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Neoadjuvant ipilimumab plus nivolumab showed high patho-
logic response rates (pRRs) in patients with macroscopic
stage lll melanoma in the phase 1b OpACIN (NCT02437279)
and phase 2 OpACIN-neo (NCT02977052) studies"?. 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-y score) were associ-
ated with pathologic response and low risk of relapse; pRR
was 100% in patients with high IFN-y score/high TMB;
patients with high IFN-y score/low TMB or low IFN-y score/
high TMB had pRRs of 91% and 88%; while patients with low
IFN-y 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-y
score. Our findings provide a strong rationale for a random-
ized 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 lll melanoma.

With the current standard of care consisting of surgery fol-
lowed by adjuvant anti-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 mac-
roscopic stage III melanoma patients still relapse within 3 years®.
Moreover, a substantial subset of patients (15-25%) relapse soon
after surgery and before starting adjuvant therapy®’, resulting in a
3-year relapse-free survival (RES) of the intent-to-treat population
of less than 50%.

Preclinical studies demonstrated improved survival and stron-
ger antitumor immunity when immune checkpoint inhibition
(ICI) was given before surgery as compared to adjuvant applica-
tion®'?. Neoadjuvant therapy also has the advantage of provid-
ing 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 (Extended Data Fig. 1a). 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 treat-
ment'. 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".
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The subsequent multicenter randomized phase 2 OpACIN-neo
study tested the efficacy and toxicity of three different dosing sched-
ules of neoadjuvant ipilimumab plus nivolumab (A: two cycles ipi-
limumab 3 mg kg™! plus nivolumab 1 mg kg™' every 3 weeks; B: two
cycles ipilimumab 1 mg kg™ plus nivolumab 3 mg kg™ every 3 weeks;
C: two cycles ipilimumab 3 mg kg™ every 3 weeks followed by two
cycles nivolumab 3 mg 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 cri-
teria (Extended Data Fig. 2a,b and Supplementary Table 1). Primary
analysis identified the treatment regimen consisting of two cycles of
ipilimumab 1 mg kg™' plus nivolumab 3 mg kg™ (arm B) as the most
favorable schedule with a pRR of 77% and 20% grade 3-4 irAEs”.
Here we present updated survival data and biomarker analyses of
OpACIN-neo and long-term follow-up data of OpACIN.

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 cut-
off (7 Feb 2020), two (2.3%) patients had progressed before surgery
and 12 (14%) patients had relapsed after surgery (Supplementary
Table 2). The estimated 2-year RES was 84% (95% confidence inter-
val (CI) 76-92%) for all patients who did not progress before surgery
(Fig. 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; Fig. 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; Fig. 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; Extended Data Fig. 3a,b).
None of the patients were treated with adjuvant systemic therapy
and three nonresponding patients were treated with adjuvant radio-
therapy. Patients that progressed or relapsed were treated according
to standard practice (Supplementary Table 3). 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;
Extended Data Fig. 3c,d).

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 (Fig. 1d and
Extended Data Fig. 1b,c). The 4-year EFS rate was 80% for the
neoadjuvant arm and 60% for the adjuvant arm (Extended Data
Fig. 1b), with 4-year OS rates of 90% and 70%, respectively
(Extended Data Fig. 1c).

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 (Supplementary Table 4). 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 (Supplementary Table 5 and Fig. 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 cor-
ticosteroids. 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 dif-
ferent between treatment arms (Supplementary Table 6). Ongoing
surgery-related AEs were observed in 31 (38%) patients, with lymph-
edema being most frequent (17 patients; 21%; Supplementary Table 5
and Extended Data Fig. 4). Similarly, in the OpACIN trial, all
high-grade toxicities recovered to grade 1 or lower, with the excep-
tion of grade 2 endocrinopathies (Fig. 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 corticoste-
roids 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 PD-1 expres-
sion were not significantly associated with response in OpACIN-neo”
(Extended Data Fig. 5), while baseline interferon-gamma (IFN-y)
gene signature expression'* was associated with absence of relapse
in the OpACIN study'. In OpACIN-neo, we performed RNA
sequencing on pretreatment tumor biopsies (data available for 65
patients) and confirmed that a high IFN-y score (average z-score of
all genes within the IFN-y signature described by Ayers et al.'*) was
associated with pathologic response and low risk of relapse (Fig. 2a).

