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Abstract

Neoadjuvant ipilimumab plus nivolumab showed high pathologic response rates (pRRs) 
in patients with macroscopic stage III melanoma in the phase 1b OpACIN (NCT02437279) 
and phase 2 OpACIN-neo (NCT02977052) studies(1, 2). While the results are promising, 
data on the durability of these pathologic responses and baseline biomarkers for 
response and survival were lacking. After a median follow-up of 4 years, none of the 
patients with a pathologic response (n = 7/9 patients) in the OpACIN study had relapsed. 
In OpACIN-neo (n = 86), the 2-year estimated relapse-free survival was 84% for all 
patients, 97% for patients achieving a pathologic response and 36% for nonresponders 
(P < 0.001). High tumor mutational burden (TMB) and high interferon-gamma-related 
gene expression signature score (IFN-γ score) were associated with pathologic response 
and low risk of relapse; pRR was 100% in patients with high IFN-γ score/ high TMB; 
patients with high IFN-γ score/low TMB or low IFN-γ score/high TMB had pRRs of 91% 
and 88%; while patients with low IFN-γ score/low TMB had a pRR of only 39%. These 
data demonstrate long-term benefit in patients with a pathologic response and show 
the predictive potential of TMB and IFN-γ score. Our findings provide a strong rationale 
for a randomized phase 3 study comparing neoadjuvant ipilimumab plus nivolumab 
versus standard adjuvant therapy with antibodies against the programmed cell death 
protein-1 (anti-PD-1) in macroscopic stage III melanoma.
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Main

With the current standard of care consisting of surgery followed by adjuvant 
anti-programmed cell death protein-1 (PD-1) or targeted therapy with B-Raf proto-
oncogene (BRAF) and mitogen-activated protein kinase (MEK) inhibitors, clinical trial 
data suggest that 40% of the macroscopic stage IIsI melanoma patients still relapses 
within 3 years(3-5). Moreover, a substantial subset of patients (15-25%) relapse soon 
after surgery and before starting adjuvant therapy(6, 7), resulting in a 3-year relapse-
free survival (RFS) of the intent-to-treat population of less than 50%. 

Preclinical studies demonstrated improved survival and stronger antitumor immunity 
when immune checkpoint inhibition (ICI) was given before surgery as compared to 
adjuvant application(8-12). Neoadjuvant therapy also has the advantage of providing 
information on pathologic response, which is valuable to estimate prognosis, and 
to guide the choice of adjuvant therapy and follow-up. Moreover, the availability of 
tumor tissue before and following therapy enables efficient exploration of possible 
mechanisms of resistance and response, and identification of baseline biomarkers.

The OpACIN study investigated neoadjuvant ICI in stage III melanoma patients, 
comparing four cycles of adjuvant ipilimumab plus nivolumab to two cycles of 
neoadjuvant and two cycles of adjuvant ipilimumab plus nivolumab (Figure S1a). This 
study showed that neoadjuvant ipilimumab plus nivolumab was feasible, induced an 
unexpectedly high pRR (78%) and expanded more tumor resident T cell clones compared 
to adjuvant treatment(1). However, toxicity was high in both arms, with 90% grade 3-4 
immunotherapy-related adverse events (irAEs). Similar high response and toxicity rates 
upon neoadjuvant ipilimumab plus nivolumab were observed in another study(13).

The subsequent multicenter randomized phase 2 OpACIN-neo study tested the efficacy 
and toxicity of three different dosing schedules of neoadjuvant ipilimumab plus 
nivolumab (A: two cycles ipilimumab 3mg/kg plus nivolumab 1mg/kg every 3 weeks, 
B: two cycles ipilimumab 1mg/kg plus nivolumab 3mg/kg every 3 weeks; C: two cycles 
ipilimumab 3mg/kg every 3 weeks followed by two cycles nivolumab 3mg/kg every 2 
weeks) in 86 stage III melanoma patients with ≥1 measurable lymph node metastasis 
according to the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1. criteria 
(Figure S2a,b, Table S1). Primary analysis identified the treatment regimen consisting 
of two cycles of ipilimumab 1mg/kg plus nivolumab 3mg/kg (arm B) as the most 
favorable schedule with a pRR of 77% and 20% grade 3-4 irAEs (2). Here we present 
updated survival data and biomarker analyses of OpACIN-neo and long-term follow-up 
data of OpACIN.
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For OpACIN-neo, the median RFS and event-free survival (EFS) were not reached in any 
of the arms after a median follow-up of 24.6 months (interquartile range (IQR) 21.6 - 27.6 
months). At data cutoff (7 Feb 2020), two (2.3%) patients had progressed before surgery 
and 12 (14%) patients had relapsed after surgery (Table S2). The estimated 2-year RFS 
was 84% (95% confidence interval [CI] 76-92%) for all patients who did not progress 
before surgery (Figure 1a), and 90% (95% CI 80-100%), 78% (95% CI 63-96%) and 83% 
(95% CI 70-100%) for arm A, B and C, respectively (log-rank P = 0.58; Figure 1b). The 
2-year RFS remained significantly higher for patients achieving a pathologic response 
(97%; 95% CI 93-100%) versus patients without pathologic response (36%; 95% CI 
17-74%, log-rank P < 0.0001; Figure 1c). There were only two events in the group of 
patients with pathologic response; one patient died due to toxicity and one patient 
relapsed. The estimated 2-year EFS was 82% (95% CI 74-91%) and also did not differ 
between arms (arm A: 90%; 95% CI 80-100%; arm B: 74%; 95% CI 59-94%; arm C: 81%; 
95% CI 67-97%; log-rank P = 0.42) (Figure S3a,b). None of the patients were treated 
with adjuvant systemic therapy and three nonresponding patients were treated with 
adjuvant radiotherapy. Patients that progressed or relapsed were treated according to 
standard practice (Table S3). The 2-year overall survival (OS) was 95 % (95% CI 90-100%) 
for the total population and 93% (95% CI 85-100%) in arm A, 95% (95% CI 87-100%) in 
arm B and 96% (95% CI 89-100%) in arm C (log-rank P = 0.85; Figure S3c,d). 

Figure 1 | Relapse-free survival and ongoing toxicities. (a) RFS for the total population of the OpACIN-neo 
study. A Kaplan–Meier curve for RFS of all patients who underwent surgery (n = 83) was generated (two patients 
progressed before surgery and one patient did not undergo surgery because of toxicity). The corresponding 
95% CI is displayed and was computed using log transformation. (b) RFS of the OpACIN-neo study by treatment 
arm. All patients from arm A (n = 30), 29 patients from arm B (one patient progressed before surgery) and 24 
patients from arm C (one patient progressed before surgery and one patient had no surgery because of toxicity) 
were included.  (c) RFS of the OpACIN-neo study by pathologic response after neoadjuvant treatment. All 
patients of whom pathologic response was assessed and did not progress before surgery (n = 83) were included 
and categorized by pathologic response (responders: n = 64; nonresponders: n = 19). Pathologic response was 
defined as <50% viable tumor cells in the tumor bed and was scored by two independent pathologists blinded 
to the treatment arm. P values were calculate using the log-rank test (two-sided). An asterisk denotes the patient 
who died due to irAEs.  (d) RFS curve of patients treated in the OpACIN study by treatment arm. A Kaplan–
Meier curve of RFS is displayed for all 20 patients (10 per arm) who were included in the study. (e) Frequency 
of maximum-grade and ongoing irAEs of the OpACIN-neo study. Frequencies of maximum grade irAEs are 
displayed in light blue (grade 1–2) and dark blue (grade 3–5), and frequencies of ongoing irAEs in orange (grade 
1–2) and red (grade 3–5). irAEs that were reported at a frequency of >5% and all grade 3–5 irAEs were included. 
All patients (n = 86) were included in the analysis of maximum-grade irAEs; for ongoing irAEs, only patients alive 
at the time of data cutoff (n = 81) were included. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; GGT, gamma-glutamyl transferase. (f) Frequency of maximum-grade and ongoing 
irAEs of the OpACIN study. Frequencies of maximum-grade irAEs during the study are displayed in the leftmost 
columns and frequencies of maximum-grade ongoing irAEs in the other columns, both in ascending shades of 
red (adjuvant arm) and blue (neoadjuvant arm) for grades 1–4. irAEs that were reported at a frequency of >5% 
and all grade 3–5 irAEs were included. All patients (n = 20) were included in the analysis of maximum-grade irAEs; 
for ongoing irAEs, only patients alive at the time of data cutoff (n = 17) were included.
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In the OpACIN trial, none of the seven patients who achieved a pathologic response 
upon neoadjuvant therapy relapsed (median follow-up of 48.0 months). Within the 
neoadjuvant arm, the two nonresponding patients and the patient who was not 
evaluable relapsed, while four patients relapsed in the adjuvant arm. Median RFS, EFS 
and OS were not reached for both arms (Figure 1d, Figure S1b-c). The 4-year EFS rate 
was 80% for the neoadjuvant arm and 60% for the adjuvant arm (Figure S1b), with 
4-year OS rates of 90% and 70%, respectively (Figure S1c). 

