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ABSTRACT Targeted therapies and immunotherapies have transformed melanoma care, extend-

ing median survival from ~9 to over 25 months, but nevertheless most patients still
die of their disease. The aim of precision medicine is to tailor care for individual patients and improve out-
comes. To this end, we developed protocols to facilitate individualized treatment decisions for patients
with advanced melanoma, analyzing 364 samples from 214 patients. Whole exome sequencing (WES) and
targeted sequencing of circulating tumor DNA (ctDNA) allowed us to monitor responses to therapy and to
identify and then follow mechanisms of resistance. WES of tumors revealed potential hypothesis-driven
therapeutic strategies for BRAF wild-type and inhibitor-resistant BRAF-mutant tumors, which were
then validated in patient-derived xenografts (PDX). We also developed circulating tumor cell-derived
xenografts (CDX) as an alternative to PDXs when tumors were inaccessible or difficult to biopsy. Thus, we
describe a powerful technology platform for precision medicine in patients with melanoma.

SIGNIFICANCE: Although recent developments have revolutionized melanoma care, most patients still
die of their disease. To improve melanoma outcomes further, we developed a powerful precision medi-
cine platform to monitor patient responses and to identify and validate hypothesis-driven therapies
for patients who do not respond, or who develop resistance to current treatments. Cancer Discov; 6(3);

286-99. ©2015 AACR.

INTRODUCTION

Malignant melanoma is the most deadly skin cancer, and
each year, there are over 76,000 melanoma cases and 10,000
deaths in the United States (1) and over 100,000 cases and
22,000 deaths in Europe (2). A paradigm shift has occurred
in melanoma treatment in the last 5 years. Improved under-
standing of the genetic landscape of melanoma has facilitated
development of effective targeted therapies, and improved
knowledge of the molecular controls of the immune system
has driven the development of immune checkpoint inhibi-
tors. However, not all patients benefit from these treatments,
and resistance is a persistent problem.

The BRAF oncogene is mutated in ~50% of melanomas, and
although BRAF and MEK inhibitors increase survival in these
patients (3-5), even when they are combined most patients
develop resistance after 6 to 12 months (6-8). Antibody
antagonists of CTLA-4 and PD-1 provide survival benefits in
a subset of patients (9-11) and even better responses when
combined (10, 11). However, it is unclear which patients will
benefit from these agents, so the identification of biomarkers
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of response is a priority (12, 13). Moreover, most patients
derive little benefit from CTLA-4 immune checkpoint inhibi-
tors after BRAF inhibitors (14), and resistance to targeted
therapies is driven by several mechanisms (9). Currently, there
are no guidelines or biomarkers to assist in the selection of
second-line therapies, so selecting follow-up treatments for
patients is challenging. One option is to continue treatment
beyond progression (15), but it is unclear which patients
will benefit. Furthermore, patients with melanoma lacking
a BRAF mutation have fewer therapeutic options and are
currently limited to chemotherapy or immunotherapy, so
additional treatment options are needed for these patients.

Recent advances in DNA-sequencing technologies provide
unprecedented capacity to characterize comprehensively the
genetic alterations and pathways in tumors, raising the possi-
bility of developing therapies based on the genetic makeup of
each tumor (16). The Genomics of Drug Sensitivity in Cancer
Project at the Sanger Institute is an example of a large-scale
drug screen that incorporates genomic and gene expression
data to identify drug response biomarkers that could inform
optimal application of cancer drugs (17, 18).

In melanoma, acquired resistance to systemic treatment
appears to be driven by clonal evolution and selection of
resistant tumor cells (19). Repeated biopsies to study genomic
alterations resulting from therapies are invasive, can be diffi-
cult to obtain, and may be confounded by intratumoral het-
erogeneity. A possible resolution to this problem is analysis
of circulating tumor DNA (ctDNA) released by cancer cells
into the plasma (20). Serial analysis of ctDNA can be used
to track genomic evolution of metastatic cancers in response
to therapy to complement invasive biopsy approaches and
identify mutations associated with acquired drug resistance
in advanced cancers (21), but it is unclear how this technol-
ogy can be used in the routine setting of a hospital. Patient-
derived xenografts (PDX) also have the potential to assist
personalized medicine decisions (22), but their development
requires access to tumor tissue that is often inaccessible or
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accessible only by invasive biopsies. One solution to this
challenge is to develop xenografts from circulating tumor
cells (CTC), so-called CTC-derived xenografts (CDX), recently
developed for small cell lung cancer (SCLC; ref. 23) but not
yet for melanoma.

We have developed a platform of technologies for person-
alized medicine in patients with melanoma by exploiting
technical advances in sequencing and xenografts to monitor
responses to treatment and explore new treatment options
and describe results from our collection of 364 samples from
214 patients with advanced melanoma.

RESULTS
ctDNA Reveals Patient Responses to Treatment

We collected plasma samples from 101 patients with mela-
noma being treated as part of clinical trials or receiving cur-
rent standards of clinical care to determine if ccDNA analysis
can be used to support clinical diagnostics. The patients pre-
sented stage II, III, or IV cutaneous, acral, mucosal, or uveal
melanoma, were 26 to 89 years old, and received treatments
including chemotherapy, targeted therapies, and immuno-
therapy (Fig. 1A; Supplementary Table S1). Most patients are
still alive and in some cases have been followed for over a year
(Fig. 1A; Supplementary Table S1).

