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ABSTRACT

Melanoma lacks a clinically useful blood-based biomarker of disease activity to help guide
patient management. To determine whether measurements of circulating, cell-free, tu-
mor-associated BRAF™"*??* and NRAS™"*"* DNA (ctDNA) have a higher sensitivity than
LDH to detect metastatic disease prior to treatment initiation and upon disease progression
we studied patients with unresectable stage IIIC/IV metastatic melanoma receiving treat-
ment with BRAF inhibitor therapy or immune checkpoint blockade and at least 3 plasma
samples obtained during their treatment course. Levels of BRAF™"@"t agnd NRAS™utant
ctDNA were determined using droplet digital PCR (ddPCR) assays. Among patients with
samples available prior to treatment initiation ctDNA and LDH levels were elevated in
12/15 (80%) and 6/20 (30%) (p = 0.006) patients respectively. In patients with RECIST scores
<5 cm prior to treatment initiation, ctDNA levels were elevated in 5/7 (71%) patients
compared to LDH which was elevated in 1/13 (8%) patients (p = 0.007). Among all disease
progression events the modified bootstrapped sensitivities for ctDNA and LDH were 82%
and 40% respectively, with a median difference in sensitivity of 42% (95% confidence inter-
val, 27%—58%; P < 0.001). In addition, ctDNA levels were elevated in 13/16 (81%) instances of
non-RECIST disease progression, including 10/12 (83%) instances of new brain metastases.
In comparison LDH was elevated 8/16 (50%) instances of non-RECIST disease progression,
including 6/12 (50%) instances of new brain metastases. Overall, ctDNA had a higher sensi-
tivity than LDH to detect disease progression, including non-RECIST progression events.

* Corresponding author. The Ronald O. Perelman Department of Dermatology, New York University School of Medicine, NYU Langone
Medical Center, 522 First Ave, Smilow 401, New York, NY 10016, USA.
E-mail address: david.polsky@nyumec.org (D. Polsky).
http://dx.doi.org/10.1016/j.molonc.2015.09.005
1574-7891/© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.


mailto:david.polsky@nyumc.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2015.09.005&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2015.09.005
http://dx.doi.org/10.1016/j.molonc.2015.09.005
http://dx.doi.org/10.1016/j.molonc.2015.09.005
http://dx.doi.org/10.1016/j.molonc.2015.09.005

158 MOLECULAR ONCOLOGY 10 (2016) 157165

ctDNA has the potential to be a useful biomarker for monitoring melanoma disease

activity.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

While several highly effective treatments are available for
metastatic melanoma (Chapman et al., 2011; Flaherty et al,,
2012; Hodi et al., 2010; Long et al., 2014; Robert et al., 2015;
Sosman et al.,, 2012; Topalian et al., 2012; Wolchok et al,,
2013), strategies for changing therapies in patients with pro-
gressing disease are not established, and there is no clinically
useful blood-based biomarker to guide patient management.
Serum LDH is part of the melanoma staging system (Balch
et al., 2009), and is the only serologic marker used for moni-
toring advanced melanoma in the United States (NCCN,
2015); however, its sensitivity and specificity to detect disease
progression are low (Egberts et al., 2009; Hwu et al., 2003). Un-
like the management of asymptomatic patients with prostate,
ovarian, colon, and breast cancer, where serial measurements
of serologic markers are the mainstay of follow-up (NCCN,
2015), in melanoma radiologic imaging studies are obtained
every 3—6 months in asymptomatic patients with metastatic
disease since LDH is not a sufficiently useful biomarker
(NCCN, 2015).