Grade 3-5 irAEs were observed in 43% (95% CI 25-63%) of patients in arm A, 27% (95% 
CI 12-46%) in arm B and 54% (95% CI 33-73%) in arm C (Table S4). The majority of 
toxicities occurred within the first 12 weeks; only four patients developed their first 
high-grade irAE beyond 12 weeks. High-grade toxicities were more frequent in female 
than male patients (51.4% versus 32.7%; P = 0.081). There was no difference in toxicity 
rate between older (>60 years; 35.3%) and younger (≤60 years; 44.2%, P = 0.41) patients. 
Of 81 patients who were still alive, 55 (68%) had ongoing irAEs at data cutoff (Table 
S5, Figure 1e). The majority of these irAEs were low grade, only two (3%) patients had 
grade 3 irAEs. The most frequent ongoing irAEs were vitiligo (35%), endocrine toxicities 
(21%), fatigue (15%), rash (11%), dry mouth (10%) and arthralgia (7%). In total, 17 (21%) 
patients need hormone replacement therapy: 11 (14%) received thyroid hormone and 
eight (10%) received corticosteroids. The frequency of ongoing toxicities was similar 
across arms. Surgery-related adverse events (AEs) were observed in 83% of patients 
including 14% grade 3-4 AEs. Frequencies were not different between treatment arms 
(Table S6). Ongoing surgery-related AEs were observed in 31 (38%) patients, with 
lymphedema being most frequent (17 patients; 21%; Table S5, Figure S4). Similarly, 
in the OpACIN trial, all high-grade toxicities recovered to grade 1 or lower, with the 
exception of grade 2 endocrinopathies (Figure 1f). Eight of the 16 patients alive (50%) 
require ongoing hormone replacement therapy: 7 (44%) require thyroid hormone, 5 
(31%) require corticosteroids and 1 (6%) patient is insulin dependent. Two patients who 
require corticosteroids developed central adrenal insufficiency after long-term steroid 
use for treatment of irAEs.

Since pathologic response appeared to be a surrogate marker for RFS, baseline 
biomarkers for response were analyzed. We previously showed that clinical characteristics 
such as ulceration, maximum diameter of target lesions (assessed radiologically) and 
programmed death-ligand 1 (PD-L1) expression were not significantly associated with 
response in OpACIN-neo(2) (Figure S5), while baseline interferon-gamma (IFN-γ) gene 
signature expression(14) was associated with absence of relapse in the OpACIN study(1). 
In OpACIN-neo, we performed RNA sequencing on pretreatment tumor biopsies (data 
available for 65 patients) and confirmed that a high IFN-γ score (average z-score of all 
genes within the IFN-γ signature described by Ayers et al.(14)) was associated with 
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pathologic response and low risk of relapse (Figure 2a). Using the upper tertile as 
the threshold, 20 of 21 (95%) patients with a high IFN-γ score achieved a pathologic 
response compared to 27 of 43 (62%) patients with a low IFN-γ score (P = 0.014). We 
also observed a numerically longer EFS for patients with a high IFN-γ score compared to 
patients with a low IFN-γ score (2-year EFS: 90% versus 71%) (Figure 2b). 

Whole-exome sequencing data were available for 60 patients. BRAFV600 mutations 
were observed in 28 (47%) patients (Figure S6a). No significant difference in pRRs was 
observed according to BRAFV600 status (64% for patients who were positive for BRAFV600 
mutation versus 83% for those with BRAF wildtype-type status; P = 0.11). Patients with 
a pathologic response had a higher TMB than nonresponders (median 860 versus 
293; P = 0.0013; Figure 2c). Baseline TMB was strongly associated with EFS: estimated 
2-year EFS was 93.3% for patients with TMB>median versus 58.8% for patients with 
TMB<median (log-rank P = 0.0027; Figure 2d). There was no correlation between IFN-γ 
score and TMB (log scale; R=-0.1; P = 0.44; Figure S6b), and both biomarkers were 
significantly associated with pathologic response (IFN-γ score P = 0.0066; TMB P = 0.021) 
in a multivariate logistic regression model that included also age, gender and continent 
(Table S7).

Based on this observation, we evaluated whether the combination of IFN-γ score and 
TMB could better discriminate responders from nonresponders. Optimal cutoffs were 
defined based on summary receiver operating characteristic (sROC) curves, identifying 
0.4665 as the optimal cutoff for IFN-γ score (exactly corresponding to the upper tertile) 
and 747 for TMB (Figure 2e,f). Using this strategy, a group of patients who were 
substantially less likely to respond to neoadjuvant ipilimumab plus nivolumab was 
identified; these patients with both a low IFN-γ score and low TMB (n = 23) had a pRR of 
only 39% (Figure 2g, Figure S6c). For patients with a high IFN-γ score/high TMB (n = 9), 
the pRR was 100%, while for patients with only a high IFN-γ score (n = 11), the pRR was 
91%, and for patients with only high TMB (n = 16), pRR was 88% (Figure 2g, Figure S6c). 
Correspondingly, the group with a low IFN-γ score/low TMB had a significantly lower 
2-year EFS of only 49.5%, compared to 83.3%, 93.8% and 100% for patients with IFN-γ-
low/TMB-high, IFN-γ-high/TMB-low and IFN-γ-high/TMB-high tumors, respectively (P = 
0.0018; Figure 2h). The area under the sROC curve (AUC) was higher for the combination 
of the IFN-γ score and TMB (0.83) compared to either biomarker alone (IFN-γ score: 0.67; 
TMB: 0.76; Figure 2e,f, Figure S6d). 
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Figure 2 | Baseline IFN-γ signature and tumor mutational burden associated with response and relapse. 
(a) RNA sequencing of pretreatment lymph node tumor biopsies of the OpACIN-neo study. The heat map of 
the IFN-γ (14) RNA gene signatures included 65 patients for whom baseline material was available, ordered 
according to average expression of IFN-γ gene signature. The IFN-γ score of each patient is the average z-score 
of all the genes within the IFN-γ signature, which was calculated on the gene expression counts normalized 
by DESeq2. Each column represents one patient (green: pathologic response/no relapse; red: no pathologic 
response/relapse; gray: not evaluable (NE); blue: treatment arm A; orange: treatment arm B; purple: treatment 
arm C), and rows display genes. Positive values (red) indicate higher gene expression and negative values (blue) 
indicate lower gene expression.  (b) EFS for all patients with available RNA-sequencing data (n = 65) by IFN-γ 
score. A Kaplan–Meier curve displays patients with a high (red) and low (blue) IFN-γ score using the upper 
tertile of the average IFN-γ score as the cutoff. (c) Whole-exome sequencing of pretreatment lymph node tumor 
biopsies of the OpACIN-neo study. The nonsynonymous mutational load (TMB) of 60 patients with available 
baseline materials was calculated for patients with pathologic response (green) versus no pathologic response 
(red). The median and IQR are shown. (d) EFS for all patients with available WES data (n = 60) by nonsynonymous 
mutational load. A Kaplan–Meier curve displays patients with a TMB > median (red) and TMB < median (blue). (e-
f) sROC curves for defining the optimal cutoff (green) of IFN-γ score and TMB. (e) The AUC for the IFN-γ score 
(0.67); optimal cutoff was 0.4665 (n = 64).  (F) AUC for the TMB (0.76); optimal cutoff was 747 (n = 59).  (g-h) 
Patients were grouped according to IFN-γ score (0.4665 as cutoff) and TMB (747 as cutoff) resulting in a group 
with a low IFN-γ score and low TMB (dark blue), low IFN-γ score and high TMB (yellow), high IFN-γ score and low 
TMB (orange) and high IFN-γ score and high TMB (red). Patients for whom both RNA-sequencing data and WES 
data were available were included (n = 59 for response analysis (g) and n = 60 for EFS analysis (h)). (g) pRRs for 
the different patient groups. Numbers of patients per group are indicated. (h) EFS of OpACIN-neo by different 
patient groups. b–d,h, P values were calculated using the log-rank test (two-sided).

Applying the microenvironment cell populations (MCP) counter signature(15), we 
assessed different cell populations that could discriminate patients according to 
pathologic response. Higher levels of all immune cell populations were found in 
responders (Figure S6e). Gene-set enrichment analysis (GSEA) on differentially 
expressed genes revealed that several immune pathways were upregulated in 
responders, as well as proliferation and signaling pathways. Interestingly, the hallmark 
angiogenesis and epithelial-to-mesenchymal transition gene sets were upregulated in 
nonresponders (Figure S6f). 

