increase in CN variations were noted in four of five
samples at tumor progression highlighting aneuploidy as the dominant genetic marker of
progressive disease. Two patients had loss of chromosome 14 and three had gain of
chromosome 1q.

Activation of the phosphatidylinositol 3-kinase (PI3K)/Akt/ mammalian target of rapamycin
(mTOR) pathway has been reported in MTC(43, 44). Four patient samples including two
samples obtained prior to TKI therapy and two samples following TKI therapy had breaks in
genes coding for components of the PI3K signaling pathway including PTEN, RPTOR, and
7SC2. 1t has been suggested that the oncogenic activity of RET may be mediated, at least
partially, through the PI3K pathway(45, 46). Responses to the TORCL inhibitor, everolimus,
have been reported in patients with MTC(47). The presence of alterations in genes coding
for PI3K pathway components is intriguing, however, the small number of patients in this
study and the lack of uniform sample collection make assessment of the role of the PI3K
pathway in oncogenesis and disease progression difficult.

Genome-wide CN alterations of rapidly progressive disease was recently documented in an
autopsy case report of sporadic MTC(48). Such changes are recognized as a hallmark of
many cancers, hereditary MTC is thought to be driven by a single oncogene(1, 49). The
observed genome-wide CN alterations raise questions as to the underlying etiology, and
whether CN alterations are induced by the TKI therapy or are selected cellular clones that
occur in the natural course of MTC progression. As in other malignancies, the observed
genomic aberrations are reflected at the transcriptional level(50). Regardless of underlying
cause, the WES and RNA-seq data in this longitudinal set may represent a transition away
from the single oncogenic driver mutation (RET p.Met918Thr) to a malignancy with
multiple oncogenic drivers as proposed in Figure 5D. Currently, few options exist for
patients that progress on RE7-targeting medications. These data may provide evidence for
use of non-specific agents and highlight the need for development of therapies that target
cells with genomic instability in a progressive disease setting(33).

Increased RNA expression of cell cycle genes in the metastasis compared to the primary
tumor in patient #8 may be expected in rapidly dividing lesions (Supplemental Figure 5).
This finding was consistent with rapid clinical progression as well as the loss of RB1
function in metastasis two. We also observed increased RET and FLT74 expression
throughout the longitudinal course of MTC disease suggesting potential gene upregulation in
response to therapy.

Our data provide preliminary insights into mechanisms of vandetanib resistance in
hereditary MTC. These data must be interpreted with caution and are best served as
hypothesis generating rather than conclusive. It is notable that an additional RE7 mutation
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was only identified in one case of progressive disease. Further, a p.Leu790Phe mutation
identified may not be expected to lead to vandetanib resistance. Other possible mechanisms
of drug resistance including changes in cellular and systemic metabolism and aberrant
activation of downstream targets of RET were not assessed. Pre-clinical evaluations and
future trials that more completely investigate these factors may lead to a better
understanding of vandetanib resistance and could inform treatment options for these
patients. Limitations of these data are notable for the small sample size and the
heterogeneity in timing and anatomical location of the available clinical samples, thus
requiring independent confirmation of these observations. A prospective trial with defined
points for clinical sample collection and the addition of pharmacokinetic analysis would
help to better delineate mechanisms of resistance to vandetanib in this patient population.

In conclusion, most children and adolescents with MEN2B associated MTC have sustained
clinical responses on vandetanib. We observed genomic instability in MTC metastasis after
disease progression on TKI therapy, postulating a departure from the single driver mutation.
Genome-wide CN alterations were correlated generally with RNA expression changes.
These data highlight the importance of longitudinal sampling of tumor tissue either via
direct biopsy or potentially through liquid biopsy as these technologies become available.
While trials evaluating more potent RET inhibitors are already underway, future studies may
also be warranted to assess the use of cytotoxic or non-RET pathway targeting therapies in
patients that experience progressive disease in the face of standard RE7-targeted therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE

Vandetanib is well tolerated in adults and children with advanced MTC; however, long-
term outcomes of patients on vandetanib have not been reported previously. This updated
report of a phase I/11 trial of vandetanib assessed the activity, safety, and outcome of
children and adolescents with advanced, hereditary MTC and MEN2B treated with
vandetanib. Tumor samples taken at disease progression were analyzed for genomic
mechanisms of resistance. Patients exhibited durable partial responses and tolerated
extended therapy with vandetanib. When disease progression occurred, tumor burden
increased at an accelerated pace and subsequent therapies usually had limited activity.
This study provides the longest follow-up on patients taking continuous vandetanib to
date. Patients experiencing progressive disease on vandetanib may not respond to another
RET-targeting TKI. This study provides new insights into the tumorigenesis of MTC in
the era of tyrosine kinase inhibitor therapy by illustrating genome-wide copy number
changes at MTC progression.
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Figure 1. Response and survival analysis of patients on vandetanib
A) Waterfall plot of best percent change in target lesions from baseline for 17 patients.

