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A B S T R A C T

Purpose
Isolated limb infusion (ILI) with melphalan (M-ILI) dosing corrected for ideal body weight (IBW) is
a well-tolerated treatment for patients with in-transit melanoma with a 29% complete response
rate. ADH-1 is a cyclic pentapeptide that disrupts N-cadherin adhesion complexes. In a preclinical
animal model, systemic ADH-1 given with regional melphalan demonstrated synergistic antitumor
activity, and in a phase I trial with M-ILI it had minimal toxicity.

Patients and Methods
Patients with American Joint Committee on Cancer (AJCC) stage IIIB or IIIC extremity melanoma
were treated with 4,000 mg of ADH-1, administered systemically on days 1 and 8, and with M-ILI
corrected for IBW on day 1. Drug pharmacokinetics and N-cadherin immunohistochemical staining
were performed on pretreatment tumor. The primary end point was response at 12 weeks
determined by Response Evaluation Criteria in Solid Tumors (RECIST) criteria.

Results
In all, 45 patients were enrolled over 15 months at four institutions. In-field responses included 17
patients with complete responses (CRs; 38%), 10 with partial responses (22%), six with stable
disease (13%), eight with progressive disease (18%), and four (9%) who were not evaluable.
Median duration of in-field response among the 17 CRs was 5 months, and median time to in-field
progression among 41 evaluable patients was 4.6 months (95% CI, 4.0 to 7.1 months). N-cadherin
was detected in 20 (69%) of 29 tumor samples. Grade 4 toxicities included creatinine phospho-
kinase increase (four patients), arterial injury (one), neutropenia (one), and pneumonitis (one).

Conclusion
To the best of our knowledge, this phase II trial is the first prospective multicenter ILI trial and the
first to incorporate a targeted agent in an attempt to augment antitumor responses to regional
chemotherapy. Although targeting N-cadherin may improve melanoma sensitivity to chemother-
apy, no difference in response to treatment was seen in this study.

J Clin Oncol 29:1210-1215. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Despite appropriate initial therapy, approximately
2% to 10% of extremity melanomas recur as in-
transit (IT) metastases representing melanoma
tumor deposits in the dermal or subcutaneous lym-
phatic vessels.1,2 The presence of IT metastases is
associated with poor prognosis with 5-year survival
rates ranging from 12% to 37%.3-5 Systemic chem-
otherapy generally has poor, short-lived objective
response rates.6,7 The techniques of hyperthermic
isolated limb perfusion8-12 and ILI13-16 with mel-
phalan (M-ILI), with or without dactinomycin, al-
low delivery of regional chemotherapy several
orders of magnitude higher than can be attained

with systemic administration. In a recent multi-
center retrospective study17 of standard of care
M-ILI plus dactinomycin, the complete response
(CR) rate was found to be 29% in patients (n � 66)
who had their melphalan dose corrected for ideal
body weight (IBW). New strategies to improve re-
sponse rates for melanoma have focused on targeted
agents that can increase drug delivery to tumors,
improve sensitivity to chemotherapy by modulating
known resistance proteins, or target signaling pro-
teins in survival or apoptotic pathways.18-20

ADH-1 is a novel, pentapeptide drug that tar-
gets and disrupts N-cadherin adhesion complexes.
ADH-1 was well tolerated in phase I and II single-
agent studies and showed evidence of antitumor
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activity restricted to patients with N-cadherin–positive tumors.21-23

N-cadherin is theoretically an ideal protein to target in melanoma
because it is expressed on the majority of melanoma tumors as they
progress from a predominantly E-cadherin phenotype as melanocytes
to a predominantly N-cadherin phenotype during the transition into
melanoma and the acquisition of a vertical growth phase.24-26 We have
demonstrated that ADH-1–induced disruption of N-cadherin adhe-
sion complexes leads to downstream alterations in intracellular signal-
ing pathways that sensitize tumor cells to melphalan and induce
alterations in vascular permeability leading to increased melphalan
drug delivery to tumors.27,28 In preclinical studies that use a rat xeno-
graft model of extremity melanoma, tumors treated with systemic
ADH-1 in combination with M-ILI demonstrated decreased growth
and increased apoptosis when compared with tumors treated with
M-ILI alone.27,28 We have completed a multicenter phase I study of
systemic ADH-1 in combination with M-ILI.29 Encouraging response
rates were seen with a CR rate of 50% with no dose-limiting toxicities
(n � 16). Here, we report the results from what is, to the best of our
knowledge, the first prospective multicenter phase II study of systemic
ADH-1 in combination with M-ILI for patients with advanced ex-
tremity melanoma.