Our initial studies were retrospective, as in patient 1 who
presented with BRAFV®*F metastatic melanoma with spread
to the lymph nodes and lung (Fig. 1B). The patient presented
a partial response to dabrafenib/trametinib, but relapsed at
~23 weeks (Fig. 1B). Accordingly, the BRAF'0E ctDNA levels
initially fell with tumor shrinkage, but increased again on
relapse (Fig. 1B). The patient did not respond to ipilimumab
and this was also reflected in the BRAF'"E ¢tDNA levels.
Note that serum lactate dehydrogenase (LDH) did not reflect
tumor responses (Fig. 1B). Finally, whole exome sequencing
(WES) of the patient’s resistant tumor revealed an NRASQCIR
mutation (Supplementary Fig. S1) that could be detected
retrospectively in the patient’s ctDNA from week 25 (Fig. 1B).

We also performed prospective studies. Patient 2 presented
with rapidly progressing metastatic BRAF'R melanoma in
the liver, hepatic, and peritoneal lymph nodes (Fig. 1C). Ipili-
mumab was ineffective, but there was a dramatic response
to dabrafenib/trametinib, with tumor shrinkage in multiple
lesions (Fig. 1C). The BRAF'S"R ¢tDNA analysis predicted
the failure of ipilimumab 1 week before the CT scan, and the
response to dabrafenib/trametinib 6 weeks before the CT scan,
whereas serum LDH failed to predict these responses (Fig. 1C).

Another example of ctDNA predicting clinical response
was seen with patient 3, who presented with metastatic
BRAF'*°E melanoma in the lymph nodes and lung. After one
cycle of ipilimumab, treatment was halted due to toxicities
that needed to be managed by immunosuppression, allowing

a second cycle of ipilimumab at week 5. BRAFY%°E ¢tDNA at 3
and S weeks predicted an exceptional response, confirmed by
CT scan at week 8 (Fig. 1D). The patient continues to respond
and the BRAFV%F ctDNA levels remain low at week 17. Note,
however, that counter to the clinical response, serum LDH
remains high, likely due to mycophenolate mofetil, which was
administered for immunosuppressive therapy and is known
to raise LDH (24).

Finally, patient 4 shows an example of a delayed immuno-
therapy response that was preempted by ctDNA analysis. The
patient presented with a jejunal mass that caused intussus-
ception and required resection. NRAS?®'® ctDNA analysis at
week 13 predicted a failure to respond to ipilimumab, and this
was confirmed a week later by a CT scan (Fig. 1E). Nivolumab
was administered at week 16 but interrupted briefly due to
a small bowel resection at week 20. NRASR® ctDNA and
serum LDH were both low from week 28, whereas a CT scan
at week 28 revealed disease progression (Fig. 1E). Note how-
ever that NRASR® ¢tDNA and serum LDH remained low
up to week 42, and a CT scan at week 36 revealed that some
lesions responded to treatment. Thus, even in this patient the
ctDNA analysis was predictive of clinical response.

Targeted Sequencing of ctDNA Reveals
Mechanisms of Resistance to Therapy

We also investigated if WES of ctDNA could reveal mecha-
nisms of resistance to therapy. Our first studies were ret-
rospective, as in patient 5, who was previously treated with
lymphadenectomy for stage III disease and re-presented with
isolated metastatic disease in the lung and was treated by
pneumonectomy (Fig. 2A). Seventeen weeks later, new sub-
cutaneous, liver, and brain metastases developed that ini-
tially responded to vemurafenib, but then relapsed during the
period from weeks 18 to 40. Following a short-lived clinical
response to dabrafenib/trametinib, treatment was halted at
week 50, and the patient died at week 54. The BRAFV°E ctDNA
was predictive of the initial response, protracted relapse to
vemurafenib, and the short-lived response to dabrafenib/
trametinib, whereas serum LDH predicted only the late-stage
relapse to dabrafenib/trametinib (Fig. 2A). To determine the
mechanism of resistance to vemurafenib, we performed WES
of the ctDNA sample at week 50. This revealed an NRASQC!K
mutation (Fig. 2B) that was not present at baseline, but
emerged at the onset of resistance at week 26 (Fig. 2A).

For routine monitoring of common mechanisms of resist-
ance, we developed a targeted sequencing panel of 10 loci
known to mediate resistance to BRAF and MEK inhibitors,
using a multiplexed PCR reaction to enrich target DNA
regions (Fig. 2C and Supplementary Table S2). Patient 6
presented with stage IV disease with brain, lung, and omental
metastases. Vemurafenib and dabrafenib/trametinib were
administered with brief interruptions to sustain BRAF/MEK

>

Figure 1. ctDNA can be used to monitor patient response. A, overview of 101 patients with cutaneous, acral, mucosal, and uveal melanoma at different
disease stages monitored by circulating free DNA technologies (see Supplementary Materials for more information on melanoma patient sample classifica-
tion). B, time courses for BRAFY®%0F variant allele fractions (VAF; blue), NRAS®IR VAF (red), and serum LDH (black) in patient 1. C, time courses for BRAFY60O0R
VAF (blue) and serum LDH (black) in patient 2. D, time courses for BRAFY60%E VAF (blue) and serum LDH (black) in patient 3. E, time courses for NRAS®IR VAF
(red) and serum LDH (black) in patient 4. LDH > 550 IU/L = elevated LDH < 550 IU/L = normal; red organ denomination = progressive disease; orange = stable
disease; green=response; N.A., not available; TT, targeted therapy; IT, immunotherapy; CT, chemotherapy; LN, lymph node; LND, lymph node dissection.
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Figure 2. ctDNA can be used to monitor response and emerging resistance in patients with melanoma on targeted therapy. A, time courses for
BRAFV600E VAF (blue), NRAS6IK VAF (red), and serum LDH (black) in patient 5. B, Integrative Genomics Viewer (IGV) visualization for WES of codon Q61 of
NRAS in the baseline versus 50-week relapsed ctDNA sample. The red color indicates the G>T transition for the p.Q61K mutation in the tumor. C, 10-loci
primer panel for targeted sequencing analysis of the ctDNA. Individual primers were tested using chromosomal DNA isolated from two melanoma cell
lines, A375 and MM485. D, time courses for BRAFY690E VAF (blue), PIK3CA®>#>K (purple), and serum LDH (black) in patient 6. E, time courses for BRAFV600F
VAF (blue), NRAS®IR VAF (red), NRASQ®IK VAF (pink), and serum LDH (black) in patient 7. LDH > 550 IU/L = elevated LDH < 550 IU/L = normal; RT, radio-
therapy; SC, subcutaneous; D, dabrafenib; T, trametinib; Vem, vemurafenib; LN, lymph node.