To identify potential peripheral blood biomarkers, we performed the Olink proteomic 
assay, evaluating 92 immuno-oncology-related markers in plasma samples of patients 
treated in OpACIN-neo (n = 85). We found a significant increase in almost all markers 
after neoadjuvant treatment (Figure 3a). The highest increases post-treatment were 
observed for PD-1 (P < 0.0001), CXCL9 (P < 0.0001) and CXCL10 (P < 0.0001), irrespective 
of response (Figure S7a). Significantly higher levels of vascular endothelial growth 
factor receptor 2 (VEGFR-2; P < 0.0001), CX3CL1 (P = 0.0020) and PD-L2 (P = 0.0018) were 
found in pretreatment samples of nonresponders versus responders (Figure 3b, Figure 
S7b). 
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Figure 3 | Plasma analysis using Olink proteomic assay. (a-b) Volcano plots showing differential expression 
of plasma markers measured with Olink immunoassay. The horizontal axis displays the magnitude of a protein’s 
fold change on a log2 scale; the vertical axis displays the significance scale by the –log10 (P adjusted), which 
increases with statistical significance. The black dotted line corresponds to the adjusted  P-value cutoff (false 
discovery rate (FDR) = 0.05). (a) Differential expression of plasma proteins between matched pre- and post-treat-
ment samples (n = 85) are displayed. Proteins displayed on the right were higher in the post-treatment samples. 
A two-tailed paired Student’s t-test was used to determine statistical significance between pre- and post-treat-
ment samples. (b) Differential expression of plasma proteins between pretreatment samples of patients without 
pathologic response (n = 21) and pretreatment samples of patients with a pathologic response (n = 64). Proteins 
displayed on the right were higher in patients who had a pathologic response. A two-tailed Welch’s t-test was 
used to determine statistical significance between the two groups.

A post hoc analysis demonstrated a trend toward a higher pRR for Australian versus 
European patients (84.2% versus 64.7%; OR 2.50, P = 0.092; Table S7, Figure 4a). Aus-
tralian patients were older (median age 60 versus 53 years; P = 0.017) and more likely 
to be male (65.8% versus 50.0%; P = 0.14) compared to European patients (Table S8). 
Multivariate analysis including continent, age, gender, IFN-γ score and TMB revealed 
that only IFN-γ score and TMB were significantly associated with response (OR 3.76, P 
= 0.0066 and OR 14.19, P = 0.021, respectively; Table S7). We observed no continental 
difference in IFN-γ score (Figure 4b), but TMB was higher in Australian patients (P = 
0.0003; Figure 4c). There was a positive correlation between age and TMB (Figure 4d), 
indicating that the higher TMB in Australian patients might be explained by higher age 
and/or cumulative effect of more UV exposure. 
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Figure 4 | Continental differences between European and Australian patients. (a) pRR of different subgroups 
of OpACIN-neo according to continent (Australia: yellow; Europe: dark blue), gender (male: light blue; female: 
red) and age (<60 years: purple; >60 years: orange). Ascending shades of colors represent patients with a patho-
logic partial response (pPR; >10–50% viable tumor cells), pathologic near-complete response (near-pCR; 1–10% 
viable tumor cells) and a pathologic complete response (pCR; 0% viable tumor cells). (b) RNA sequencing of 
pretreatment lymph node tumor biopsies (n = 64) of the OpACIN-neo study. The IFN-γ score was calculated and 
compared between patients from Europe and Australia. Mean and standard deviation (s.d.) values are shown. P 
value was calculated using the student’s t-test (two-sided). (c) Whole-exome sequencing of pretreatment lymph 
node tumor biopsies of the OpACIN-neo study. The nonsynonymous mutational load (TMB) of 60 patients with 
available baseline materials was calculated for patients from Australia versus Europe. The median and IQR are 
shown. P values were calculated using the Mann–Whitney Utest (two-sided). (d) Correlation between age and 
TMB (displayed in log scale). The correlation coefficient and P value were calculated using the Pearson correla-
tion method (two-sided). In  b  and  c, every triangle (Europe) or circle (Australia) represents one patient with 
pathologic response (green) and no pathologic response (red).

To our knowledge, OpACIN-neo is so far the largest and OpACIN the most mature study 
that evaluated neoadjuvant ipilimumab plus nivolumab, both showing a high pRR 
after only 6 weeks of therapy. Here we demonstrated that neoadjuvant ipilimumab 
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plus nivolumab, without subsequent adjuvant systemic therapy, induces a durable RFS 
benefit with a 2-year RFS of more than 80%.

Since only 1 of the 71 (1.4%) patients with a pathologic response versus 16 of 23 (69.6%) 
nonresponding patients progressed or relapsed, pathologic response appears to be 
a strong surrogate marker for long-term benefit. These data are corroborated by the 
other trials included in the pooled analysis (40 additional patients, total n = 184) of 
the International Neoadjuvant Immunotherapy in Melanoma consortium (INMC) 
that showed a 2-year RFS of 96% in all patients achieving a pathologic complete 
response upon neoadjuvant ICI versus 64% in patients without a pathologic complete 
response(16). The extensive RFS difference between responding and nonresponding 
patients highlights the need for identification of baseline biomarkers predictive for 
response.

To our knowledge, this study reports the first large-scale biomarker analysis in the 
neoadjuvant setting in stage III melanoma. We identified that IFN-γ signature expression 
and TMB were associated with pathologic response and survival. Both biomarkers 
have already been shown to be prognostic in stage III melanoma patients(17) and are 
associated with response to ICI(18). Our results are not completely in line with those 
of the COMBI-AD trial investigating adjuvant BRAF plus MEK inhibition versus placebo, 
which demonstrated that IFN-γ gene expression, but not TMB, was predictive for RFS(17). 
We found that only patients with a low IFN-γ score and low TMB are less likely to achieve 
a pathologic response and have inferior survival. This group represents an interesting 
target population to test new treatment combinations in the neoadjuvant setting.

Although the combination of IFN-γ score and TMB appears to be a promising 
biomarker for response, the requirement of a tumor biopsy and need for DNA and 
RNA sequencing might call for easier and faster biomarker approaches. Our previous 
analyses showed, however, that clinical characteristics and PD-L1 expression were not 
significantly associated with response(2). In advanced lung cancer, plasma-based TMB 
is used as a predictive biomarker for response(19). Nevertheless, in clinical stage III 
melanoma patients only 40% have detectable levels of circulating tumor DNA(20),(21). 
To reduce costs and time, targeted gene panel sequencing to determine TMB(22), 
panel RNA sequencing or techniques like the nCounter® digital molecular barcoding 
technology to assess gene expression might be of interest. Recently the US Food and 
Drug Administration approved a panel sequencing-based TMB assay as diagnostic 
compendium for pembrolizumab therapy. Thus, biomarkers such as those identified 
in this study could be implemented in the clinic in the near future. The DONIMI trial 
(NCT04133948) is the first biomarker-driven neoadjuvant immunotherapy trial, 
randomizing patients between different treatment combinations based on their 
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baseline IFN-γ score, with the aim to induce the IFN-γ signature and other immune 
pathways by adding an HDAC inhibitor. Alternative strategies, based on our findings of 
the GSEA, might be to target epithelial-to-mesenchymal transition and angiogenesis. 
The latter is supported by our observation that VEGFR-2 was also higher in pretreatment 
plasma of nonresponders and corroborated by other studies linking angiogenesis to ICI 
resistance(23-26). Baseline soluble VEGFR-2 might be a potential noninvasive biomarker 
to select patients for combinations of angiogenesis inhibitors and ICI, for example, in 
the NeoPeLe trial (NCT04207086). 

A limitation of our study is the relatively small sample size, which precludes formal 
comparisons of response and survival between patient subgroups. Larger patient 
cohorts are needed for validation of the biomarkers and to define optimal cut-offs. 

Because of the curative intent of therapy in stage III patients, (long-term) AEs and 
their impact on quality of life should be considered carefully, especially because some 
patients may be cured by surgery alone. Specifically, the risk of (long-term) toxicity 
should be weighed against the higher chance of response and cure. We observed that 
almost all grade 3-4 irAEs resolved, although a substantial proportion of patients still 
experienced low-grade ongoing toxicities. This is in line with safety data of ipilimumab 
and nivolumab in stage IV melanoma(27). Adjuvant anti-PD-1 studies showed lower 
high-grade AE rates, but endocrine toxicities were observed in 23% of patients, which is 
in the same range as we observed(7, 28). Post hoc analyses of both adjuvant anti-PD-1 
trials showed that the incidence of irAEs increased during the entire year of adjuvant 
therapy(29, 30). In our study, only 4 of 96 patients developed a first high-grade AE beyond 
12 weeks after treatment initiation, which allows more focused irAE management.