PATIENTS AND METHODS

Patient Eligibility

Patients were eligible for study if they were � 18 years of age, had
histologically confirmed recurrent American Joint Committee on Cancer
(AJCC) stage IIIB or IIIC extremity melanoma,30 tissue available for
N-cadherin staining by immunohistochemistry (IHC), directly measurable
cutaneous disease distal to planned tourniquet placement, and Eastern Coop-
erative Oncology Group (ECOG) performance status of 0 or 1. Patients who
had previously received ADH-1 were excluded, although previous treatment
with M-ILI was allowed. All patients were required to give informed consent,
and the institutional review boards of the participating institutions approved
the study.

Study Design

This trial was an open-label, single-arm, multicenter phase II study.
Treatment consisted of 4,000 mg of intravenous ADH-1 administered on days
1 and 8 in combination with melphalan at 10 mg/L delivered regionally via ILI
a minimum of 4 hours after ADH-1 on day 1 for the upper extremity and at 7.5
mg/L for the lower extremity corrected for IBW.16 The 4,000-mg dose of
ADH-1 was previously demonstrated to be safe in patients and was the highest
dose for which there were already extensive safety data.29,31 Administration of
ILI was performed as described previously16 by using a rapid infusion of
melphalan (2 to 5 minutes) in the arterial catheter after the extremity had been
warmed to at least 37.0°C.

Assessment of Tumor Response and Toxicity

Tumor response was evaluated according to Response Evaluation Crite-
ria in Solid Tumors (RECIST) criteria modified for cutaneous lesions at one
time point 3 months post-ILI.16 Patients were classified as having a CR, partial
response (PR), stable disease (SD), or progressive disease (PD). Toxicity was
assessed by using the National Cancer Institute’s Common Toxicity Criteria
for Adverse Events version 3.0 (CTCAEv3).

Pharmacokinetic Evaluations

High-performance liquid chromatography was used to measure mel-
phalan infusion circuit concentrations and to measure the concentration of
ADH-1 just before the administration of melphalan.16,32

Immunohistochemistry

N-cadherin IHC staining and scoring were conducted by Biotechnics
(Hillsborough, NC). Sections for IHC staining were processed from tumor

samples that had been embedded in paraffin wax blocks. Slides were incubated
overnight at 4°C with primary antibody (Invitrogen 18-0224, Carlsbad, CA;
1:200 dilution) or mouse isotype negative control (Invitrogen 08-6599; Invit-
rogen), followed by incubation with secondary antibody (biotinylated goat
antimouse; Jackson Immunoresearch Laboratories 115-066-071, West Grove,
PA; 1:500 dilution) for 30 minutes at room temperature. ABC reagent (Vec-
tastain Elite ABC Kit, Vector Labs, Burlingame, CA) was applied to sec-
tions and incubated for 30 minutes at 37°C. Sections were developed in
diaminobenzidine for 7 minutes at room temperature and counterstained
with hematoxylin.

Quantitative Polymerase Chain Reaction

Tumor biopsies were homogenized by using Lysing Matrix A (MP Bio-
medicals, Solon, OH) and a mini bead-beater (Biospec Products, Bartlesville,
OK). RNA was isolated, cDNA was synthesized, and quantitative polymerase
chain reaction (qPCR) was performed as described previously.33 N-cadherin
expression values were normalized to �-actin and expressed as fold difference
from a human reference RNA sample (Stratagene, La Jolla, CA). The reference
RNA was assigned a value of 1; patient sample values�1 were considered to be
negative while patient sample values � 1 were considered to be N-cadherin–
positive.

Microarray Gene Expression Analysis

RNA was reverse transcribed, labeled, and hybridized to the Affymetrix
Human Genome U133plus2 (HU133�2) GeneChip (Affymetrix, Santa Clara,
CA) at the Duke University Microarray Core Facility. Gene expression data of
tumor samples are available at Gene Expression Omnibus (accession number
GSE22968). Gene expression data were normalized by the MAS5.0 algorithm
by using the Affymetrix Expression Console software (v1.0; Affymetrix), log2
transformed by using the MATLAB log2 function (Mathworks, Natick, MA),
and normalized against 69 Affymetrix housekeeping gene probes using Bayes-
ian factor regression modeling.34 Pearson correlation analysis was performed
across Bayesian factor regression modeling–normalized matched patient data
(pre–ADH-1 and post–ADH-1; 20 samples, 10 patients) yielding a Pearson
coefficient of correlation r. The genes were ranked on the basis of r, and genes
with an absolute correlation coefficient � 0.6 were filtered out yielding a list of
100 genes. The data were mean centered across genes and arrays and clustered
by using unsupervised hierarchical clustering (Cluster v3.0,34a uncentered
correlation similarity metric and average linkage clustering); a heat map dia-
gram was generated (Java TreeView; Stanford University School of Medicine,
Stanford, CA).35