inhibition while managing toxicities (Fig. 2D). A CT scan at
week 12 revealed a good partial response and the BRAF'600E
ctDNA remained below detection limits. A second scan at
week 23 revealed ongoing abdominal response but slow pro-
gression in the brain. The BRAF'®E ctDNA revealed dis-
ease progression at week 25, which was clinically confirmed
at week 28 (Fig. 2D; Supplementary Fig. S2A). Targeted

sequencing of the ctDNA revealed a de novo PIK3CAES*K
mutation that emerged coincident with resistance to dab-
rafenib at week 32 (Fig. 2D) when treatment was withdrawn,
followed by death at week 36.

Finally, patient 7 presented with aggressive disease with mul-
tiple subcutaneous, liver, and bone metastases, abdominal lym-
phadenopathy, a pelvic mass, and peritoneal thickening (Fig. 2E).
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The patient received encorafenib (LGX818) monotherapy as
part of a clinical trial (NCT01090453), and serum LDH and
ctDNA at weeks S and 7 suggested a partial response that was
confirmed by CT scan at week 10 (Fig. 2E). BRAFYE ¢tDNA
analysis at week 11 revealed that relapse was occurring, and
this was substantiated by clinical examination at week 15 and
was coincident with a further increase of BRAF*F and the
appearance of NRASR®® and NRASIK revealing the likely
mechanisms of resistance (Fig. 2E; Supplementary Fig. S2B). A
CT scan at week 18 confirmed disease progression, demonstrat-
ing that for this patient, the ctDNA analysis provided an early
warning of relapse 7 weeks before it was confirmed by the scan.

A PDX Collection to Guide Clinical Care of
Patients with Melanoma

We showed earlier that longitudinal analysis of ctDNA
is a powerful approach to monitor patient responses to
immunotherapies and targeted therapies. Moreover, ctDNA
can be used to reveal mechanisms of resistance in individual
patients. To complement ctDNA analysis with a strategy for
selecting second-line therapeutic options, we developed a
systematic pipeline to establish melanoma PDXs, implanting
126 samples from 120 patients with cutaneous, acral, and
uveal melanoma into NOD.Scid IL2y (NSG) mice (Fig. 3A).
The samples were derived from subcutaneous sites, lymph
nodes, and visceral metastases, and we also established PDXs
from pleural effusions, ascites, and a primary uveal melanoma
from an enucleated eye (Fig. 3A). The patients were all stage
III or IV, but many stage III patients progressed to stage IV
over the course of the study (Fig. 3A). They ranged from 25 to
95 years and they were treatment naive or had received typical
treatments, including chemotherapy, targeted therapy, and
immunotherapy (Fig. 3A). Our success rate for PDX engraft-
ment was 72% with median latency to 100 mm? of 49 days,
and, as many patients were followed for up to 12 months
(Fig. 3A; Supplementary Table S3), we had ample opportu-
nity to develop and test clinically relevant personalized treat-
ments for individual patients.

We exemplify our approach with patient 5, for whom
we developed a PDX from the pneumonectomy previously
described (Fig. 3B; see also Fig. 2A). The PDX retained the
histologic features of the patient’s tumor (Fig. 3C), and WES
revealed extensive overlap in the single nucleotide variants
(SNV) of the patient’s tumor and PDX, and also confirmed
the presence of BRAFV®®E (Fig. 3D). Concurrent with the
patient’s treatment with vemurafenib, mice bearing the PDX
were treated with PLX4720, a vemurafenib analogue with
superior oral bioavailability in mice (25, 26). In parallel with
the patient, the mice initially responded, but complete regres-
sion was not achieved and resistance emerged after 12 to 16
weeks (Fig. 3E and Supplementary Fig. S3). The patient was
judged unlikely to benefit from ipilimumab, radiotherapy,
or surgery, and WES did not reveal new actionable therapeu-
tic targets in the resistant PDX (data not shown), leaving
dabrafenib plus trametinib as the patient’s only treatment
option. The preferred treatment option was a combination
of dabrafenib and trametinib, although it was understood
that any benefit would be short-lived (27). At the time, this
combination was available only through an Expanded Access
Program (EAP) in the United Kingdom, but the patient was

ineligible for this program due to the brain lesions. However,
we found that the PLX4720-resistant PDX responded briefly
(~10 weeks) to dabrafenib/trametinib (Fig. 3F), and used these
data to obtain permission from the sponsor for this combina-
tion in the patient. As in the mice, the patient received a brief
(8-week) clinical benefit from the combination, showing that
PDX technology can be used to refine patient care.