To reduce the frequency of AEs and to increase RFS in patients without pathologic 
response, personalized treatment strategies are needed. The PRADO extension cohort 
of OpACIN-neo investigated a response-driven treatment strategy based on pathologic 
response in a marked index node (largest involved lymph node at baseline) and 
evaluated whether a therapeutic lymph node dissection could be omitted in patients 
with a major pathologic response(31). Another strategy to reduce toxicity would 
be to explore whether the IFN-γ score and TMB are also biomarkers for response to 
neoadjuvant anti-PD-1 monotherapy, such that it might be possible to identify a group 
of patients that benefit from monotherapy. In the DONIMI trial, we are investigating this 
strategy in patients with a high IFN-γ score.

In conclusion, extended follow-up data of OpACIN and OpACIN-neo show that two 
cycles of neoadjuvant ipilimumab plus nivolumab without additional adjuvant therapy 
induces durable RFS in more than 80% of patients and further endorse pathologic 
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response as a strong surrogate outcome marker for RFS. With this longer follow-up, 
almost all high-grade irAEs have resolved to ≤grade 1, except for endocrine toxicities 
requiring hormone replacement therapy. These findings provide a strong rationale to 
test two cycles of neoadjuvant ipilimumab plus nivolumab versus adjuvant anti-PD-1 in 
a randomized phase 3 study. Biomarker analyses revealed that patients with a low TMB 
and low IFN-γ gene signature expression are less likely to respond and therefore are a 
target population for new neoadjuvant treatment combinations. 

Methods

Study design and patients

The investigator-initiated, multicenter randomized OpACIN-neo trial evaluated the 
toxicity and efficacy of three different dosing schedules of neoadjuvant ipilimumab 
and nivolumab in macroscopic stage III melanoma. The study was conducted at the 
Netherlands Cancer Institute, Melanoma Institute Australia and Karolinska Institute. The 
investigator-initiated, randomized OpACIN trial compared the safety and feasibility of 
neoadjuvant versus adjuvant application of ipilimumab and nivolumab in macroscopic 
stage III melanoma and was conducted in the Netherlands Cancer Institute. For both trials, 
eligible patients were 18 years or older, were diagnosed with histologically confirmed 
resectable stage III melanoma without in-transit metastasis, were naïve for systemic 
therapy, needed to have at least one measurable lymph node metastasis according to 
the RECIST 1.1. criteria and normal lactate-dehydrogenase level at baseline. The full trial 
designs, eligibility criteria and assessments have been reported previously(1, 2).

Treatment and assessments

In OpACIN-neo, patients were randomized in a 1:1:1 ratio between one of the three 
treatment arms stratified by treatment center. In arm A, patients were treated with two 
cycles of ipilimumab 3mg/kg plus nivolumab 1mg/kg every 3 weeks. In arm B, patients 
received two cycles ipilimumab 1mg/kg plus nivolumab 3mg/kg every 3 weeks. In arm 
C, patients received two cycles of ipilimumab 3mg/kg every 3 weeks, directly followed 
by two cycles nivolumab 3mg/kg every 2 weeks. Therapeutic lymph node dissection 
was planned in week 6. 

In OpACIN, patients were randomized in a 1:1 ratio between four cycles of ipilimumab 
3mg/kg plus nivolumab 1mg/kg every 3 weeks starting 6 weeks after therapeutic lymph 
node dissection (adjuvant arm), or two cycles of ipilimumab 3mg/kg plus nivolumab 
1mg/kg every 3 weeks before surgery, followed by total lymph node dissection and two 
cycles of ipilimumab plus nivolumab after surgery (neoadjuvant arm).
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Patients were evaluated for AEs before every cycle, during follow-up visit and upon 
indication when having symptoms assessed by physical examination and laboratory 
tests. AEs were reported and scored according to Common Terminology Criteria for 
Adverse Events version 4.03 by the treating physician who determined whether they 
were related to immunotherapy and/or surgery. Radiologic response was assessed by a 
local radiologist and scored according to RECIST 1.1 criteria. 

Pathologic response in OpACIN was reviewed by one blinded pathologist who evaluated 
the surgery material on vital tumor cell percentage. In OpACIN-neo, pathologic response 
was centrally evaluated by two experienced and blinded pathologists according to 
pathologic response criteria of the INMC as previously described(32). A pathologic 
response was defined as 0% viable tumor cells, a near-complete pathologic response as 
≤10% viable tumor cells, a pathologic partial response as ≤50% viable tumor cells and a 
pathologic nonresponse as >50% viable tumor cells in the tumor bed area(32). 

In OpACIN-neo, patients were evaluated for relapse and toxicities by physical 
examination and laboratory tests every 3 months from week 12 until development 
of distant metastasis, death, loss to follow-up or withdrawal of consent for up to 3 
years. Radiology evaluation was performed according to institutional standards; at the 
Netherlands Cancer Institute, a computed tomography (CT) scan was obtained every 
3 months for patients without a pathologic response and every 6 months for patients 
with a pathologic response; at Melanoma Institute Australia, a CT scan and MRI of the 
brain were performed every 3 months and a positron emission tomography-CT every 
year, while at the Karolinska Institute, a CT scan was performed every 6 months.

In OpACIN, patients in both trial arms were evaluated for relapse every 3 months starting 
at week 18 until 3 years by physical examination and laboratory testing. CT scans were 
performed every 6  months according to the Netherlands Cancer Institute standard. 
Subsequent follow-up was carried out according to the current Dutch melanoma 
guidelines (years 4 and 5: physical examination and laboratory testing every 6 months; 
years 6–10: once a year).

Collection of blood and tumor samples

In OpACIN-neo, blood samples for isolation of plasma and peripheral blood mononuclear 
cells were collected at baseline, after immunotherapy and before and during surgery at 
week 6 and at week 12. Pretreatment tumor biopsies were taken from a lymph node 
metastasis by a radiologist using ultrasound. The obtained samples were immediately 
snap frozen or formalin-fixed and paraffin embedded.
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DNA and RNA sequencing

DNA and RNA were isolated from patients that had sufficient tumor material based on 
the pathologist’s scoring (at least 30% tumor cells on an H&E stained cryostat frozen 
section of the tumor sample). A total of 65 of 86 patients had sufficient tumor cells in 
their frozen biopsies. DNA and RNA were simultaneously isolated from fresh frozen 
pretreatment tumor sections (10 µm) with the AllPrep DNA/RNA/miRNA Universal 
isolation kit (Qiagen, 80224) using the QIAcube, according to the manufacturer’s 
protocol. DNA was isolated from peripheral blood mononuclear cells using AllPrep 
DNA/RNA/miRNA Universal isolation kit (Qiagen, 80224) to be able to filter out single-
nucleotide polymorphisms when determining TMB. 

Strand-specific libraries were generated using the TruSeq Stranded mRNA sample 
preparation kit (Illumina) according to the manufacturer’s instructions. In brief, total 
RNA was fragmented, randomly primed and reverse transcribed using SuperScript II 
Reverse Transcriptase (Invitrogen) with the addition of actinomycin D. The synthesis 
of second strand was performed using polymerase I and RNaseH with replacement of 
dTTP for dUTP. The generated cDNA fragments were 3’-end adenylated and ligated and 
amplified by 12 cycles of PCR. The libraries were validated on a 2100 Bioanalyzer using a 
7500 chip (Agilent) and pooled. We pooled and sequenced the libraries using single-end 
sequencing with 65-bp reads on a HiSeq 2500 System in a high output mode using V4 
chemistry (Illumina). FASTQ files were mapped to the human reference genome (Homo.
sapiens.GRCh38.v82) using STAR(2.7)(33) with default settings. Count data generated 
with HTseq-count (version 0.11.1)(34) were analyzed with DESeq2 (version 1.24.0)(35). 
Centering of the normalized gene expression data for each dataset was performed by 
subtracting the row means and scaling by dividing the columns by the s.d. values. Next, 
the previously defined gene expression immune signatures, IFN-γ signature(14) and 
MCP counter (using MCPcounter version 1.1.0)(15) were analyzed. GSEA (using fGSEA 
version 1.10.1) was performed to identify gene sets from the Hallmark database(36) that 
were significantly enriched in responders compared with nonresponders. FDR values 
were computed as previously described(37). An FDR value of <0.05 was considered as 
significant. 