Statistics

With response at 3 months as the primary end point of this trial, the
target accrual was 50 patients, which would ensure that the maximum width of
the exact 90% binomial CI and the response rate was no larger than 0.25. The
response would be considered improved if the lower bound of the CI did not
include the historical control rate of 0.29. Accrual was stopped at 45 for lack of
funding, and the maximum width of the CI increased by 0.01. All other end
points were considered secondary. Time to in-field progression (TTP-I) was
defined as the number of months between surgery and in-field progression;
out-of-field progressions were ignored. Time to out-of-field progression was
defined analogously. Duration of response was defined in patients with CR as
the number of months between the 3-month response assessment and in-field
progression; out-of-field progressions were ignored. Kaplan-Meier analysis
was used to estimate all three time-to-event distributions by censoring patients
on the date last seen alive and with no progression.

RESULTS

A total of 45 patients were enrolled onto the trial over a 15-month
period: 24 patients were treated at Duke University, 14 at MD Ander-
son Cancer Center, six at Moffitt Cancer Center, and one at the
University of Florida. Three of the 45 patients did not complete the
entire treatment, and one other patient did not have response data (Fig
1). Patient characteristics are listed in Table 1. ILI procedural variables
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were similar to what we have previously reported16,17 with a median
peak temperature of 38.7°C (range, 37 to 40.1°C) in this study.

Clinical Response

Among the 45 patients in this study, 9% (n � 4) were not
evaluable for response, 38% (n � 17) had a CR, 22% (n � 10) had a
PR, 13% (n � 6) had SD, and 18% (n � 8) had PD. The 90% CI of the
CR rate (38%) was 0.26 to 0.51. The estimated median duration of
response among the 17 CRs was 5 months (95% CI, 3.0 to not estima-
ble). Twelve of these patients had progressed in-field by the time of this
analysis; median follow-up among the five patients who had not
progressed was 22 months. Median TTP-I among all 41 evaluable
patients was 4.6 months (95% CI, 4.0 to 7.1 months). Thirty-one of
these patients had progressed in-field by the time of this analysis;
median follow-up among the 10 patients who had not progressed was

almost 20 months. Median time to out-of-field progression in all 45
patients was 10.2 months (95% CI, 6.2 to 19.0 months). Twenty-eight
of the 45 patients had progressed out-of-field by the time of this
analysis; median follow-up among the 17 who had not progressed was
19.4 months. Seventy-five percent (21 of 28) of field progressions were
to regional lymph nodes. Figure 2 compares the response rates of this
trial to those of a multicenter retrospective study of M-ILI (n � 66).
Figure 3 compares the TTP-I of this trial (median 4.6 months) to that
of 59 patients at Duke University undergoing only M-ILI (median 3.2
months).16 These comparisons were exploratory and not specified by
the protocol.

Toxicity

The treatment was generally well tolerated, and the addition of
ADH-1 did not appear to increase the toxicity of M-ILI alone. Com-
mon grade 1 toxicities mostly related to ILI were rash/erythema in 15
patients (33%) and extremity pain in 12 patients (27%). There were
nine grade 4 toxicities: five patients had serologic grade 4 toxicities
(four patients had increases in creatine kinase [CK] and one patient
had neutropenia that resolved), and four patients had clinical grade 4
toxicities. CK values are routinely measured after regional chemother-
apy treatments as markers of muscle toxicity.16,17 The four patients in
this study with grade 4 CK increases were treated with dexamethasone
and the CKs subsequently normalized. As expected from previous
studies, patients who experienced grade 3 to 4 toxicities had higher
peak CKs and were more likely to be female than patients with grade 1
to 2 toxicities.16

The four grade 4 clinical toxicities were arterial injury, acute
respiratory distress syndrome, pneumonitis, and pulmonary infil-
trate. The arterial injury occurred 24 hours after ILI and was a super-
ficial femoral artery dissection with a distal embolism possibly caused
by placement of the arterial catheter. The patient underwent Fogarty
thrombectomy and end arterectomy of the distal superficial femoral
artery. Approximately 1 year after ILI, this patient had an extremity
amputation due to progression of vascular disease. Whether this was
exacerbated by the ILI and complication is unclear. The three grade 4
pulmonary toxicities all occurred in the same patient. On the second
postoperative day, the patient developed acute respiratory distress