>

>

Fig. 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=283) was generated (two patients progressed before surgery and one patient did not undergo surgery because of toxicity).
The corresponding 95% Cl 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. ¢, 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 calculated 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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Using the upper tertile as the threshold, 20 of 21 (95%) patients with
a high IFN-y score achieved a pathologic response compared to 27
of 43 (62%) patients with a low IFN-y score (P=0.014). We also
observed a numerically longer EFS for patients with a high IFN-y

score compared with patients with a low IFN-y score (2-year EFS:
90% versus 71%; Fig. 2b).

Whole-exome sequencing data were available for 60 patients.
BRAFY®" mutations were observed in 28 (47%) patients (Extended
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Data Fig. 6a). No significant difference in pRRs was observed
according to BRAFV* status (64% for patients who were positive
for BRAFV® mutation versus 83% for those with BRAF wild-type
status; P=0.11). Patients with a pathologic response had a higher
TMB than nonresponders (median 860 versus 293; P=0.0013;
Fig. 2c). Baseline TMB was strongly associated with EFS: esti-
mated 2-year EFS was 93.3% for patients with TMB > median ver-
sus 58.8% for patients with TMB <median (log-rank P=0.0027;
Fig. 2d). There was no correlation between IFN-y score and TMB
(log scale; R=—-0.1; P=0.44; Extended Data Fig. 6b), and both
biomarkers were significantly associated with pathologic response
(IFN-y score P=0.0066; TMB P=0.021) in a multivariate logis-
tic regression model that included age, gender and continent
(Supplementary Table 7).

Based on this observation, we evaluated whether the combina-
tion of IFN-y score and TMB could better discriminate responders
from nonresponders. Optimal cutoffs were defined based on sum-
mary receiver operating characteristic (sSROC) curves, identifying
0.4665 as the optimal cutoff for IFN-y score (exactly corresponding
to the upper tertile) and 747 for TMB (Fig. 2¢,f). Using this strat-
egy, 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-y score and low TMB (n=23) had a
PRR of only 39% (Fig. 2g and Extended Data Fig. 6¢). For patients
with a high IFN-y score/high TMB (n=9), the pRR was 100%, while
for patients with only a high IFN-y score (n=11), the pRR was 91%,
and for patients with only high TMB (n=16), pRR was 88% (Fig. 2g
and Extended Data Fig. 6¢). Correspondingly, the group with a
low IEN-y 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-y-low/TMB-high, IFN-y-high/TMB-low and IFN-y-high/
TMB-high tumors, respectively (P=0.0018; Fig. 2h). The area
under the sSROC curve (AUC) was higher for the combination of the
IFN-y score and TMB (0.83) compared to either biomarker alone
(IFN-y score: 0.67; TMB: 0.76; Fig. 2e,f and Extended Data Fig. 6d).

Applying the microenvironment cell populations (MCP) coun-
ter signature®, we assessed different cell populations that could
discriminate patients according to pathologic response. Higher
levels of all immune cell populations were found in responders
(Extended Data Fig. 6e). Gene-set enrichment analysis (GSEA) on
differentially expressed genes revealed that several immune path-
ways 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 (Extended Data Fig. 6f).

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 (Fig. 3a). The highest post-treatment
increases were observed for PD-1 (P < 0.0001), CXCL9 (P<0.0001)
and CXCL10 (P<0.0001), irrespective of response (Extended Data
Fig. 7a). 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 nonre-
sponders versus responders (Fig. 3b and Extended Data Fig. 7b).

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; Supplementary Table 7 and Fig. 4a). Australian
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 (Supplementary Table 8). Multivariate analysis
including continent, age, gender, IFN-y score and TMB revealed
that only IFN-y score and TMB were significantly associated with
response (OR 3.76, P=0.0066 and OR 14.19, P=0.021, respectively;
Supplementary Table 7). We observed no continental difference in
IFN-y score (Fig. 4b), but TMB was higher in Australian patients
(P=0.0003; Fig. 4c). There was a positive correlation between age
and TMB (Fig. 4d), indicating that the higher TMB in Australian
patients might be explained by higher age and/or cumulative effect
of more UV exposure.