Colors correspond to patient response at data cutoff and symbols indicate criteria for
progression. B) Duration of initial response or stable disease and of ongoing vandetanib
treatment in patients. Arrows indicate continued follow up at data cutoff. C) Kaplan-Meier
plot of progression-free survival of 16 patients harboring the p.Met918Thr RET mutation. 8
patients were censored, 6 of whom remain in follow-up for progression-free survival. D)
Kaplan-Meier plot of overall survival of 16 patients harboring the p.Met918Thr RET
mutation. 11 patients were censored and remain in follow up on a natural history protocol.
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E) Kaplan-Meier landmark analysis from median time to PR of 16 patients harboring the
p.Met918Thr RET mutation.

Clin Cancer Res. Author manuscript; available in PMC 2019 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kraft et al.

#7

Pt

#8

#14

Page 19

Baseline Best Response PD

*0.44 Years C:

* Time since study consent

Figure 2. Radiographic responses and progression in children and adolescents with MEN2B and
MTC

A-C) Computed tomography (CT) of the pelvis of patient #7, a male who achieved SD and
subsequently experienced PD in a new lesion. D-F) CT of the prostate of patient #8, a male
who achieved SD and subsequently experienced PD in a previously unrecognized lesion. G—
I) T2-weighted MRI of the neck of patient #14, a female whom achieved PR and
subsequently experienced PD in the thyroid bed.
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Figure 3. Biomarker Response
The percent change from baseline in calcitonin (A-C) and CEA (D-F) per RECIST at data

cutoff.
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Figure 4. Sequencing of DNA from biopsies of patientswith MEN2B and MTC
A) Somatic genomic alterations found in a 241-gene panel in biopsy samples from unique

patients before-vandetanib and after experiencing progressive disease on therapy. B) Percent
change in genome from copy number (CN) alterations predicted by comparing DNA
extracted from tumor lesions and germline tissue in unique patients before starting
vandetanib and after experiencing progressive disease. Patient #8 and #24 had multiple
tumor sample analyzed. C-D) CN gains and loss (C) and % genome and loss of
heterozygosity (D) predicted in patient #8 before and after vandetanib, and after
cabozantinib by whole exome sequencing. Representative H&E stains and genome-wide CN
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alterations from patient #8 are shown, and include lymph node (germline) (E), primary MTC
(F), prostate metastasis (G), and skin metastasis (H).

Clin Cancer Res. Author manuscript; available in PMC 2019 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kraft et al.

Increasing Genes

Decreasing Genes

Expre

A. Differentially Expressed Transcripts

—C

-

D. Disease Progression Model in Patient #8

ession
Z-score

Primary MTC

E

Page 23

B. Expression of RET-Family Genes
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Figure 5. Gene expression changes across longitudinal biopsy specimens
A) Gene expression heat map of the 54 most differentially expressed transcripts. Expression

levels are colored based on Z-scores across individual genes. Genes are grouped by
unsupervised k-means clustering. B) Normalized expression of RET-family genes by RNA-
seq. C) Correlation of RET-family genes between RNA-seq and DNA CN across
longitudinal biopsies. D) Model of disease progression in patient #8 (male, best response
SD) despite vandetanib and cabozantinib therapy.
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Table 1

Patient Course and Management After Disease Progression

Page 24

Patient | Response | Site(s) of Treatment(s) and duration (years) Time after
Progression after Vandetanib Stopping
Vandetanib
(vears)
3 PD Non-target- cervical spine lesion *| None 0.4%
7 SD ->PD | Non-target— groin Cabozantinib (0.44), Sunitinib (0.8), Sorafenib (1.35) 3.1%
8 Previously unidentified-prostate ™ | Cabozantinib (0.79) 11#
9 Target- neck Neck Dissection/Debulking (5.14) 5.9
17 Elevation in CEA/Calcitonin Cabozantinib (3.21) 4.1
1 PR ->PD | Target - liver Cabozantinib (1.34), Sunitinib (2.33) a1#
4 Non-target— mediastinum Sorafenib (0.15), Cabozantinib (0.22), Cabozantinib (0.61), 3.1#
Sunitinib (1.07)
6 Target- neck, chest None 1.73
12 Target- mediastinum None of
14 Non-target- neck * Sunitinib (0.13), Cabozantinib (0.15) 0.7%

Progressive Disease (PD), Stable Disease (SD), Partial Response (PR), Carcinoembryonic Antigen (CEA)

*
Present on baseline imaging,

#Death from Disease,

s

till taking vandetanib at data cutoff
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