Among candidate biomarker molecules in the blood,
circulating tumor DNA (ctDNA) is particularly attractive. It
has a large dynamic range (Diehl et al., 2005), a short half-
life estimated at 2 h (Lo et al., 1999), and can be quantita-
tively measured in cancer patients with high sensitivity
and specificity using new PCR technologies (Benesova
et al.,, 2013; Bettegowda et al., 2014). Indeed changes in
ctDNA levels have shown promise as disease biomarkers
in patients with breast and colon cancer (Dawson et al.,
2013; Diehl et al., 2008; Oxnard et al., 2014), and a small
number of cutaneous melanoma patients (Lipson et al.,
2014; Sanmamed et al., 2015; Chang-Hao Tsao et al., 2015).
ctDNA analysis is particularly attractive for patients with
metastatic cutaneous melanoma, a tumor characterized by
a high frequency of hotspot mutations in BRAF and NRAS
(Forbes et al., 2015). Here we compare the levels of LDH
and circulating BRAF™*"" gnd NRAS™"*®"* DNA to findings
on radiographic scans in patients with metastatic mela-
noma undergoing systemic treatment with BRAF inhibitors
or immune checkpoint blockade.

2. Materials and methods
2.1 Patient sample collection and clinical data

We analyzed metastatic melanoma patients with unresect-
able stage IIIC and IV disease who were prospectively accrued
into the NYU Interdisciplinary Melanoma Cooperative Group
Clinicopathological Biorepository. The study was approved

by the NYU School of Medicine Institutional Review Board.
Men and women with unresectable stage IIIC/IV metastatic
melanoma undergoing treatment with BRAF inhibitor ther-
apy, immune checkpoint blockade or both were eligible. To
determine the association between ctDNA levels and clinical
disease activity, patients who experienced a response to ther-
apy and/or disease progression during their treatment, and
had a minimum of 3 blood samples collected at different
time points during their treatment course were selected for
analysis. Computed tomography (CT), positron emission
tomography-computed tomography (PET/CT) and/or mag-
netic resonance imaging (MRI) were obtained as clinically
indicated and reviewed independently according to Response
Evaluation Criteria in Solid Tumors (RECIST), version 1.1.
Lactate dehydrogenase (LDH) levels were measured in the
clinical chemistry laboratory at NYU where the normal range
is 300—616 units/ml.

2.2. Genotyping of tumors for BRAF and NRAS
mutations

All patient tumors were initially genotyped for the BRAF V600
mutation using the COBAS assay as part of standard of care.
To determine V600E/K status, DNA from formalin-fixed,
paraffin-embedded (FFPE) tumor sections from patients were
analyzed using a multiplex SNaPshot assay (details in
Supplementary Methods). Tumors lacking BRAF V600E/K mu-
tations were analyzed for other BRAF V600 mutations via
Sanger sequencing (Genewiz). Tumors from patients who
tested negative in the COBAS assay were analyzed for NRAS
Q61 mutations using a multiplex SNaPshot assay |[see
Figure 1 for more details].

2.3. Isolation and quantification of circulating tumor
DNA from plasma

Blood samples were collected in EDTA tubes and processed
within 6 h after collection. DNA was extracted from a
maximum of 5 ml (range 1 ml—5 ml) from each plasma sample
using the QlAamp DSP Circulating Nucleic Acid Kit (Qiagen).
Copies per milliliter of plasma BRAF V600E or K, or NRAS
Q61K, L or R ctDNA were measured using a QX100 ddPCR sys-
tem (Bio-Rad) [details in Supplementary Methods].

2.4. Statistical analysis

To assess the sensitivity of the biomarkers to detect measur-
able disease prior to treatment initiation, we compared
ctDNA, LDH levels and results of radiographic scans obtained
within 45 days prior to treatment initiation. ctDNA or LDH
values obtained less than 30 days from the date of a
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Figure 1 — Overview of patient enrollment, sample collection and analysis. Of 43 eligible patients, 31 had tumors with BRAF V600E, V600K,

NRAS Q61R, L, or K mutations. See text for tumor genotyping details.

radiographic scan or less than 45 days from the start of treat-
ment were used. If more than one sample was available
within the time frame, the sample with the highest result
was used since the purpose of this analysis was to assess
biomarker sensitivity. ctDNA was considered elevated if the
result was greater than the ddPCR assay background
described in the Results [1 copy/ml for BRAF assays and 3
copies/ml for NRAS assays]. LDH was considered elevated if
values were greater than 616 IU/L, the upper limit of normal
for the NYU Langone Medical Center clinical chemistry
laboratory.