BRAF Inhibitor Treatment Past Progression
Induces Growth and Metastasis in a
Drug-Resistant Tumor

Clinicians currently face a difficult decision as to whether to
continue to treat beyond progression patients who relapse on
targeted therapy with the hope of slowing tumor growth, or
whether to halt targeted therapy and consider alternatives. We
illustrate this problem in patient 8, who developed inoperable
axillary nodal disease that carried a BRAF'**® mutation. The
patient received vemurafenib, and after 12 weeks a 50% reduc-
tion in tumor volume enabled complete resection of the lesion
(Fig. 3G). Vemurafenib was not provided after surgery due to
a lack of evidence for benefit from adjuvant therapy, but the
patient relapsed with metastatic disease, and although vemu-
rafenib was readministered at week 24, the disease progressed
rapidly and the patient died at week 37 (Fig. 3G).

We established two PDXs from this patient, one from the
tumor removed at week 12 and one from a pleural effusion
drained at week 37 (Fig. 3G), providing a rare pair of respond-
ing and relapsing tumors from the same patient. Critically,
PLX4720 accelerated the growth of the 12-week PDX (Fig.
3H) and we observed micrometastatic lesions in the lungs of
PLX4720-treated mice bearing the 12-week PDX, but not the
vehicle-treated controls (Fig. 3I). WES of the 12-week tumor
revealed an NRAS?®K mutation that was not present in the
biopsy taken at presentation (Fig. 3]), and this mutation was
further enriched in the 37-week pleural effusion PDX (Fig.
3K). Thus, consistent with our previous cell line studies (28,
29), BRAF inhibition accelerated the growth and metastasis
in this NRAS mutant PDX, suggesting that treatment beyond
progression was inappropriate for the patient and highlight-
ing how improved knowledge of melanoma biology could
assist with decisions about when to continue and when to
withdraw treatment.

Identification and Validation of Treatments for
Non-V600 Mutant BRAF Patients

Current treatments for non-V600 mutant BRAF patients
are based on immunotherapy and chemotherapy, but ~50%
of patients do not respond. A key challenge for personalized
medicine is therefore to develop treatments for these patients,
so we tested if this could be achieved by combining next-
generation sequencing and PDX technologies. We sequenced
80 patient tumors by WES or by targeted sequencing with
a panel of 40 melanoma driver genes and genes known to
be drivers of resistance to targeted therapy (Supplementary
Table S4; refs. 30-32). Forty-eight tumors carried V600 BRAF
mutations and one a K601 mutation (Fig. 4A), all of which
are activating and known to respond to BRAF inhibitors (33).
Nineteen tumors carried RAS mutations, three carried NFI
mutations, and nine were wild-type for BRAF, NRAS, and NFI
(Fig. 4A). We observed several significantly mutated genes
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Figure 3. PDX technologies to refine patient care. A, overview of 126 stage Il and IV cutaneous, acral, and uveal melanoma patient samples implanted into
NSG mice to establish PDXs (see Supplementary Materials for more information on melanoma patient sample classification). B, patient 5 clinical history.

C, photomicrographs showing hematoxylin and eosin (H&E) staining of the tumor from patient 5 (top) and the corresponding PDX (bottom). Inset, melanoma-
specific antibody HMB45/MelanA staining. Scale bar, 100 um. D, SNV correlation in the tumor from patient 5 and the corresponding PDX. Gray dots, private
SNVs; blue dots, shared SNVs; pink dot, BRAFV60%E, Dotted line, ideal fit. Pearson product-moment correlation; P < 2.2e~16; r?=0.68. E, growth of patient 5
PDX in mice treated with vehicle or PLX4720 (45 mg/kg/d orally). Mean tumor volumes + SEM (n=5 per group) are shown. F, growth of PLX4720-resistant
patient 5 PDX from E in mice treated with PLX4720 (45 mg/kg/d orally) or dabrafenib (25 mg/kg/d orally)/trametinib (0.15 mg/kg/d orally). Drug treatments
commenced immediately after reimplant from E and show mean tumor volumes + SEM (n=9 per group). G, patient 8 clinical history. H, growth of patient 8 PDX
in mice treated with vehicle or PLX4720 (45 mg/kg/d orally). Mean tumor volumes + SEM (n=5 per group) are shown. I, photomicrographs showing H&E
staining in tumor (top left), vehicle-treated PDX (top right), PLX4720-treated PDX (bottom left) and a lung metastasis from a PDX-bearing mouse treated
with PLX4720 (bottom right) from patient 8. Insets show IHC staining with the melanoma-specific antibody HMB45/MelanA. Scale bar, 100 um. J, NRASQ61K
allele fraction in DNA from patient 8 blood (germline), and the tumor at baseline and after 12 weeks of vemurafenib. K, IGV visualization for WES of codon
Q61 of NRAS in the DNA from patient 8 blood (germline), the tumor at 12 weeks and the pleural effusion-PDX at 37 weeks. The percentages indicate the
mutant allele fraction in each sample. Green lettering, partial response; orange, stable disease; red, progressive disease; RT, radiotherapy treatment; TT,
targeted therapy; IT, immunotherapy; CT, chemotherapy; y, years; SC, subcutaneous; LN, lymph node; RLN, regional lymph node.
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Figure 4. Sequencing and PDX technologies for the identification and validation of therapeutic targets in non-V600 mutant BRAF melanoma. A, landscape
of driver mutations in 80 malignant melanomas. Top, the mutation subtype (BRAF hotspot, RAS [N/H/K] hotspot, NF1, and triple wild-type) is indicated
for each tumor sample. Bottom, color-coded matrix of individual mutations in each sample (specific BRAF and RAS mutations are indicated). B, patient 9
clinical history. C, Sanger sequencing electropherograms confirming BRAFG466€ and HRAS®!3Y mutations in patient 9. D, dose-response curve (or beta)
values for RBI mutant/CNA cell lines screened against the top 5 drugs with increased sensitivity on a RB1-mutated background. Paclitaxel (n = 60),
GW843682X (n=60), ZM-447439 (n=75), S-Trityl-l-cysteine (n = 60), and MS-275 (n=63). E, dose-response curve (or beta) values for RB1 mutant/CNA
cell lines (n=60) versus RB1 wild-type cell lines (n=296) screened against paclitaxel. P = 0.0386 (Mann-Whitney test). F, photomicrographs showing H&E
staining of the tumor from patient 9 (top) and the corresponding PDX (bottom). Scale bar, 100 um. Insets show IHC stains with the melanoma marker S100
staining. Scale bar, 100 um. G, growth of PDX from patient 9 in mice treated with vehicle, trametinib (0.15 mg/kg/d orally), paclitaxel (10 mg/kg/d i.p. every
third day), or trametinib (0.15 mg/kg/d orally) plus paclitaxel (10 mg/kg/d i.p. every third day). Drug treatments commenced when tumors were ~90 mm? and
show mean tumor volumes + SEM (n=7 per group). Red lettering, progressive disease. RLN, regional lymph node; SC, subcutaneous; DTIC, dacarbazine.