To our knowledge, OpACIN-neo is so far the largest and
OpACIN the most mature study that evaluated neoadjuvant ipilim-
umab plus nivolumab, both showing a high pRR after only 6 weeks
of therapy. Here we demonstrated that neoadjuvant ipilimumab plus
nivolumab, without subsequent adjuvant systemic therapy, induces
a durable RES 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 pro-
gressed or relapsed, pathologic response appears to be a strong
surrogate marker for long-term benefit. These data are corrobo-
rated by the other trials included in the pooled analysis (40 addi-
tional 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'®. 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 bio-
marker analysis in the neoadjuvant setting in stage III melanoma.
We identified that IFN-y signature expression and TMB were asso-
ciated with pathologic response and survival. Both biomarkers

>
>

Fig. 2 | Baseline IFN-y 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-y'* RNA gene signatures included 65 patients for whom baseline material was
available, ordered according to average expression of IFN-y gene signature. The IFN-y score of each patient is the average z-score of all the genes within
the IFN-y signature, which was calculated on the gene expression counts normalized by DESeq?2. 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-y score. A Kaplan-Meier curve displays patients with a high (red) and low (blue)
IFN-y score using the upper tertile of the average IFN-y score as the cutoff. ¢, 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-y score and TMB. e, The AUC for the IFN-y 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-y score (0.4665 as cutoff) and TMB (747 as cutoff) resulting in
a group with a low IFN-y score and low TMB (dark blue), low IFN-y score and high TMB (yellow), high IFN-y score and low TMB (orange) and high IFN-y
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).
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have already been shown to be prognostic in stage III melanoma
patients'” and are associated with response to ICI'®. Our results are
not completely in line with those of the COMBI-AD trial investi-
gating adjuvant BRAF plus MEK inhibition versus placebo, which
demonstrated that IFN-y gene expression, but not TMB, was pre-
dictive for REFS”. We found that only patients with a low IFN-y
score and low TMB are less likely to achieve a pathologic response
and have inferior survival. This group represents an interesting
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target population to test new treatment combinations in the
neoadjuvant setting.

Although the combination of IFN-y 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-1 expression were not
significantly associated with response’. In advanced lung cancer,
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Fig. 3 | Plasma analysis using Olink proteomic assay. a,b, VVolcano 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 log, scale; the vertical axis displays the significance scale by

the -log,, (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-treatment samples (n=285) 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-treatment 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.

plasma-based TMB is used as a predictive biomarker for response’.
Nevertheless, in clinical stage III melanoma patients, only 40% have
detectable levels of circulating tumor DNA***!. To reduce costs and
time, targeted gene panel sequencing to determine TMB?, 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 pem-
brolizumab 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 neoad-
juvantimmunotherapy trial, randomizing patients between different
treatment combinations based on their baseline IFN-y score, with
the aim to induce the IFN-y 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 observa-
tion that VEGFR-2 was also higher in pretreatment plasma of non-
responders and corroborated by other studies linking angiogenesis
to ICI resistance*~°. Baseline soluble VEGFR-2 might be a poten-
tial 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 cutoffs.

Because of the curative intent of therapy in stage III patients,
(long-term) AEs and their impact on quality of life should be con-
sidered 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 sub-
stantial proportion of patients still experienced low-grade ongo-
ing toxicities. This is in line with safety data of ipilimumab and
nivolumab in stage IV melanoma”. Adjuvant anti-PD-1 stud-
ies showed lower high-grade AE rates, but endocrine toxicities
were observed in 23% of patients, which is in the same range as
we observed”*. Post hoc analyses of both adjuvant anti-PD-1 trials
showed that the incidence of irAEs increased during the entire year
of adjuvant therapy**’. 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’. Another strat-
egy to reduce toxicity would be to explore whether the IFN-y 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-y 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
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
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Fig. 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 pathologic 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-y 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). ¢, 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 U test
(two-sided). d, Correlation between age and TMB (displayed in log scale). The correlation coefficient and P value were calculated using the Pearson
correlation method (two-sided). In b and ¢, every triangle (Europe) or circle (Australia) represents one patient with pathologic response (green) and

no pathologic response (red).

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 anal-
yses revealed that patients with a low TMB and low IFN-y gene sig-
nature expression are less likely to respond and therefore are a target
population for new neoadjuvant treatment combinations.
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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 IIT melanoma without in-transit metastasis, were naive
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'~.