To assess the sensitivity of the biomarkers to detect dis-
ease progression we analyzed ctDNA and LDH assay results
from samples obtained within 15 days of a disease progression
event. Progression events included RECIST-defined progres-
sion (>30% increase in RECIST score), new or increasing
non-target lesions, new or increasing bone metastases, new
or increasing brain metastases, or move to hospice or death.
When only one plasma sample was available for each patient,
we calculated 95% confidence interval (CI) of ctDNA and LDH
by assuming the binomial distribution. We used Pearson’s
chi-square or Fisher’s exact test, where proper, to calculate
the p-value for testing the sensitivity difference between
LDH and ctDNA. When we had more than one plasma samples
for some patients, we adjusted the repeat measurements by a
modified bootstrap method (Dawson et al., 2013). Specifically
we randomly sampled from the whole dataset to obtain a
new data set containing only one time point for each patient

to calculate sensitivity of ctDNA and LDH and the sensitivity
difference between ctDNA and LDH for each data set. This pro-
cedure was repeated 3000 times to obtain the 95% confidence
intervals.

3. Results
3.1 Patient samples and cohort summary

We identified 43 patients with unresectable stage IIIC/IV met-
astatic melanoma who met the eligibility criteria. Twenty-
three of 43 patients (53%) tested positive for the BRAF V600
mutation via the COBAS assay. To identify specific V600 muta-
tions we used a multiplex SNaPshot assay and/or Sanger
sequencing. In 3/23 patients we were unable to confirm a
V600 mutation; however, they were included under the
assumption that the COBAS test was more sensitive than
the secondary approaches. We confirmed V600E mutations
in 17 patients, V600K in 2 patients, and V600D in 1 patient.
This last patient was excluded from analysis as we did not
have a ctDNA assay for the V600D mutation. Tumors from
the remaining 20 COBAS-negative patients were genotyped
for NRAS Q61 mutations using the multiplex SNaPshot assay.
Nine of 20 patients had NRAS™"*#" tumors (Q61K, n = 4; Q61R,
n = 3; Q61L, n = 2). The final dataset comprised 31 patients (22
BRAF V600E or K, and 9 NRAS Q61™"**™) with a total of 146
plasma samples (Figure 1).
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Patients with BRAFV600E or K mutations were treated with
BRAF inhibitor therapies; patients with NRAS Q61 mutations
were treated with immune checkpoint blockade. All BRAF™utant
patients responded to BRAF inhibitor therapy, and 19 patients
subsequently progressed. Among the 9 patients with NRAS
Q61 mutations, 2 patients exhibited a delayed response, 1 pa-
tient responded and later progressed, and 6 patients progressed
immediately.

3.2. Performance characteristics of the BRAF and NRAS
ctDNA assays

Pre-experimental analytical validation studies were conduct-
ed using a titration series of mutant DNAs (Supplemental
Figure S1). Each assay demonstrated high specificity, high
sensitivity and excellent quantification at all total DNA levels.
Reproducibility was extremely high with minimal variance
between replicates.

To determine the clinical background level we analyzed
plasma samples from 30 subjects with no personal history of
melanoma or other cancer enrolled as controls in the NYU Mel-
anoma Biorepository. Each sample was tested for BRAF V600E
and NRAS Q61R (and their wild-type counterparts) using 12
replicates. Detection of V600E was less than 0.9 copies/ml for
29/30 samples; detection of NRAS Q61R was less than 2.8
copies/ml for 30/30 samples. Based on these results, and given
the comparable performances of the other V600 and Q61 as-
says, we set the background levels at 1 and 3 copies/ml respec-
tively for the V600 and Q61 mutation assays.

3.3. Overall results of ctDNA and LDH assays

DNA extractions yielded an average of 383 ng DNA per sample
(range: 30 ng—5,790 ng). All plasma samples contained

amplifiable BRAFV14-5P¢ and NRASYIdPe 3lleles with con-
centrations ranging from 359 to 186,097 copies/ml of plasma.
BRAF™U"t ctDNA could be detected in >1 plasma samples
from 22/22 patients; NRAS™""* ctDNA could be detected in
>1 plasma samples in 7/9 patients. The mutant ctDNA levels
ranged over 4 logs with results varying between 0 and 55,510
copies/ml of plasma. LDH measurements ranged over 2 logs
from 194 to 21500 IU/ml during the timeframe of the study.