Whole-exome sequencing was performed by CeGaT. Exome libraries were generated 
using the Twist Human Core Exome Plus (Twist Biosciences), according to the 
manufacturer’s instructions. The libraries were sequenced with 100-bp reads on a 
NovaSeq 6000 System according to the manufacturer’s protocols, with a sequence 
quality Q30 value of 92.4%. Data were analyzed in CeGaT exome analysis pipeline. 
Briefly, demultiplexing of the sequencing reads was performed with Illumina bcl2fastq 
(version 2.20). Adaptors were trimmed with Skewer (version 0.2.2). The quality of FASTQ 
files was analyzed with FastQC (version 0.11.5-cegat). Subsequent FASTQ files were 
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aligned to the human reference genome (GRCh38) using Burrows-Wheeler aligner 
(version 0.7.12)(38), followed by marking of duplicate reads by the MarkDuplicates tool 
in Picard (version 1.140). Subsequently, base quality scores were recalibrated using 
BaseRecalibrator in GATK (version 4.0.6.0) and single-nucleotide variants were called 
using MuTect2 in GATK(39). The TMB was calculated by summarizing the total number of 
nonsynonymous, somatic mutations per sample with minimal variant allele frequency 
of 0.05 (5%).

Plasma proteomics profiling 

A multiplex assay to profile the plasma proteomics was performed using proximity 
extension assay technology (Olink Bioscience AB) on pre- and post-treatment 
plasma samples. The assay was performed at the Department of Clinical Chemistry & 
Hematology at the University Medical Center Utrecht. We selected the Olink® Immuno-
Oncology panel, including 92 oligonucleotide-labeled antibody probe pairs that can 
bind to their respective targets in the sample and can be detected and quantified using 
standard real-time PCR. Additional details about the 92 markers, detection range, data 
normalization and standardization are available at https://www.olink.com/resources-
support/document- download-center/. Analysis of the samples was performed in R (R 
Foundation for Statistical Computing). 

Endpoints 

In OpACIN-neo, primary endpoints were grade 3-4 toxicity rate in the first 12 weeks, 
radiologic response rate (according to RECIST 1.1.) and pRR (according to INMC criteria)
(32). Secondary endpoints included RFS, description of late and ongoing AEs and 
associations between mutational load and RNA signatures with response. EFS was an 
exploratory endpoint. 

In OpACIN, primary endpoints were safety and feasibility and the comparison of the 
immune-activating capacity of neoadjuvant versus adjuvant arm. Safety was measured 
by the frequency of suspected unexpected serious adverse reactions in both arms, and 
feasibility (of the neoadjuvant arm only) was measured by execution of the total lymph 
node dissection at the preplanned time point. Secondary endpoints included RFS and 
rate and type of AEs. 

RFS was defined as time from surgery until date of first relapse (local or distant 
metastasis) or death from any cause, whichever occurred first. EFS was defined as time 
from randomization until date of progression during neoadjuvant therapy, precluding 
surgery (distant metastases or local progression when unresectable), relapse, or death 
of any cause.



Chapter 3

56

Statistics

Primary endpoints were summarized by frequency (per treatment arm) with 
corresponding two-sided 95% CI calculated using the Clopper-Pearson method. 
Comparisons of frequencies between treatment arms were performed using Fisher’s 
exact test. Median follow-up time was calculated using the inverse Kaplan-Meier method. 
We used the Kaplan-Meier method to estimate RFS and EFS. The log-rank test was 
used to compare differences between treatment arms and between patients with and 
without a pathologic response. The 95% CIs were computed using log transformation. 
The phase 1b OpACIN trial was not powered to compare response or RFS between the 
neoadjuvant and adjuvant arm.

The probability of achieving a pathologic response based on IFN-γ signature expression 
score and/or TMB was examined by univariable and multivariable logistic regression 
analyses based on whichever sROC curves were computed. The relative AUC values were 
determined as a global metric of the ability of each biomarker to discriminate between 
patients with and without a pathologic response. Optimal cutoffs were computed using 
the cutpointr package in R (maximize metric). 

Differences in translational endpoints between patients with a pathologic response 
and those without a response and patients with and without a relapse were analyzed 
using the Mann-Whitney U test (Wilcoxon’s rank-sum test), and the correlation between 
biomarkers and EFS was calculated using a log-rank test. Changes in cytokines between 
pre- and post-treatment samples were analyzed using a paired Student’s t-test and the 
Welch’s t-test (P value and FDR were calculated).

Analyses were performed in R (version 3.6.3) and R Studio (version 1.2.1335) using the 
packages tidyverse (version 1.3.0), survival (version 2.44-1.1.), ggplot2 (version 3.2.1), 
survminer (version 0.4.5), stats (version 3.6.1), pROC (version 1.16.2), cutpointr (version 
1.0.32), heatmap.plus (version 1.3) and RColorBrewer (version 1.1.-2). Dot plots and bar 
plots were generated in GraphPad Prism (version 7.03). 

Trial oversight

The protocol and amendments were reviewed and approved by the appropriated review 
boards and ethics committees of each of the three participating centers (OpACIN-
neo) or only the Netherlands Cancer Institute (OpACIN). The studies were conducted 
in accordance with Good Clinical Practice guidelines as defined by the International 
Conference of Harmonization and the Declaration of Helsinki. All patients provided 
written informed consent before enrollment. Both investigator-initiated trials were 
funded by Bristol Myers Squibb with the Netherlands Cancer Institute as the sponsor. 
Data were collected by the sponsor and analyzed in collaboration with all authors. The 
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OpACIN-neo was monitored by a data safety monitoring board. A two-stage Simon 
design was applied to stop the trial early for futility in case of a low proportion of patients 
with a pathologic response. After the report of serious AEs from a patient with severe 
colitis in arm C who required a colectomy, the data safety monitoring board required an 
interim safety analysis. Based on this analysis, they advised premature closure of arm C 
because of a high incidence of >grade 3 irAEs.

The authors declare the completeness and accuracy of the data and adherence to the 
trial protocol. The database lock for the presented analysis took place on 6 February 
2020 (OpACIN-neo) and 8 May 2020 (OpACIN).

Reporting Summary

Further information on research design is available in the Nature Research Reporting 
Summary linked to this article.
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Data Availability

DNA sequencing and RNA sequencing data generated during the study will be 
deposited in the European Genome-phenome Archive (EGA) under the accession codes 
EGAS00001004832 (DNA) and EGAS00001004833 (RNA), and will be made available on 
reasonable request. Data requests will be reviewed by the institutional review board of 
the NKI and applying researchers will need to sign a data access agreement with the NKI 
after approval. 
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Supplementary information 

Figure S1 | Study design OpACIN, event-free survival and overall survival of OpACIN. (a) Study design 
of the OpACIN study. Patients were randomized to receive 4 cycles of ipilimumab 3 mg/kg + nivolumab 1 mg/
kg every 3 weeks after surgery (adjuvant arm, n = 10) or 2 cycles of ipilimumab 3 mg/kg + nivolumab 1 mg/kg 
every 3 weeks followed by surgery and thereafter again 2 cycles of ipilimumab 3 mg/kg + nivolumab 1 mg/kg 
(neoadjuvant arm, n = 10). A biopsy was taken at screening and blood samples were taken at screening, baseline, 
week 6, week 12 and week 18. IPI; ipilimumab, NIVO; nivolumab, PBMC; peripheral blood mononuclear cells. (b) 
Event-free survival by treatment arm and (c) Overall survival by treatment arm of the OpACIN study. Kaplan-
Meier curves were generated including all patients from the adjuvant arm (red, n = 10) and neoadjuvant arm 
(blue, n = 10).
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Figure S2 | Study design and flowchart OpACIN-neo. (a) Study design of the OpACIN-neo study. Patients were 
randomized to receive 2 cycles of ipilimumab 3 mg/kg + nivolumab 1 mg/kg every 3 weeks (arm A, n = 30), 2 
cycles of ipilimumab 1 mg/kg + nivolumab 3 mg/kg every 3 weeks (arm B, n = 30) or 2 cycles of ipilimumab 3 mg/
kg every 3 weeks directly followed by 2 cycles nivolumab 3 mg/kg every 2 weeks (arm C, n = 26). Surgery was 
planned after 6 weeks. A biopsy was taken at screening and blood samples were taken at screening, baseline, 
week 6 and week 12. IPI; ipilimumab, NIVO; nivolumab, PBMC; peripheral blood mononuclear cells. (b) Flowchart 
of the OpACIN-neo study showing the number of patients screened, allocated to a treatment arm, starting 
immunotherapy and undergoing surgery per treatment arm.
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Figure S3 |Event-free survival and overall survival of OpACIN-neo. (A) EFS for the total population of the 
OpACIN-neo study. A Kaplan-Meier curve for EFS of all patients (n = 86) was generated. The corresponding 95% 
CI is displayed and was computed using log transformation.  (B) EFS of the OpACIN-neo study by treatment 
arm including all patients from arm A (blue, n = 30), arm B (orange, n = 30) and arm C (purple, n = 26). P values 
were calculated using the log-rank test (two-sided). (C) OS for the total population of the OpACIN-neo study. A 
Kaplan-Meier curve for OS of all patients (n = 86) was generated. (D) OS of the OpACIN-neo study by treatment 
arm including all patients from arm A (blue, n = 30), arm B (orange, n = 30) and arm C (purple, n = 26). A-B, The 
asterisk denotes the patient who died due to irAEs.
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Figure S4 | Ongoing surgery-related adverse events of OpACIN-neo. Frequency of maximum grade and 
ongoing surgery-related adverse events (AEs) of the OpACIN-neo study. Frequencies of maximum grade AEs are 
displayed in light blue (grade 1–2) and dark blue (grade 3–5), and frequencies of ongoing AEs in orange (grade 
1–2) and red (grade 3–5). AEs that were reported at a frequency of >5% and all grade 3–5 AEs were included. All 
patients (n = 86) were included in the analysis of maximum grade AEs; for ongoing AEs only patients alive at time 
of data cutoff (n = 81) were included.
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Figure S5 | Pathologic response rates according to subgroups. Forest plot of data for all patients who 
underwent surgery (n = 85). pRRs according to demographic, clinical and tumor characteristics are displayed. 
The 95% CIs were calculated using the Clopper-Pearson method. PD-L1 expression on pretreatment tumor 
biopsies was assessed centrally with an automated lab-validated immunohistochemistry assay, using the 22C3 
antibody on a Ventana platform. PD-L1 expression was determined by the Tumor Proportion Score (TPS; the 
percentage of tumor cells with complete or partial membranous staining at any intensity).