recently defined in the genomic classification of melanoma,
and note that the distribution of mutations in these tumors
is largely in agreement with that classification (30). Of note,
six of the V600 BRAF mutant tumors acquired RAS muta-
tions at resistance (Fig. 4A).

We were intrigued by patient 9 (Fig. 4B), because the tumor
presented a rare kinase-dead BRAF mutation (G466E), a rare
oncogenic HRAS mutation (G13V; Fig. 4C), and a loss-of-

function RBI mutation, also rare in melanoma. This unusual
constellation of mutations is a therapeutic challenge, because
oncogenic RAS drives paradoxical activation of kinase-dead
BRAF, so despite the BRAF mutation, BRAF inhibitors will
be ineffective (28, 34). The patient originally presented
with primary melanoma on the forearm with synchronous
regional nodal metastases and was rendered disease-free by
surgery, but relapsed after 36 weeks (Fig. 4B). Two cycles of
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dacarbazine (DTIC) and one dose of ipilimumab were
administered, but a rapidly worsening condition and poor
performance status prevented further treatment.

We hypothesized that MEK inhibitors may be effective in
this tumor, and it is reported that cells lacking RB1 are sensi-
tive to paclitaxel (ref. 35; Fig. 4D and E), so we tested these
drugs in a PDX from the patient’s metastatic lesion (Fig.
4B). The PDX retained the histologic features of the patient’s
tumor (Fig. 4F), and although it did not respond to the MEK
inhibitor trametinib or to paclitaxel monotherapies, it was
sensitive to the combination of these drugs (Fig. 4G). This
demonstrates how PDXs can be used to validate hypothesis-
driven combination therapies for patients with melanoma.

Melanoma CTCs Are Tumorigenic

PDXs cannot always be developed if tumors are inaccessible,
but we recently demonstrated that xenografts can be established
from CTCs in SCLC (23), so we explored if we could develop
CDXs from patients with melanoma. We attempted to develop
CDXs from 47 blood samples from 40 patients with stage IIl and
IV cutaneous, acral, mucosal, and uveal melanoma (Fig. 5A and
Supplementary Table S5) by adapting the SCLC protocol and
injecting the enriched CTCs into NSG mice (Fig. 5B). We have
been successful in 6 cases, failed in 15, and continue to follow 26
(Fig. SA), which represents a current success rate of 13%.

A CDX was generated for patient 10, who presented highly
aggressive widespread BRAFV®®E melanoma that was unre-
sponsive to targeted therapy (Fig. 5C). A palpable tumor grew
in the first mouse 1 month after cell implantation (F1 CDX),
had a doubling time of ~10 days (Fig. 5D), and grew in second-
ary hosts (F2 CDX; Fig. 5D), demonstrating sustainability.
It retained the histopathologic and immunohistochemical
features of the patient’s tumor and invaded the deep mus-
cular layers (Fig. SE). The CDX-bearing mice developed lung
micrometastases (Fig. SE), and 2 months after excision of the
primary tumor, macroscopic metastases were seen in the liver,
lungs, kidneys, lymph nodes, brain, and distant subcutaneous
tissue (Fig. SF and G), and we confirmed that these tumors
were metastatic human melanoma by staining for human
HMB45/MelanA (Fig. 5G). Thus, the CDX had similar meta-
static tropism in mice and the patient, and the cancer cells
crossed the blood-brain barrier in both hosts. Copy number
aberration (CNA) analysis revealed clear overlap of gains and
losses in the patient’s tumor and CDX (Fig. 6A), and WES
and RNA sequencing revealed extensive concordance of SNVs
(Fig. 6B and C). Notably, coincident with the patient’s lack of
response to dabrafenib, the CDX also failed to respond to this
drug, showing only a 2-week delay in growth (Fig. 6D).

We also developed a CDX from patient 11, who presented
extensive metastases in retrocrural lymph nodes and acute
bowel obstruction. A BRAFV®*%® mutation was confirmed and
the patient commenced vemurafenib, but was switched to
dabrafenib due to skin toxicity (Fig. 6E). The CDX from this
patient, established at week 2, developed in ~2.5 months (F1
CDX), had a doubling time of ~10 days (Fig. 6F), and grew
in secondary hosts (F2 CDX; Fig. 6F). It retained the histo-
pathologic and immunohistochemical features of the patient’s
tumor and metastasized to the lungs (Fig. 6G). Moreover,
following excision of the primary tumor, we observed wide-
spread macroscopic disease in the mouse hosts (Fig. 6H), and,

coincident with the patient’s short response to vemurafenib
and dabrafenib, the CDX presented a short-lived response to
PLX4720 (Fig. 6I). Thus, we describe the development of mela-
noma CDXs, a new tool to study melanoma biology in patients
with advanced-stage disease, and for monitoring and predict-
ing patient responses to therapy when tumors are inaccessible.