To more directly compare these assays we studied
ctDNA and LDH measurements obtained from samples drawn
on the same day. This subset comprised 135/146 (92%) plasma
samples drawn from all 31 patients at various times during
their treatment course (e.g. pre-treatment, during response
and/or progression). Thirty-six samples had elevations of
both ctDNA and LDH values (ctDNA median: 498.58 copies/
ml [1.87-55509.68 copies/ml]; LDH median: 845 IU/L
[622—3650 IU/L]), 53 samples had elevated ctDNA only (me-
dian: 30 copies/ml [1.05—2352 copies/ml]), 15 samples had
elevated LDH only (median: 669 IU/L [618—1368 IU/L]), and 31
samples were not elevated for either marker (ctDNA median:
0 copies/ml [0—2.73 copies/ml]; LDH median: 480 IU/L
[357—612 IU/L]) (Supplementary Figure S2).

3.4. Sensitivity to detect measurable disease prior to
treatment initiation

To more specifically evaluate the potential clinical utility of
ctDNA in melanoma patient management, we compared
LDH and ctDNA levels to pre-treatment radiographic scans,
all of which were obtained within 45 days prior to the start
of treatment, to determine the sensitivity of each marker to
assess tumor burden (as measured by RECIST scores)
(Figure 2, Supplemental Figure S3). Overall, the average
values of ctDNA and LDH were higher in patients with higher

A Pre-Treatment RECIST ctDNA LDH
Average Average Average
EEnY\atIZ(: Se;r:\talles % Elevated copies/ml  copies/ml El:r\r:atlzg S;;talLs % Elevated /L Iﬁyf?ogt;
P P Elevated Total P P Elevated
<5 (RECIST Total cm) 5 7 71% 66.89 47.85 1 13 8% 658 477
5-10 (RECIST Total cm) 4 5 80% 2003.22 1602.58 3 5 60% 960 760
>10 (RECIST Total cm) 3 3 100% 9936.62 9936.62 3 5 60% 1015 808
[Total 12 15 80% 7 23 30%
B Overall sensitivity to detect measurable

disease prior to treatment initiation

% Elevated
60 80
| |

40
L

p=0006

ctDNA

LDH

Figure 2 — Comparison of ctDNA and LDH sensitivity to detect measurable disease pre-treatment. Panel A ctDNA and LDH results are

categorized by patient pre-treatment RECIST score at the time of sample collection. All samples and radiographic scans were obtained within 45

days prior to treatment initiation. The percentage of elevated results for each marker, stratified by RECIST score, is shown along with the average

marker level for each RECIST category. Panel B displays a bar graph of the overall sensitivity to detect measurable disease by biomarker, based on

the data from panel A.
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RECIST scores, suggesting a positive association between
both markers and tumor burden. Before treatment, ctDNA
was detected in 12 of 15 patients (80%) and LDH was only
elevated (>616 IU/L) in 6 of 20 patients (30%). This strongly
suggests that ctDNA has a greater sensitivity to detect
measurable disease prior to the initiation of systemic therapy
compared to LDH (Pearson chi-square test, p = 0.006). More
importantly, when ctDNA and LDH levels were compared to
RECIST scores binned into 3 categories (low (<5 cm), moder-
ate (5—-10 cm), high (>10 cm)), LDH levels were only elevated
in 1/13 (8%) patients with low RECIST scores compared to
ctDNA which was elevated in 5/7 (71%) patients in the same
category (Fisher exact test, p = 0.007). These data demon-
strate that ctDNA has a greater sensitivity to detect lower
levels of measurable disease than LDH.