Available
(n = 41)

Unavailable
(n = 1)

 

Patients enrolled
(N = 45)

Intervention complete
(n = 42)

3-month follow-up

Lost to 
follow-up
prior to

3 months

Intervention incomplete
(n = 3)

Treatment NOT completed (n = 2)
  Toxicity prohibited 2nd
  dose of ADH-1 on Day 8
Aborted intra-operative (n = 1)
  Systemic LPAM leak suspected

Fig 1. Flow diagram of patients enrolled in the trial. Forty-two patients
completed the intervention, and 41 patients were available for 3-month follow-
up. LPAM, L-phenylalanine mustard.

Table 1. Patient Characteristics

Characteristic No. %

Age, years
Median 61
Range 29-89

Sex
Male 19 42
Female 26 58

AJCC stage
IIIB 17 38
IIIC 28 62

Disease burden
High 12 27
Low 33 73

Previous ILI/HILP 11 25
N-cadherin positive 20 69�

Abbreviations: AJCC, American Joint Committee on Cancer; ILI, isolated limb
infusion; HILP, hyperthermic isolated limb perfusion.

�20 of 29 patients tested.

Standard of care ILI (n = 66)
ILI with ADH-1 (n = 45)
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Fig 2. Response in patients in this trial (blue) compared with responses seen
in a retrospective multicenter study of isolated limb infusion (ILI; gold). CR,
complete response; PR, partial response; SD, stable disease; PD, progressive
disease; NA, not applicable.
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requiring reintubation for 24 hours. Bronchoscopy demonstrated
inflamed proximal bronchial mucosa with areas of petechial hemor-
rhage. The etiology of this event was never clearly established although
aspiration, pulmonary embolus, cardiac failure, and bacterial pneu-
monia were excluded. The patient recovered after being given steroids
and antibiotics and was discharged on postoperative day 10.

N-Cadherin

Twenty-nine study patients were tested for N-cadherin by IHC
and/or qPCR; 20 of these patients (69%) tested positive for
N-cadherin. Twenty-six of the 29 patients were also evaluated for
response. Among these 26 patients, the 18 who tested positive for N-
cadherin had a CR rate of 39%; the eight who tested negative had a CR
rate of 63%. Eleven patients had tumor tissue analyzed by qPCR for
N-cadherin expression. In 10 patients, the results of qPCR agreed with
IHC; in one patient, tumor tissue was negative for N-cadherin by IHC
but positive by qPCR.

Pharmacokinetics

ADH-1 pharmacokinetics were examined in patients undergo-
ing treatment at Duke University (n � 24). The goal was to administer
melphalan approximately 3 to 4 half-lives (6 to 8 hours) after the initial
dose of ADH-1 to mimic initial dosing that was used in our preclinical
animal model in which ADH-1 pretreatment markedly improved the
efficacy of M-ILI.27,36 The median time between the dose of ADH-1
and the administration of melphalan was 7.7 hours (range, 5 to 12
hours). The plasma concentration of ADH-1 measured just before
melphalan administration was, in general, predictably lower as the
length of time after ADH-1 administration was longer (Fig 4). Median
plasma concentration of ADH-1 was 5,818 ng/mL; when calculated
according to response status (CR/PR v SD/PD), the median plasma
concentrations were similar.

Melphalan pharmacokinetics were analyzed in 28 patients.
Median melphalan dose was 50.1 mg; median peak plasma concen-
tration of melphalan during ILI was 25.8 �g/mL. Patients with and
without response (CR � PR v SD/PD) had similar medians of both
melphalan dose and peak plasma concentration. Likewise, patients

with and without grade 3 to 4 toxicities had similar medians. As
expected, the peak plasma concentration of melphalan during ILI
correlated with the dose of melphalan administered (Pearson cor-
relation 0.58).