Figure S6 | Whole-exome sequencing and RNA sequencing analysis of pretreatment tumor biopsies. (a) 
Mutational load and mutational patterns of recurrent mutated cutaneous melanoma genes found by whole-exome 
sequencing. The frequency, mutation type and base changes are indicated. Each column represents one patient 
(n = 60 patients). (b) Correlation between the IFN-γ score (values displayed as the average z-score of all the genes 
within the IFN-γ signature (14)) and TMB (displayed in log scale) for patients with pathologic response (n = 42, green) 
and no pathologic response (n = 17, red). The correlation coefficient and P value were calculated using the Pearson’s 
correlation method. (c) TMB and baseline average expression of IFN-γ score of patients with a response (green dots) 
and patients without a response (red dots). The quadrants are determined by the optimal cutoff for each of the 
biomarkers as defined by the sROC curves. Each quadrant indicates the number of responding patients and total 
number of patients in the corresponding quadrant. Data were available for 59 patients.  (d) sROC curve showing 
the AUC for the combination of the IFN-γ score and TMB (0.83) (n = 59). (e) Heatmap of the MCP counter (15) RNA 
gene signature ordered according to average signature expression per response category of baseline tumor biopsies 
(n = 65). The MCP counter signature expresses the abundance of eight immune and two stromal cell populations. Each 
cell type is represented by the averaged z-score of the genes that it is consisted of, which were previously normalized 
by DESeq2. The score was computed from the average expression of all the ten cell types that form the MCP counter 
signature. Columns represent patients (green: pathological response/no relapse; red: no pathological response/
relapse; grey: not evaluable (NE); blue: treatment arm A; orange: treatment arm B; purple: treatment arm C) and rows 
represent genes. Positive values (red) indicate higher expression and negative (blue) indicate lower expression. (f) 
Gene set enrichment analysis displaying hallmark gene sets that are significantly enriched in responders (green) or 
nonresponders (red). Pathways are ordered according to the FDR. FDRs were computed as previously described (37).
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Figure S7 | Extended plasma analysis using Olink proteomic assay. (a) PDCD1, CXCL9, CXCL10 normalized 
protein expression (NPX) in plasma of patients (n = 85) before treatment (pretreatment; round dots) and 
after treatment (post-treatment; triangle dots) measured with Olink immunoassay (green: patients with 
pathologic response, n = 64; red: patients without pathologic response, n = 21). Data for PDCD1 are missing for 
pretreatment samples of 9 patients (all responders) because values were below detection limit. The mean and 
SD are shown. P values were calculated using the paired Student’s t-test (two-sided). (b) Heatmap of VEGFR2, 
CX3CL1 and PD-L2 NPX in plasma of patients before start of treatment. The heatmap depicts the ordered mean 
expression of these three genes of the 86 patients included in the OpACIN-neo cohort. The score of each patient 
expresses the baseline averaged  z-score of the three mentioned genes mentioned beforehand which was 
previously normalized by DESeq2. Each column represents a different patient (green: response/no relapse; red: 
no response/relapse; blue: arm A; orange: arm B; purple: arm C) and rows indicate protein expression. Positive 
values (red) indicate higher expression and negative values (blue) indicate lower expression.
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Table S1 | Baseline Characteristics OpACIN-neo. Clinical baseline characteristics of all patients (=86) separated 
by treatment arm. Percentages may not total 100 because of rounding. PD-L1 immunohistochemistry was 
performed using with an automated laboratoryvalidated immunohistochemistry assay, with the use of the 22C3 
antibody on a Ventana platform (BenchMark Ultra autostainer, Ventana Medical Systems, Tuscon, AZ, USA). 

Arm A: 2xI3N1 
(n=30)

Arm B: 2xI1N3 
(n=30)

Arm C: 2xI3>2xN3 
(n=26)

Age    

 Years, median (range) 63.5 (18-79) 54 (31-74) 58.5 (27-80) 

 <60, n (%) 13 (43) 21 (70) 18 (69) 

Sex, n (%)    

 Male 19 (63) 14 (47) 16 (62) 

 Female 11 (37) 16 (53) 10 (38) 

Geographic region, n (%)    

 Europe 16 (53) 18 (60) 14 (54) 

 Australia 14 (47) 12 (40) 12 (46) 

ECOG performance status, n (%)    

 0 30 (100) 29 (97) 26 (100) 

 1 - 1 (3) - 

Primary tumor, n (%)    

 T1-T2 13 (43) 15 (50) 10 (38) 

 T3-T4 9 (30) 6 (20) 9 (35) 

 Unknown primary 8 (27) 9 (30) 7 (27) 

Ulceration of primary tumor, n (%)    

 Yes 8 (27) 7 (23) 6 (23) 

 No 14 (47) 13 (43) 12 (46) 

 Unknown 8 (27) 10 (33) 8 (31) 

Sum of diameter target lesions median 
(range) 

 
23 (15-70) 

 
25 (15-61) 

 
24 (15-64) 

Location affected lymph node, n (%)    

 Neck 5 (17) 3 (10) 6 (23) 

 Axilla 13 (43) 17 (57) 14 (54) 

 Axilla and Neck 3 (10) - - 

 Groin 9 (30) 9 (30) 6 (23) 

 Other - 1 (3) - 

LDH, n (%)    

 <ULN 30 (100) 30 (100) 25 (96) 

 >ULN - - 1 (4) 

PD-L1 expression on tumor cells, n (%)    

 <1% 13 (43) 12 (40) 16 (62) 

 1-50% 9 (30) 6 (20) 4 (15) 

 >50% 1 (3) 4 (13) 2 (8) 

 Missing 7 (23) 8 (27) 4 (15) 
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Table S2 | Overview of first EFS event. Overview of the first event per patient separated by treatment arm. 
1 One patient died due to a late-onset immune-related encephalitis.

Event Arm A Arm B Arm C 

Any (%) 3 (10) 7 (23) 5 (19) 

 Local PD precluding definitive surgery - - - 

 Distant PD precluding definitive surgery - 1 (3) 1 (4) 

 Local recurrence - 2 (7) - 

 Distant recurrence 2 (7) 4 (13) 4 (15) 

 Death due to toxicity 1 (3)1 - - 

 Death due to other causes - - - 

Table S3 | Subsequent therapies. Patients could have had more than one type of therapy. Data regarding 
subsequent therapy after relapse were only available if it was entered in the database at the time of data cut-off. 
Data are presented as n (%). 

 OpACIN-neo OpACIN 

 Arm A 
(N=30) 

Arm B 
(N=30) 

Arm C 
(N=26) 

Adjuvant 
(n=10) 

Neoadjuvant 
(n=10) 

Any therapy 3 (10) 7 (23) 6 (23) 4 (40) 2 (20)

Adjuvant radiotherapy 2 (7) 1 (4)

Surgery 1 (3) 5 (17) 2 (8) 2 (20) 1 (10)

Radiotherapy 1 (3) 2 (7) 2 (8) 3 (30)

T-VEC 

Anti-PD1 2 (7) 1 (4) 1 (1)

Ipilimumab + nivolumab 1 (3)

BRAFi + MEKi 1 (3) 5 (17) 4 (15) 4 (4) 1 (10)

Clinical trial 1 (3) 2 (8) 1 (10)

Table S4 | Immunotherapy related adverse events. Information on all immunotherapy-related adverse events 
of all grade and all grade 3-5 adverse events, both for the total treatment population and per treatment arm. 