3.5. Biomarker sensitivity at disease progression

To further evaluate the potential for ctDNA results to aid clin-
ical management, we analyzed ctDNA and LDH measure-
ments obtained within 15 days of radiographic scans
documenting disease progression. To directly compare the
utility of ctDNA and LDH measurements in this context we
included only those progression events for which we had
measurements of both biomarkers. Of 26 patients, we
detected ctDNA in 22 patients (85%) and LDH elevation (>616
UI/L) in 14 patients (54%). When comparing paired samples
(n = 44), we detected ctDNA in 35/44 samples (80%) and LDH
elevation in 19/44 samples (43%). According to the modified
bootstrapping method, the sensitivities of ctDNA and LDH
were 82% and 40% respectively, with a median difference in

sensitivity of 42% (95% confidence interval, 27%—
58%; p < 0.001) (Figure 3A). Also, ctDNA was elevated in a
greater number of samples from all RECIST categories
compared to LDH. Importantly, ctDNA values were elevated
in 13/16 (81%) instances of non-RECIST disease progression,
including 10/12 (83%) instances of new brain metastases. In
comparison LDH was elevated in 8/16 (50%) instances of
non-RECIST disease progression, including 6/12 (50%) in-
stances of new brain metastases (Figure 3B).

We also found cases where serial monitoring of ctDNA
levels detected non-RECIST disease progression in advance
of its clinical manifestation. Figure 4 shows the clinical course,
ctDNA and LDH values for 2 patients that progressed during
BRAF inhibitor therapy. In patient A, four consecutively rising
ctDNA measurements indicated progressing disease 86 days
prior to the patient’s death. RECIST scores were non-
informative as they showed improvement during this inter-
val; LDH trended upwards along with ctDNA levels. In patient
B, ctDNA outperformed both LDH and RECIST in detecting dis-
ease progression. The first of two consecutively rising ctDNA
measurements indicated progressing disease 120 days before
the detection of increased metastatic brain disease (Patient
B, clinical marker 2), while RECIST measurements over this in-
terval consistently improved and were thus non-informative.
In contrast to patient A, patient B’s LDH levels were clearly
non-informative; levels did not consistently rise above normal
until after the detection of increasing brain metastases.
Changes in ctDNA, LDH and RECIST measurements for other
patients treated with BRAF inhibitor and/or immune check-
point blockade therapies are shown in Supplemental
Figure S4.

ctDNA
Result Elevated  NotElevated  Total
T | Elevated (>616)* 18 1 19
8 | Not Elevated 17 8 25
Total 35 9 44
Bootstrapped
ctDNA Sensitivity 80% 82%
LDH Sensitivity (>616) 43% 40%
95% Cl: 27%-58% (p<0.001)
Progression Event ctDNA LDH
Average Average Average
. N Average
Elevated Total copies/ml  copies/ml | Elevated Total 1U/L for
% % 1U/L for All
Samples Samples for Elevated for All Samples Samples Elevated
Samples
Samples Samples Samples
<5 (RECIST Total cm) 9 14 64% 177.03 113.9 4 14 29% 953 601
5-10 (RECIST Total cm) 9 9 100% 2232.86 2232.86 5 9 56% 974 770
>10 (RECIST Total cm) 4 5 80% 2574.8 2060.02 2 5 40% 763 625
Non-Target Lesions* 0 0% - 0.71 0 1 0% - 491
Bone Met* 1 1 100% 19.34 19.34 0 1 0% - 511
Brain Met* 10 12 83% 1476.6 1230.56 6 12 50% 853 687
Death or Hospice* 2 2 100% 27756.88 27756.88 2 2 100% 2138 2138
Total 35 44 80% 19 44 43%

*Progression event defined by non-RECIST criteria

Figure 3 — Paired comparison of ctDNA and LDH sensitivity to detect measurable disease at progression. Panel A shows a 2 X 2 table of matched

pairs. LDH and ctDNA levels were obtained within 15 days of a disease progression event. If more than one LDH value was available in this time

window, the LDH values were averaged. Panel B provides more detail of the results used for panel A. Specifically, ctDNA and LDH results are

categorized by patient progression event, including the RECIST score at the time of sample collection, or the nature of a non-RECIST

progression event (e.g. new brain metastases). The percentage of elevated results for each marker, stratified by RECIST score or non-RECIST