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 3 mg kg~ plus nivolumab

1 mg kg™" every 3 weeks. In arm B, patients received two cycles of ipilimumab

1 mg kg™' plus nivolumab 3 mg kg™ every 3 weeks. In arm C, patients received

two cycles of ipilimumab 3 mg kg™ every 3 weeks, directly followed by two cycles
nivolumab 3 mg 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 3 mg kg™' plus nivolumab 1 mg kg™' every 3 weeks starting 6
weeks after therapeutic lymph node dissection (adjuvant arm), or two cycles of
ipilimumab 3 mg kg™ plus nivolumab 1 mg kg™' every 3 weeks before surgery,
followed by total lymph node dissection and two cycles of ipilimumab plus
nivolumab after surgery (neoadjuvant arm).

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™. 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™.

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.

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 pm) 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.
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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 I 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)* with default settings. Count data generated with HTseq-count
(version 0.11.1)** were analyzed with DESeq2 (version 1.24.0)*. 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-y signature'* and MCP
counter (using MCPcounter version 1.1.0)"° were analyzed. GSEA (using f{GSEA
version 1.10.1) was performed to identify gene sets from the Hallmark database™
that were significantly enriched in responders compared with nonresponders.

FDR values were computed as previously described”. 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
Tllumina 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 aligned to the human reference genome (GRCh38)
using Burrows—Wheeler aligner (version 0.7.12)*, 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”. 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)™. 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.

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% Cls 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-y signature
expression score and/or TMB was examined by univariable and multivariable
logistic regression analyses based on whichever sSROC curves were computed.
The relative AUC values were determined as a global metric of the ability of
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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 ¢-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 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.

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 Netherlands Cancer Institute and applying researchers will
need to sign a data access agreement after approval.
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Extended Data Fig. 1| 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 1mg/kg every 3 weeks after surgery (adjuvant arm, n=10) or 2 cycles of ipilimumab
3mg/kg + nivolumab 1mg/kg every 3 weeks followed by surgery and thereafter again 2 cycles of ipilimumab 3 mg/kg + nivolumab Tmg/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 ¢, 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).

NATURE MEDICINE | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

NATURE MEDICINE LETTERS

m ‘

Arm A
2x IPI 3mg/kg + NIVO 1mg/kg g3wk

Arm B
—®— 2x IP1 1mg/kg + NIVO 3mg/kg q3wk surgery—

| Arm C |
PBMC
Tumor biopsy

PET/CT + OT 2x IPI 3mg/kg q3wk 2x NIVO 3mg/kg q2wk PBMC PBMC

i CTor
MRI brain I PET/CT
PBMC PBMC
CT
week -
7
-4 0 3 6 12
b
105 patients were screened
for eligiblity
16 patients did not met | |
inclusion criteria
Arm A: Arm B: Arm C:
- 30 patients allocated - 32 patients allocated - 27 patients allocated
- 30 started immunotherapy - 1 ineligible due to in-transit metastasis - 1 ineligible due to hepatitis C
-30 had Iymph o e -1 mehglbleldue to inability for a biopsy - 26 started immunotherapy
- 30 started lmmunOtherapy - 1 distant metastasis < 6 weeks
- 1 distant metastases <6 weeks - 1 had no surgery due to toxicity
- 29 had lymph node dissection - 24 had lymph node dissection

Extended Data Fig. 2 | Study design and flowchart OpACIN-neo. a, Study design of the OpACIN-neo study. Patients were randomized to receive 2 cycles
of ipilimumab 3mg/kg + nivolumab 1mg/kg every 3 weeks (arm A, n=30), 2 cycles of ipilimumab 1mg/kg + nivolumab 3mg/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
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Extended Data Fig. 3 | 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=286) was generated. The corresponding 95% Cl is displayed and was computed using log transformation. b, EFS of the
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calculated using the log-rank test (two-sided). ¢, OS for the total population of the OpACIN-neo study. A Kaplan-Meier curve for OS of all patients
(n=286) 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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Extended Data Fig. 4 | 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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Extended Data Fig. 5 | Pathologic response rates according to subgroups. Forest plot of data for all patients who underwent surgery (n=385). pRRs
according to demographic, clinical and tumor characteristics are displayed. The 95% Cls 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).
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Extended Data Fig. 6 | 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-y score (values displayed as the average z-score of all
the genes within the IFN-y signature') 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. ¢, TMB and baseline average expression of
IFN-y 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 sSROC 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-y score and TMB (0.83)
(n=59). e, Heatmap of the MCP counter™ 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?’.
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Extended Data Fig. 7 | Extended plasma analysis using Olink proteomic assay. a, PDCD1, CXCL9, CXCL10 normalized protein expression (NPX) in plasma
of patients (n=385) 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 DESeq?2. 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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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XX O] 0O OO0 O O