Arm A Arm B Arm C Total

Event All grade Grade 3-5 All grade Grade 3-5 All grade Grade 
3-5

All grade Grade 3-5

Any event 30 (100%) 13 (43%) 30 (100%) 8 (27%) 26 (100%) 14 (54%) 86 (100%) 35 (41%)

Fatigue 20 (67%) 17 (57%) 14 (54%) 51 (59%)

Rash 18 (60%) 2 (7%) 12 (40%) 1 (3%) 20 (77%) 3 (12%) 50 (58%) 6 (7%)

Pruritus 12 (40%) 12 (40%) 11 (42%) 35 (41%)

AST increased 12 (40%) 5 (17%) 6 (20%) 1 (3%) 11 (42%) 1 (4%) 29 (34%) 7 (8%)

Vitiligo 13 (43%) 7 (23%) 9 (35%) 29 (34%)

ALT increased 12 (40%) 6 (20%) 6 (20%) 1 (3%) 10 (38%) 2 (8%) 28 (33%) 9 (10%)

Diarrhea 7 (23%) 1 (3%) 5 (17%) 1 (3%) 11 (42%) 3 (12%) 23 (27%) 5 (6%)

Hyperthyroidism 12 (40%) 2 (7%) 9 (35%) 1 (4%) 23 (27%) 1 (1%)

Headache 8 (27%) 1 (3%) 5 (17%) 4 (15%) 17 (20%) 1 (1%)
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Hypothyroidism 6 (20%) 5 (17%) 5 (19%) 16 (19%)

Dry mouth 6 (20%) 4 (13%) 5 (19%) 15 (17%)

Fever 4 (13%) 4 (13%) 1 (3%) 7 (27%) 15 (17%) 1 (1%)

Arthralgia 4 (13%) 5 (17%) 3 (12%) 12 (14%)

Colitis 3 (10%) 2 (7%) 1 (3%) 7 (27%) 5 (19%) 11 (13%) 7 (8%)

Nausea 4 (13%) 1 (3%) 6 (23%) 1 (4%) 11 (13%) 1 (1%)

Adrenal 
insufficiency

3 (10%) 1 (3%) 2 (7%) 4 (15%) 2 (8%) 9 (10%) 3 (3%)

Dry eye 3 (10%) 3 (10%) 3 (12%) 9 (10%)

Flu like symptoms 1 (3%) 5 (17%) 2 (8%) 8 (9%)

Ggt increased 4 (13%) 2 (7%) 4 (13%) 3 (10%) 8 (9%) 5 (6%)

Abdominal pain 3 (10%) 1 (3%) 3 (12%) 7 (8%)

Infusion related 
reaction

(0%) 5 (17%) 2 (8%) 7 (8%)

Anemia 2 (7%) 1 (3%) 3 (12%) 6 (7%)

Malaise 3 (10%) 3 (10%) 6 (7%)

Pneumonitis 2 (7%) 1 (3%) 3 (12%) 6 (7%)

Serum amylase 
increased

3 (10%) 1 (3%) 2 (7%) 1 (3%) 1 (4%) 6 (7%) 2 (2%)

ALP increased 2 (7%) 3 (10%) 0 5 (6%)

Anorexia 1 (3%) 2 (7%) 2 (8%) 5 (6%)

Concentration 
impairment

2 (7%) 2 (7%) 1 (4%) 5 (6%)

Cough 1 (3%) 3 (10%) 1 (4%) 5 (6%)

Dry skin 2 (7%) 1 (3%) 2 (8%) 5 (6%)

Dysgeusia 1 (3%) 1 (3%) 3 (12%) 5 (6%)

Dyspnea 2 (7%) 2 (7%) 1 (4%) 5 (6%)

Lipase increased 2 (7%) 1 (3%) 2 (7%) 1 (4%) 5 (6%) 1 (1%)

Sarcoid like 
reaction

3 (10%) 2 (8%) 5 (6%)

Back pain 3 (10%) 1 (4%) 4 (5%)

Gastritis 1 (3%) 1 (3%) 2 (8%) 1 (4%) 4 (5%) 1 (1%)

Hoarseness 1 (3%) 2 (7%) 1 (4%) 4 (5%)

Myalgia 1 (3%) 2 (7%) 1 (4%) 4 (5%)

Weight loss 2 (7%) 2 (8%) 4 (5%)

Alopecia 1 (3%) 2 (8%) 3 (3%)

Blurred vision 2 (7%) 1 (3%) 3 (3%)

Hyponatremia 2 (7%) 1 (3%) 1 (4%) 1 (4%) 3 (3%) 2 (2%)

Sinusitis 3 (10%) 3 (3%)

Stomach pain 1 (3%) 2 (8%) 1 (4%) 3 (3%) 1 (1%)

Vomiting 2 (7%) 1 (4%) 3 (3%)

Creatinine 
increased

1 (3%) 1 (3%) 2 (2%)

Floaters 1 (3%) 1 (3%) 2 (2%)

Hypophysitis 1 (3%) 1 (3%) 2 (2%)

Lymph node pain 1 (3%) 1 (4%) 2 (2%)

Radiculitis 1 (3%) 1 (4%) 1 (4%) 2 (2%) 1 (1%)

Tendinitis 2 (7%) 2 (2%)

Uveitis 1 (3%) 1 (3%) 1 (4%) 2 (2%) 1 (1%)
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Acidosis 1 (4%) 1 (4%) 1 (1%) 1 (1%)

Acute kidney 
injury

1 (3%) 1 (1%)

Allergic rhinitis 1 (4%) 1 (1%)

Arthritis 1 (4%) 1 (1%)

Ataxia 1 (4%) 1 (4%) 1 (1%) 1 (1%)

Atrial fibrillation 1 (4%) 1 (1%)

Blood bilirubin 
increased

1 (3%) 1 (3%) 1 (1%) 1 (1%)

Chest pain-cardiac 1 (4%) 1 (1%)

Chills 1 (4%) 1 (1%)

Conjuctivitis 1 (4%) 1 (1%)

Constipation 1 (3%) 1 (1%)

Edema face 1 (3%) 1 (1%)

Edema neck 1 (3%) 1 (1%)

Encephalitis 1 (1%) 1 (1%)

Esophageal 
obstruction

1 (4%) 1 (1%)

Eye pain 1 (3%) 1 (1%)

Flank pain 1 (3%) 1 (1%)

Flashing lights 1 (4%) 1 (1%)

Flatulence 1 (4%) 1 (1%)

Gastoparesis 1 (4%) 1 (1%)

Gastroesophageal 
reflux disease

1 (3%) 1 (1%)

Glucose 
intolerance

1 (4%) 1 (4%) 1 (1%) 1 (1%)

Hepatitis 1 (3%) 1 (3%) 1 (1%) 1 (1%)

Hot flashes 1 (4%) 1 (1%)

Hypokalemia 1 (4%) 1 (4%) 1 (1%) 1 (1%)

Hyperglycemia 1 (3%) 1 (1%)

Hypotension 1 (3%) 1 (3%) 1 (1%) 1 (1%)

Infusion site 
extravasation 

1 (1%)

Lethargy 1 (3%) 1 (1%)

Meningitis 1 (3%) 1 (3%) 1 (1%) 1 (1%)

Nail ridging 1 (3%) 1 (1%)

Neutrophil count 
decreased 

1 (3%) 1 (1%)

Oral pain 1 (3%) 1 (1%)

Paresthesia 1 (3%) 1 (1%)

Peripheral motor 
neuropathy 

1 (4%) 1 (4%) 1 (1%) 1 (1%)

Platelet count 
decreased 

1 (3%) 1 (1%)

Psoriasis 1 (4%) 1 (1%)

Restless legs 
syndrome 

1 (3%) 1 (1%)

Salivary duct 
inflammation 

1 (3%) 1 (1%)
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Sinus pain 1 (4%) 1 (1%)

Sinus tachycardia 1 (3%) 1 (1%)

Skin infection 1 (4%) 1 (1%)

Urinary retention 1 (3%) 1 (1%)

Table S5 | Ongoing immunotherapy and surgery related adverse events. All ongoing immunotherapy-
related adverse events and surgery-related adverse events of all grade, grade 1-2 and grade 3-5. All patients that 
were still alive at time of data cut-off were included (n=81). 