progression event, is shown along with the average marker level for each category.
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Figure 4 — Serial monitoring of ctDNA in melanoma patients undergoing systemic treatment. The graphs display the RECIST scores, LDH

levels, ctDNA copies/ml, and clinical course for 2 patients. To enable the plotting of all three data sets on the same graph the left y-axis plots both
RECIST scores (in total cm) and LDH levels (in IU/L/100). The right y-axis plots ctDNA (copies/ml). Shaded areas represent approximate time
period during which the patient underwent the specified treatment. Patient A clinical event markers denote the following: 1. Metastatic brain

progression (day 73); 2. Deceased (day 146). Patient B clinical event markers denote the following: 1. New brain metastasis (day 34); 2. Increasing

brain metastasis (day 231); 3. Two new brain metastases (day 323); 4. Hospice (day 367).

4. Discussion

In metastatic melanoma ctDNA was a significantly and sub-
stantially better indicator of tumor burden and biomarker of
disease progression than LDH. In particular, the assays for
BRAFVOE: X NRAS®MR K or L had low backgrounds, large dy-
namicranges, and low variability within replicates. These assay
characteristics translated into a highly sensitive plasma-based
methodology to detect and monitor metastatic disease. Overall

ctDNA assays showed a much greater sensitivity than LDH to
detect measurable disease prior to the initiation of systemic
therapy, especially among patients with low tumor burden ac-
cording to RECIST measurements. Importantly, ctDNA showed
a greater sensitivity to detect radiographic disease progression
than LDH. The 80% sensitivity to detect disease progression is
highly encouraging for a blood-based melanoma biomarker
and further follow-up studies are warranted.

ctDNA was also a sensitive biomarker of non-RECIST pro-
gression events such as the development of brain metastases.
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The 83% sensitivity to detect new or worsening brain metasta-
ses was an unexpected finding. Bettegowa et al. found high
rates of ctDNA detection in a large variety of malignancies,
but less than 10% detection rate for gliomas (Bettegowda
et al., 2014). The difference may be due to different biologies
of these tumors, or the presence of additional extra-cranial
disease among the melanoma patients. The 2 patients we
highlighted, however, had decreasing RECIST scores in the
presence of new or worsening brain metastases. This suggests
that extra-cranial disease progression, as measured by RECIST
criteria, was not the cause of the increasing levels of ctDNA we
observed in consecutive samples. Alternatively, it is possible
that these patients did have progressive extra-cranial disease
that was not captured by RECIST measurements. These find-
ings suggest that ctDNA may be a useful adjunct to radio-
graphic patient monitoring, including but not limited to
clinical trials which rely on RECIST measurements to evaluate
responses.

Serial monitoring of ctDNA has been studied in other ma-
lignancies most notably in colon and breast cancer (Dawson
et al,, 2013; Diehl et al., 2008; Oxnard et al., 2014). Dawson
et al. demonstrated superiority of ctDNA monitoring over
traditional serological markers and circulating tumor cells in
patients with metastatic breast cancer. In addition, they
were able to demonstrate high levels of association between
increasing ctDNA levels and decreasing overall survival
(Dawson et al.,, 2013). One of the major challenges to ctDNA
monitoring in colon and breast cancer is that assays for spe-
cific tumor mutations need to be developed for each patient
as these cancers lack one or more hotspot mutations present
in a high proportion of cases.