DISCUSSION

There have been enormous advances in the management of
melanoma over the past 5 years. New targeted therapies and
immunotherapies have improved progression-free and overall
survival in this disease, and in some cases led to cures. How-
ever, resistance emerges in the majority of patients on targeted
therapies and not all patients respond to immunotherapies, so
it is clinically challenging to select patients for these different
modalities, to determine when to switch between modalities
and to select second-line therapies for patients who fail to
respond or who relapse. Here, we describe systematic analysis of
patient samples to improve the personalization of targeted ther-
apies and immunotherapies. We argue that no single approach
allows refinement of care in all patients and that integration of
data from a platform of technologies that interrogates different
aspects of tumor biology is needed to select the most appropri-
ate treatment for an individual patient. Clearly, these analyses
need to be conducted in a timely manner so that treatment can
be refined to ensure the best possible outcome.

It has been shown that ctDNA is a reliable, inexpensive,
and minimally invasive technique that allows assessment of
response to therapy in breast and colorectal cancers (21, 36-
38). This technology was previously explored in a small num-
ber of patients with melanoma (39-41), primarily through
application of mutation-specific droplet digital PCR assays.
We extend those studies by establishing that next-generation
sequencing of ctDNA can be used as a routine clinical tool
to monitor patient responses to treatment, but also to reveal
mechanisms of resistance even in the absence of prior knowl-
edge of the underlying molecular processes. We showed that
longitudinal monitoring of BRAF and NRAS driver mutations
could be used to prospectively follow patient responses to
targeted therapy and immunotherapy. In agreement with pre-
vious studies, we show that ctDNA generally revealed the dis-
ease course earlier than imaging, and we show that it was more
accurate at predicting responses than serum LDH. Moreover,
although LDH can be prognostic in melanoma (42), its levels
can increase in unrelated conditions such as liver disease and
myocardial infarction (43), which can confound interpreta-
tion of therapy responses. The potential of ctDNA was dem-
onstrated in patient 4, where the results initially appeared
discordant because NRASR®'R was undetectable when the CT
scan showed progressive disease. However, a subsequent scan
revealed tumor shrinkage, demonstrating that ctDNA had
accurately predicted this delayed response to immunotherapy.
A similar observation was recently reported in another patient
with a delayed immunotherapy response (44), so together
these data suggest that ctDNA could be particularly valuable
in patients with delayed responses to immunotherapy.

We were intrigued that the BRAF-mutant variant allele
fraction (VAF) was consistently higher than the mutant VAFs
that mediated resistance. One possible explanation for this is
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Figure 5. Melanoma CDXs are a tool for personalized medicine in advanced disease. A, overview of CTCs isolated from 47 blood samples from 40 patients
with cutaneous, acral, and uveal melanoma implanted into NSG mice to establish CDXs (see Supplementary Materials for more information on melanoma
patient sample classification). B, generation of CDX models by CTC enrichment and s.c. injection in NSG mice. C, patient 10 clinical history. Red lettering
indicates progressive disease at the indicated locations. D, growth of F1 and F2 CDXs in NSG mice. E, H&E histologic image of the tumor from patient 10
(top) and the corresponding F1 CDX (bottom). Top, H&E image of the patient tumor (upper image; scale bars, 300 um) and high power magnification H&QE
and IHC staining with HMB45/MelanA from metastatic lesions in the patient’s regional lymph node (bottom images; scale bars, 20 um). Lower, H&E image
of the F1 CDX tumor (upper image; scale bars, 300 um) and high-power magnification H&E and IHC staining with HMB45/MelanA from the F1 CDX tumor
(left and middle insets; scale bars, 15 um) and IHC staining for HMB45/MelanA of a metastatic deposit in the mouse lung (scale bars, 25 um). F, photo-
graphs of lymph nodes, kidneys, liver, lungs, and skin (subcutaneous tumor) showing macroscopic metastasis in the visceral organs of F2 CDX-bearing
mice. G, H&E photomicrographs and IHC staining for HMB45/MelanA of the metastatic lesions in the visceral organs of the F2 CDX mice. M, metastasis;

P, normal tissue parenchyma. All scale bars 150 um except bottom lowest image, 20 um. Red lettering, progressive disease; TT, targeted therapy;
IT, immunotherapy; CT, chemotherapy.
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Figure 6. CDXs are representative of human tumors. A, CNA analysis of the patient 10 tumor and F1 CDX. B, VAF expressed in percentage in tumor
and F1 CDX. Gray dots, private SNVs; blue dots, shared SNVs; pink dot, BRAFY®90E, Dotted line, ideal fit. Pearson product-moment correlation
P<2.2e-16;r?=0.67.C, allele fraction plot expressed in percentage from RNA sequencing of patient tumor and F1 CDX. D, growth of patient 10 F3 CDX
in mice treated with vehicle or dabrafenib (25 mg/kg/d orally). Mean volumes + SEM are shown (n =6 per group). n.s., nonsignificant (t test, two-sided).
E, patient 11 clinical history. Red lettering, progressive disease at the indicated locations. LN, lymph node. F, growth of the F1 CDX and F2 CDX in indi-
vidual NSG mice. G (top), patient 11 regional lymph node metastasis H&E photomicrograph (scale bar, 150 um); inset (left), high power magnification H&E
(scale bar, 25 um); inset right, IHC staining with HMB45/MelanA (scale bar, 25 um). Bottom, F1 CDX tumor H&E photomicrograph (scale bar, 100 um);
inset left, high power magnification H&E (scale bar, 20 um); inset center, F1 CDX tumor IHC staining with HMB45/MelanA (scale bar, 20 um); inset right,
lung metastasis IHC staining with HMB45/MelanA (scale bar, 200 um). H, H&E photomicrographs (left) and IHC staining with HMB45/MelanA (right) of
the visceral metastases in F2 CDX mice. Scale bars: top row, 30 um; mid row, 100 um; bottom row left, 100 um; bottom row right, 40 um. I, growth of
patient 11 F3 CDX in mice treated with vehicle or PLX4720 (45 mg/kg/d orally). Mean volumes + SEM are shown (n =6 per group).