Immune-related adverse event Grade 1-2 Grade 3-5 Total 
Any event 53 (65%) 2 (3%) 55 (68%) 
Skin hypopigmentation 28 (35%)  28 (35%) 

Fatigue 12 (15%)  12 (15%) 

Hypothyroidism 11 (14%)  11 (14%) 

Rash 9 (11%)  9 (11%) 

Adrenal insufficiency 8 (10%)  8 (10%) 

Dry mouth 8 (10%)  8 (10%) 

Pruritus 7 (9%)  7 (9%) 

Arthralgia 6 (7%)  6 (7%) 

Dry eye 3 (4%)  3 (4%) 

Concentration impairment 2 (2%)  2 (2%) 

Creatinin increased 2 (2%)  2 (2%) 

Dyspnea 2 (2%)  2 (2%) 

Alopecia 1 (1%)  1 (1%) 

Atrial fibrillation 1 (1%)  1 (1%) 

Restless legs syndrome 1 (1%)  1 (1%) 

Peripheral motor neuropathy   1 (1%) 1 (1%) 

Sarcoid like reaction 1 (1%)  1 (1%) 

Sinus pain 1 (1%)  1 (1%) 

Uveitis   1 (1%) 1 (1%) 

Weight loss 1 (1%)  1 (1%) 

Dysphagia 1 (1%)  1 (1%) 

Surgery-related adverse event Grade 1-2 Grade 3-5 Total 
Any event 31 (38%)  31 (38%) 
Lymphedema 17 (21%)  17 (21%) 

Seroma 10 (12%)  10 (12%) 

Pain 6 (7%)  6 (7%) 

Paraesthesia 5 (6%)  5 (6%) 

Joint range of motion decreased 1 (1%)  1 (1%) 
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Table S6 | Surgery related adverse events. Information on all surgery-related adverse events of grade 1-2 and 
all grade 3-5 adverse events, both for the total treatment population and per treatment arm. 

Arm A Arm B Arm C Total 
Event All 

grade 
Gr 3-5 All grade Gr 3-5 All grade Gr 3-5 All grade Gr 3-5 

Any event 25 
(83%) 

4 (13%) 25 (83%)  4 (13%) 20 (77%) 4 (15%) 70 (81%) 12 (14%) 

Seroma 16 (53%) 15 (50%) 10 (38%) 41 (48%) 
Wound infection 14 (47%) 4 (13%) 10 (33%) 2 (7%) 10 (38%) 3 (12%) 34 (40%) 9 (10%) 
Pain 5 (17%) 5 (17%) 3 (12%) 13 (15%) 
Lymphedema 5 (17%) 5 (17%) 2 (8%) 12 (14%) 
Edema limb 3 (10%) 5 (17%) 1 (4%) 9 (10%) 
Wound 
dehiscence 

2 (7%) 3 (10%) 4 (15%) 9 (10%) 

Paresthesia 1 (3%) 1 (3%) 4 (15%) 6 (7%) 
Fever 2 (7%) 1 (3%) 2 (8%) 5 (6%) 
Joint range 
of motion 
decreased 

1 (3%) 1 (3%) 2 (2%) 

Rash 2 (7%) 2 (2%) 
Skin infection 1 (3%) 1 (3%) 2 (2%) 
Acute kidney 
injury 

1 (3%) 1 (1%) 

Alopecia 1 (3%) 1 (1%) 
Anaemia 1 (4%) 1 (1%) 
Atrial fibrillation 1 (3%) 1 (1%) 
Chills 1 (3%) 1 (1%) 
Colitis 1 (4%) 1 (1%) 
Concentration 
impairment 

1 (4%) 1 (1%) 

Drain leakage 1 (3%) 1 (1%) 
Dysphagia 1 (3%) 1 (1%) 
Dysphonia 1 (3%) 1 (1%) 
Fatigue 1 (4%) 1 (1%) 
Haedache 1 (3%) 1 (1%) 
Hematoma 1 (3%) 1 (1%) 
Chyle leakage 
due to surgery 

1 (3%) 1 (3%) 1 (1%) 1 (1%) 

Surgical site 
swelling 

1 (4%) 1 (1%) 1 (1%) 

Intraoperative 
haemorrhage 

1 (3%) 1 (3%) 1 (1%) 1 (1%) 

Nausea 1 (3%) 1 (1%) 
Postoperative 
hemorrhage 

1 (4%) 1 (4%) 1 (1%) 1 (1%) 

Serum amylase 
increased 

1 (4%) 1 (1%) 

Thrombosis 1 (3%) 1 (1%) 
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Table S7 | Univariable and multivariable analysis for pathologic response. Association between different 
baseline / tumor characteristics and pathologic response calculated via univariable and multivariable analysis. 
P-values are calculated using the logistic regression method (twosided). 

Univariable analysis Multivariable analysis * 

OR (95% CI) P-value OR (95% CI) P-value

Continent 

 Australia vs Europe 2.500 (0.89-7.76) 0.092 1.644 (0.33-9.35) 0.550 

Gender 

 Male vs Female 2.897 	  (1.06-8.32) 0.041** 1.666 (0.39-7.27) 0.488 

Age 

 Continuous (per year) 1.059 (1.02-1.10) 0.003** 1.007 (0.95-1.07) 0.795 

IFN-y gene expression 

z-score 2.11 	  (1.11 	

-4.33) 
0.028 	 ** 3.763 	  (1.57 	 -11.08) 0.007** 	  

TMB 

 Log(TMB) 7.97 (1.81-49.29) 0.012** 14.194 (1.85-182.18) 0.021** 

* Performed for the 59 patients for whom IFN-γ and TMB could be analyzed ** Statistically significant
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Table S8 | Baseline Characteristics per Continent. Clinical baseline characteristics of all patients (=86) 
separated by continent. Percentages may not total 100 because of rounding. PD-L1 immunohistochemistry was 
performed using with an automated laboratory validated immunohistochemistry assay, with the use of the 22C3 
antibody on a Ventana platform (BenchMark Ultra autostainer, Ventana Medical Systems, Tuscon, AZ, USA). 

 Australia (n=38) Europe (n=48) 

Age   

 Years, median (range) 60 (31-80) 53 (18-79) 

 <60, n (%) 17 (44.7) 30 (62.5) 

Sex, n (%)   

 Male 25 (65.8) 24 (50.0) 

 Female 13 (34.2) 24 (50.0) 

Treatment arm, n (%)   

 A 14 (36.8) 16 (33.3) 

 B 12 (31.6) 18 (37.5) 

 C 12 (31.6) 14 (29.2) 

Primary tumor, n (%)   

 T1-T2 15 (39.5) 23 (47.9) 

 T3-T4 9 (23.7) 15 (31.3) 

 Unknown primary 14 (36.8) 10 (20.8) 

Ulceration of primary tumor, n (%)   

 Yes 10 (26.3) 11 (22.9) 

 No 12 (31.6) 26 (54.2 

 Unknown 16 (42.1) 11 (22.9) 

Sum of diameter target lesions median 
(range) 

 
24 (14-70) 

 
24 (14-64) 

Location affected lymph node, n (%)   

 Neck 5 (13.2) 9 (18.8) 

 Axilla and Neck 2 (5.3) 1 (2.1) 

 Axilla 19 (50.0) 25 (52.1) 

 Groin 11 (28.9) 13 (27.1) 

 Other 1 (2.6) 0 (0.0) 

LDH, n (%)   

 <ULN 37 (97.4) 48 (100) 

 >ULN 1 (2.6) 0 (0) 

PD-L1 expression on tumor cells, n (%)   

 <1% 17 (44.7) 24 (50.0) 

 1-50% 9 (23.7) 19 (20.8) 

 >50% 5 (13.2) 2 (4.2) 

 Missing 7 (18.4) 12 (25.0) 
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Table S9 | Endpoint definitions. Pathologic endpoint definitions defined according to the guidelines of the 
International. Neoadjuvant Melanoma Consortium (INMC) (32).

Endpoint Definition 

Pathologic response rate The proportion of patients with <50% viable tumor cells in the tumor 
bed and underwent definitive surgery. Pathologic response was 
centrally assessed by two blinded pathologists. 

Pathologic complete response no viable tumor cells in the tumor bed area 

Pathologic near-complete response >0%- ≤10% viable tumor cells in the tumor bed area. 

Pathologic partial response >10% – <50% viable tumor cells in the tumor bed area. 

Event-free survival The time from randomization to the first occurrence of any of the 
following events: progression of disease that precludes definitive 
surgery, local or distant recurrence or death due to any cause. 

Relapse-free survival The time from definitive surgery to the first occurrence of any of the 
following events: local or distant recurrence or death due to any cause. 