In melanoma, mutations in BRAF, primarily V600E or
V600K, and NRAS, primarily Q61, occur frequently, and
mutually exclusively in patient tumors — BRAF in 40%—
50% and NRAS in 15%—20% (Hodis et al., 2012). The high fre-
quency of these hotspot mutations make melanoma a tu-
mor system in which a small number of mutation-specific,
plasma-based assays will be applicable to the large majority
of patients. In the current study 72% of patients had a tumor
mutation that was covered by one of the 5 different plasma
assays we utilized. With the development of additional as-
says, it may be possible to increase the proportion of pa-
tients who can be monitored. Another relevant aspect of
melanoma pathogenesis is that several of the known mech-
anisms underlying resistance to BRAF inhibitor therapy
include preservation of the mutant BRAF allele, such as
amplification of the mutant allele, creation of an alterna-
tively spliced mutant BRAF transcript, or emergence of
NRAS mutations (reviewed in (Das Thakur et al., 2013)), all
of which could potentially be monitored using plasma-
based assays. In our study, the majority of patients who pro-
gressed on BRAF inhibitor therapy had rising levels of the
identified ctDNA. This is in contrast to other tumors effec-
tively treated by small molecule inhibitors such as chronic
myelogenous leukemia and gastrointestinal stromal tumors
in which imatinib resistance is manifest by loss of tumor
cells bearing the mutant allele and emergence of tumor cells
with new mutations in the BCR-ABL gene. In our study there
were a few patients that may have exhibited the emergence
of resistant tumors lacking BRAF mutations as their BRAF

ctDNA levels did not rise with disease progression. With
additional development, it may be possible to implement
strategies to simultaneously monitor plasma samples for
multiple mutations, to identify resistance mechanisms.

To date there have been few studies examining the clin-
ical utility of ctDNA analysis in melanoma patients (Lipson
et al., 2014; Sanmamed et al., 2015; Chang-Hao Tsao et al,,
2015). In these studies, each group showed that in a small
number of patients ctDNA correlated well with disease out-
comes. Lipson et al. detected ctDNA in the plasma of 4/5
analyzable patients and found a correlation between mutant
DNA levels and radiographic evidence of progressing disease
(Lipson et al., 2014). Most recently, Tsao et al. described
changing levels of ctDNA (BRAF V600E/K and NRAS Q61H)
during the treatment of 6 patients with stage IV metastatic
melanoma (Chang-Hao Tsao et al., 2015). They found that dy-
namic changes in ctDNA levels were consistent with changes
in disease status as determined by RECIST. Also, they found
increasing ctDNA levels in one patient with enlarging brain
metastases while LDH measurements failed to rise above
normal. Sanmamed et al. demonstrated that basal levels of
BRAFV600E ctDNA significantly associated with overall and
progression-free survival (Sanmamed et al., 2015). Taken
together, these studies support the potential use of ctDNA
monitoring as a melanoma biomarker. The current study
substantially extends these findings as it is not only the
largest to date and includes analysis of the 3 NRAS mutations
most commonly mutated in melanoma, it provides statisti-
cally significant evidence that ctDNA is superior to LDH as
a melanoma biomarker. Specifically, we make the novel
and clinically relevant finding that ctDNA is more sensitive
than LDH to detect metastatic disease at low RECIST levels
and at times of non-RECIST disease progression. Importantly,
we found that in cases of new or increasing brain metastases,
ctDNA outperforms LDH as a biomarker (83% vs 50%,
respectively).

The main limitation of this study involved the sample and
data collection strategy where blood samples and radio-
graphic scans were obtained as part of routine clinical care.
This methodology limited our ability to compare larger
numbers of patients with samples and radiographic scans
analyzed at pre-defined, specific time points in their treat-
ment course (i.e. perform landmark analyses). Such analyses
could help identify the significance of specific changes in
ctDNA levels over time with respect to clinical endpoints
such as response to treatment and survival. Future studies
with more structured sample and data collection are
warranted.

5. Conclusion

Measurements of mutant BRAF and NRAS ctDNA in the
plasma of patients with unresectable stage IIIC/IV melanoma
can provide clinically meaningful information regarding tu-
mor burden and disease progression. ctDNA outperforms
LDH, which is known to provide inconsistent guidance in
the clinical management of these patients. With further
study, ctDNA monitoring in melanoma may inform clinical
decision-making regarding radiographic disease monitoring
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and treatment decisions among stage IV patients undergoing
systemic treatment who have clinically stable disease. It could
potentially reduce the frequency of radiographic tests to
monitor disease status, decreasing patient radiation exposure
and healthcare costs. In addition, decreasing ctDNA values in
patients treated with immune checkpoint blockade may be a
useful measure to help identify patients responding to treat-
mentbut who have worsening or ambiguous scan results after
the initiation of therapy (Wolchok et al., 2009).
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