that resistance was mediated by several subclones driven by
distinct mechanisms, so although all subclones contributed
to the BRAF-mutant ctDNA, each contributed only partially
to the resistance mutant ctDNA pool. An alternative possibil-
ity is that cells treated with targeted therapies secrete factors
that promote the survival of drug-sensitive cells (45), suggest-
ing that resistant cells can sustain sensitive cells and therefore
persist as a minority population in the resistant tumor.

Our study shows that ctDNA is a tractable biomarker that
can assist clinical decisions in a variety of settings. We advo-
cate that BRAF and NRAS ctDNA are monitored and further
validated in prospective clinical trials and they now have a
part in routine clinical practice. With targeted therapies, an
increase in BRAF-mutant VAF will provide an early warning of’
progression, and the NRAS analysis will reveal mechanisms of
resistance in approximately 30% of patients (32). In particular,
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this technique could be used to prioritize patients for scans,
so that disease progression can be confirmed early and patient
care adjusted at the earliest opportunity. Over and above the
benefits for individual patients, the use of ctDNA should
allow treatment selection to be more cost effective, allowing
more timely and accurate decision making on when to start or
stop treatment with these very expensive drugs.

We show that PDX technologies can complement ctDNA
analysis to optimize patient care. Support for the predictive
power of PDXs has been shown in a small number of clinical
cases (22, 46, 47), although limitations of PDX models due to
tumor heterogeneity and interspecies compatibility have also
been noted (48, 49). Critically, our PDX models were estab-
lished with a median latency of 49 days, and we show that this
provided sufficient time to test clinically relevant questions for
numerous patients in this study. A central component of the
potential of PDXs is the rapid analysis of the genomic land-
scape of tumors. We show that WES of the tumors allowed
the identification of genetic alterations beyond BRAF hotspot
mutations and, in combination with PDX models, allowed the
selection and validation of first-line and second-line treatments.
We show that integration of WES and ctDNA sequencing with
functional studies in PDXs provides a powerful combination
that can change clinical practice and improve patient outcomes.

For one of our patients, WES revealed that trametinib
plus paclitaxel may have been effective, and we validated
this combination in the patient’s PDX. Notably, a phase I
clinical trial with combination trametinib/paclitaxel (PAC-
MEL) reported ~40% partial response rates in patients with
non-V600 mutant BRAF (50), but no molecular mechanisms
were provided to explain the responses. Our data may pro-
vide a foundation for patient stratification with this com-
bination, validating the clinical relevance of our approach.
Moreover, the approach is particularly relevant for umbrella
and basket trials, where preclinical evaluation of drug effi-
ciency or combinations in individual patient tumors could
assist optimization of patient benefit and cost. We also show
that this technology may assist in decisions about when to
treat beyond relapse for some patients. A limitation of the
approach is access to new agents to test in PDX models, or
to administer to the patients, but linking drugs to real-time
PDX data clearly has the potential to improve patient care
and outcomes. We strongly advocate that PDXs be estab-
lished as early as possible during patient care to allow as
much time as possible for these studies to be conducted.

It is difficult to apply PDX technology to patients with very
advanced disease who have exhausted conventional treatment
options, as carrying out a biopsy solely to access fresh tumor
for investigational techniques may not be considered to be in
their best interest. Thus, although it is important to study late-
stage disease biology, samples are difficult to obtain. We show
that this limitation can be overcome in some patients by CDX
techniques. We establish a proof-of-principle for this approach
in melanoma and show that the CDXs resemble patient tumors
and response to therapies. Our data establish that melanoma
CTCs are tumorigenic and that they have similar tropism to
the patient’s own tumors. Because it is not currently possible to
reliably quantify CTCs in melanoma, we cannot correlate CTC
count to the successful establishment of CDXs, but we note that
in all six cases where CDXs were established, the patients had

widespread, late-stage disease, suggesting that this approach
is more successful in patients with high disease burden. Thus,
we establish that CDX technology is feasible in melanoma, and
this approach is particularly important when patient tumors
are inaccessible or difficult to biopsy. Clearly, this technology
provides an opportunity to study late-stage disease.

In summary, we describe integration of WES, ctDNA analy-
sis, PDX, and CDX technologies as a powerful platform to
optimize clinical management of patients with melanoma. We
emphasize that it is not feasible to use all of these approaches
in all patients but, nevertheless, careful selection of relevant
components can be used to improve individual patient care.
PDXs did not grow for ~30% of patients, and the take rate for
CDXs was considerably lower, but the ctDNA still revealed
responses to treatment and provided early warning of relapse
in most patients. Moreover, WES or targeted sequencing of
ctDNA provided insight into mechanisms of resistance in
many patients. Our aim was to develop a pipeline to improve
patient care, and for at least 1 patient we obtained a treatment
that was not otherwise available. This shows the power of our
approach, and we are now further refining our platform to
enable us to optimize care for the majority of patients.