ADH-1–Induced Changes in Gene Expression

In the absence of a specific ADH-1–induced target protein
alteration that could be monitored, we examined ADH-1–induced
alterations in gene expression to determine whether doses of
ADH-1 were functionally active. For 10 patients, two matched
biopsies were available for analysis: one obtained just before
ADH-1 infusion on day 1 (pre) and the second just before ILI,
approximately 8 hours after day 1 ADH-1 infusion (post). Pearson
correlation analysis identified 100 genes that showed a significant
correlation with drug treatment (P ranging from � .001 to .005).
Thirty-three genes showed higher expression following treatment
with one dose of ADH-1 and 67 genes showed reduced expression
(Fig 5 and Appendix Tables A1 and A2, online only). Gene
Ontology36a biologic function analysis revealed three genes related to
cell adhesion with altered expression. Plakophilin 2 (PKP2), which is
thought to be important in linking cadherins to cytoskeletal filaments
and may regulate �-catenin activity, showed decreased expression
following ADH-1 treatment. Protocadherin-�-C4 (PCDHGC4), a
cadherin family protein, and claudin 3 (CLDN3), a component of
tight junctions, both showed increased expression following ADH-
1 treatment.

DISCUSSION

In this multicenter prospective study of ILI in 45 patients, we report a
CR rate of 38%, PR rate of 23%, SD in 13%, PD in 18%, and 9% not
evaluable. In the U.S. multicenter retrospective study of M-ILI, pa-
tients who had their dose corrected for IBW (n � 66) had a CR rate of
29% and a PR rate of 11%. The overall response rate (CR � PR) of
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compared with those treated at Duke University with isolated limb infusion with
melphalan (M-ILI) alone (solid gold line). In the present study, the median time to
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median time to progression of 3.2 months (95% CI, 3.1 to 9.9 months) in the
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stable disease (SD).
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60%, as reported in this ADH-1 plus M-ILI trial, is encouraging
compared with the overall response rate of 40% in the multicenter
study and compared with other single-center studies reported by other
U.S. centers.16,17,37 However, the 90% CI around the ADH-1 response
rate of 0.38 included 0.29, which is the response rate of the historical
control group treated with melphalan alone. We also compared the
TTP-I between patients from this study who received systemic ADH-1
in addition to M-ILI to that of a previous cohort of patients from Duke
who were treated with M-ILI.16 Although there was an early trend to
an improved TTP-I for patients in this trial (4.6 v 3.2 months), there
was no difference when comparing the two curves out to 15 months.
Optimization of response to systemic ADH-1 in combination with
M-ILI will depend on a better understanding of the mechanism of
action of ADH-1 as well as a better understanding of what patient-
related factors contribute to response. Although this trial was explor-
atory and was limited by sample size, gene expression data supported
ADH-1–induced changes in the expression of genes that may ulti-
mately contribute to an understanding of the mechanism of action
of ADH-1.

In the multicenter study of M-ILI, patients receiving melphalan
doses corrected for IBW had significantly lower grade � 3 toxicity
(21% v 47%; P � .001).17 The rate of grade � 3 toxicity in this study,
in which all patients had a melphalan dose corrected for IBW, was 20%
(n � 9). We have previously reported that standard melphalan dosing
results in a wide range of plasma melphalan concentrations.38 In this
study, correction of the melphalan dose for IBW resulted in a more
predictable pharmacokinetic profile of melphalan. Additionally,
ADH-1 did not appear to increase toxicity, the combination therapy
was well tolerated, and nearly all patients (42 of 45) were able to receive
the planned treatment.

To the best of our knowledge, this is the first prospective
multicenter study of ILI and the first to use combination therapy
with a systemic targeted agent. IT melanoma provides an ideal
clinical setting in which to explore new therapies by allowing for
both analysis of drug pharmacokinetics and evaluation of tumor
properties on concurrently obtained sequential tumor specimens.
In this study, we measured drug pharmacokinetics and analyzed
tumor tissue to determine their correlation with response and
toxicity. We did not observe a correlation between tumor N-
cadherin expression and response. However, recent studies suggest
that vascular N-cadherin expression may be important in the
mechanism of action of ADH-1 and suggest that increased tumor
responses may be related to ADH-1–induced increases in vascular
permeability.28 For this reason, and in contrast to many other
targeted therapy trials, we did not limit the study population to
patients with high tumor N-cadherin. Studies are currently under-
way to explore the relationship between tumor and vascular
N-cadherin and how disrupting this interaction can make tumors
more sensitive to chemotherapy.

In conclusion, in this prospective multicenter study of ILI,
systemic ADH-1 in combination with M-ILI was found to be a
well-tolerated treatment for patients with advanced extremity mel-
anoma. Although the response rate with the addition of ADH-1
compared with melphalan alone was additively larger by 0.16, there
was no difference in the overall TTP-I of regional disease. Future
directions for study include defining more clearly the mechanism
of action of ADH-1 seen in preclinical models to determine
whether more optimal dosing or identification of a group of pa-
tients with appropriate N-cadherin expression on target tissue can
improve response rates of regionally administered chemotherapy.
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