X0 X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The Clinical data was collected and processed in electronic case report forms (eCRF) using Tenalea at the Netherlands Cancer Institute,
Melanoma Institute Australia and Karolinska Institute. Sequecing data (DNA and RNA) were collected as Fastq files; derived features (e.g.
interferon-gamma signature, tumor mutational burden) were collected in .pdf and .tsv files. The plasma proteomics assays using proximity
extension assay (PEA) technology were collected in .xIsx files.

Data analysis Statisticall analysis: R version 3.6.3 and R studio version 1.2.1335

DNA (whole exome) sequencing: Illumina bcl2fastq (v2.20), Skewer (v0.2.2), FastQC (v0.11.5-cegat), Burrows-Wheeler aligner (v0.7.12), Picard
MarkDuplicates (v1.140), VariantAnnotation (v1.30.1), Ensemble-vep release 100 Samtools (v1.10) GATK (v4.0.6.0), TVTB (v1.10.0), R
packages: tidyverse (v1.3.0), maftools (v2.0.16), seqinr (v3.6.1), snowfall (v1.84.6.1).

RNA sequencing: Star (v2.7), Samtools (v1.10) R packages: DESeq2 (v1.24.0), HTseq (v0.11.1) tidyverse (v1.3.0), fgsea (v1.10.1), MCPcounter
(v1.1.0), biomaRt (v2.40.5), RColorBrewer (v1.1-2), heatmap.3 (github/lwaldron/LeviRmisc/), ggplot2 (v3.2.1), pROC (v1.16.2), cutpointr
(v1.0.32).

Plasma proteomics assay: R packages: heatmap.plus (v1.3), RColorBrewer (v1.1-2), devtools (v2.3.1), ggplot2 (v3.3.2).

Survival analysis: R packages: survival (v2.44-1.1), ggplot2 (v3.2.1), survminer (v0.4.5), stats (v3.6.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

DNA and RNA sequencing data will be deposited in the European Genome-phenome Archive under the accession codes EGAS00001004832 (DNA) and
EGAS00001004833 (RNA), and will be made available on reasonable request for academic use and within the limitations of the provided informed consent by the
corresponding author upon acceptance. Every request will be reviewed by the institutional review board of the NKI; the researcher will need to sign a data access
agreement with the NKI after approval. Sequencing data is shown in Fig. 2, Fig. 4 and Supplemental Fig. 8.

Plasma proteomic assay data are available from the corresponding author on reasonable request. This data was used in Fig. 3 and Supplemental Fig. 9.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size OpACIN study: The primary endpoint of the study is in particular the safety and feasibility of intermittent surgery during immunotherapy with
nivolumab plus ipilimumab (neo-adjuvant arm). This needs to be contrasted to a therapy where the combination is given as adjuvant therapy
(also experimental). Therefore, 20 patients were randomized to either receiving the combination of ipilimumab + nivolumab adjuvant, or to
split neo-adjuvant and adjuvant with surgery in between (10 patients per arm). The study was defined as not safe and feasible, if 2 out of the
first 5 patients (point estimate 0.4 (95%Cl 0.05-0.85)) or 4 out of the 10 (point estimate 0.4 (95%Cl 0.12-0.74)) patients in the neo-adjuvant
arm would have experienced immune-related adverse events leading to delayed surgery (not performed during week 6) or experience grade
3/4 SUSARs after surgery, that are attributed to the pre-surgery immunotherapy. The investigators realized that numbers of immune-related
adverse events smaller than respectively 2 and 4 still bare a substantial chance of error of taking the wrong conclusion about safety.
The number of ten patients in each arm is chosen with the focus on producing relevant numbers of T cell responses that can be analyzed
(immune-activating capacity).

OpACIN-neo study: the primary objectives of this trial were to compare the frequencies of grade 3-4 immune-related adverse events (irAEs)
and to compare efficacy (response rate) of three different neoadjuvant schemes of ipilimumab plus nivolumab. Based on the previous OpACIN
study, a true grade 3-4 irAE rate of 89% was assumed, and any grade toxicity rate of 100% and a pathologic response rate of 80% for patients
in Arm A.