METHODS

See Supplementary Materials for full details.

Patients and Samples

Patients were managed in accordance with the ethical principles
originating from the Declaration of Helsinki and in accordance with
Good Clinical Practice as defined by the International Conference on
Harmonisation. All patients were treated according to standard clini-
cal protocols or as part of clinical trials approved by our Institutional
Review Board. Standard treatments included, where appropriate,
access to treatments available through Medicines Health Regulatory
Agency (MHRA)-approved Expanded Access Programs (EAP) or Early
Access to Medicines Schemes (EAMS). All patients gave informed
written consent to participate in clinical trials or EAP or EAMS.
Patient samples were collected with written full-informed patient
consent under Manchester Cancer Research Centre (MCRC) Biobank
ethics application #07/H1003/161+5 and approval for the work
under MCRC Biobank Access Committee application 13_RIMA_01.

Animal Procedures

All procedures involving animals were performed in accordance
with ARRIVE guidelines and National Home Office regulations
under the Animals (Scientific Procedures) Act 1986 and within
guidelines set out by the Cancer Research UK Manchester Institute’s
Animal Ethics Committee and the Committee of the National Can-
cer Research Institute at The Institute of Cancer Research Animal
Welfare and Ethical Review Body, and carried out under licenses PPL-
70/7635 and PPL-70/7701.

Blood Processing and Circulating Cell-Free DNA Extraction

Blood was collected into BD Vacutainer K2E (EDTA) tubes (Bec-
ton-Dickinson), double centrifuged at 2,000 x g for 10 minutes at
room temperature, and the plasma stored at -~80°C within 4 hours
of collection. Circulating cell-free DNA (cfDNA) was extracted with
QIAamp Circulating Nucleic Acid Kits (Qiagen) per the manufac-
turer’s instructions, quantified by the TagMan RNAseP Assay (Life
Technologies) and stored at -80°C. LDH was determined indepen-
dently by the Christie Pathology Laboratories.
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WES of ctDNA and Tumor Samples

WES on solid tumors was performed as previously described (51).
For cfDNA sequencing, a library was generated using 13 ng of cfDNA
in an Accel-NGS 2S DNA Library Kit for the Illumina Platform (Swift
Biosciences) according to the manufacturer’s instructions, with small
modifications (see Supplementary Materials).

NGS Mutation Detection

For retrospective analyses, the DNA loci corresponding to
NRAS?'and BRAF*® were quantified following PCR amplification
of a 120-bp NRAS fragment and 108-bp BRAF fragment from 1 ng
of patient cfDNA (NRAS?!: forward primer 5’-GTATTGGTCTCT
CATGGCACTGT, reverse primer 5“TACCCTCCACACCCCCAG;
BRAFY®%: forward primer S""-TTCATGAAGACCTCACAGTAAAAA,
reverse primer 5""-TCCACAAAATGGATCCAGAC). For subsequent
prospective analysis a targeted 10-loci PCR panel was used (Supple-
mentary Table S2). PCR products were gel purified using QIAquick
Gel Extraction Kits (Qiagen) and quantified using Qubit 2.0 Fluo-
rometer (Life Technologies). Five nanograms of each purified PCR
product (for retrospective analyses) or 250 ng of the multiplexed PCR
product (for prospective analyses) were cloned into a NEBNext Ultra
DNA Library Prep Kit for Illumina (New England Biolabs) according
to the manufacturer’s instructions. Following purification and quan-
tification, libraries were mixed with 35% PhiX Control v3 (Illumina)
or multiplexed with sequencing libraries of higher complexity to
facilitate clustering and processed on an Illumina MiSeq (Illumina).

Real-time PCR Mutation Detection

BRAF (V600E, c.1799T>A) and NRAS (NRASRC'K ¢.181C>A, NRASCIR
c.182A>G and NRASR!L, ¢.182A>T) mutations were detected using
castPCR assays (Life Technologies) according to the manufacturer’s
instructions. Briefly, 4 pL of genomic DNA (0.71-40 ng) was com-
bined with 10 pL TagMan Gene Expression Master Mix and 2 pL
mutation-specific or NRAS reference primer and probes. Genomic
DNA isolated from A375 melanoma cells and DNA isolated from
whole blood of two patients with melanoma carrying confirmed
NRAS wild-type tumors were used to establish Detection ACy Cutoff
values. All reactions were processed on an ABI 7900HT Real-time PCR
machine and analyzed using SDS 2.4 software (Life Technologies).

Establishing Patient-Derived Xenografts

Patient tumor samples (~80 mm?®) were implanted subcutaneously
in 6-week-old female NSG mice. All animals were dosed by daily oro-
gastric gavage with drug or vehicle (5% DMSO in water). For patient
5, animals were randomized into groups receiving PLX4720 (45 mpk)
or vehicle for 120 days. Tumors were passaged into additional mice,
and the animals randomized for treatment with PLX4720 (45 mpk) or
dabrafenib (25 mpk)/trametinib (0.15 mpk). For patient 8, animals were
randomized before initiation of treatment with PLX4720 (45 mpk) or
vehicle for 34 days. For patient 9, animals were randomized for daily
orogastric gavage treatment with vehicle, trametinib (0.15 mpk) and/or
intraperitoneal administration of paclitaxel (20 mpk) twice a week. For
patient 10, animals were randomized for treatment with dabrafenib (25
mpk) or vehicle for 56 days. For patient 11, animals were randomized
for treatment with PLX4720 (45 mpk) or vehicle for 42 days.

CTC-Derived Xenografts
Methods used have been previously described (23).
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