Assuming 89% grade 3/4 toxicity of the current schedule, a Fisher’s exact test with two groups of 30 patients each will have 89% power at a
0.05 two-sided significance level to detect a difference in toxicity to a proportion grade 3/4 toxicity of 50% or lower.

Assuming a pathological response rate of 80% with the current schedule, the lower 95% confidence interval of the response rate in a group of
30 patients will extend to 61% (based on an exact binomial test). A response rate lower than that suggests that the alternative schedule is less
effective. In this setting, arm B will be compared to arm A and arm C will be compared to arm A.

Data exclusions  OpACIN-neo: 89 patients were randomized and 3 patients were excluded after randomization before receiving treatment because they did
not meet in- and exclusion criteria (1 patient had intransit metastases, 1 patient had only lesions that could not be biopsied and 1 patient
turned out to have positive serology for hepatitis C). Inclusion and exIcusion criteria were prespecified in the study protocol. Samples that
were obtained for biomarker analyses were excluded if they did not pass quality control (eg. tumor cell percentage <30% or too low amount
of DNA or RNA)

Replication Experimental replicates were not attempted. Due to the scarce patient material replication of experiments was not possible.

Randomization  OpACIN: Patients were randomized by the independent trial office of the NKI.
OpACIN-neo: Patients fulfilling the eligibility criteria were enrolled in the study. Patients were randomized using ALEA randomisation software,
which implements a minimisation technique described by Pocock and Simon. Patients were stratified according to study centre.

Blinding Both the OpACIN and OpACIN-neo were open-label studies; the investigators, site staff, and patients were aware of the treatment assignment
during the study participation. As different dosing schemes were tested for the first time in this patient population for safety and efficacy, it
would be essential for physicians to know the treatment regimen. In that way they could notify if they would notice signals of higher toxicity
or lower efficacy in any of the arms. Pathologists were blinded for clinical outcome and treatment arm.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study
Antibodies

Eukaryotic cell lines

Clinical data
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X|[ ] chip-seq
X |[ ] Flow cytometry

Palaeontology and archaeology E D MRI-based neuroimaging
Animals and other organisms

Human research participants

concern

Antibodies used

Validation

Plasma proteomics analysis was performed using the Olink® Immuno-Oncology panel. This was a paid service by Olink proteomics.
Specific antibody clones were not disclosed.

Additional details about the 92 markers, detection range, data normalization and standardization are available at https://
www.olink.com/resources-support/document-download-center/.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Resectable stage Il melanoma patients with one or more measurable lymph node metastases (according to RECIST v1.1) that
can be biopsied, no history of in-transit metastases within the last 6 months, naive for CTLA-4/PD-1/PD-L1 immunotherapy,
and more than 18 years old.

Of all the patients included the median age was 57.5 years and 57% was male, 99% had an ECOG performance status of 0 and
only 1% had an elevated LDH level at baseline.

Patients were recruited by either surgical oncologists or medical oncologist from the melanoma cancer clinics in the
Netherlands Cancer Institute (OpACIN and OpACIN-neo), Melanoma Institute Australia (OpACIN-neo) and Karolinska Institute
(OpACIN-neo). Patients were generally referred to the participating study centers by outside hospitals. No specific bias in
recruitment was identified.

Medical ethics review comittee of the Netherlands Cancer Institute and ethical committees at Melanoma Institute Australia
and Karolinska Institute approved the trial.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

OpACIN: NCT02437279
OpACIN-neo: NCT02977052

The full trial protocol of both trials can be found in the supplementary appendix.

For OpACIN, patients were enrolled between August 2015 and October 2016 in the Netherlands Cancer Institute.
For OpACIN-neo, patients were enrolled between November 2016 and June 2018 in the Netherlands Cancer Institute, Melanoma
Institute Australia and Karolinsta Institute.

The data cut-offs in the current manuscript were 8 MAY 2020 (OpACIN) and 6 FEB 2020 (OpACIN-neo).
Clinical data was collected through an eCRF by the clinical trial department of the Netherlands Cancer Institute. Clinical data was
analyzed by the department of biostatistics at the Netherlands Cancer Institute.

OpACIN

The primary endpoint of the study is the safety and feasibility of intermittent surgery during immunotherapy with nivolumab plus
ipilimumab (neo-adjuvant arm). The study was defined as not safe and feasible, if 2 out of the first 5 patients (point estimate 0.4
(95%Cl 0.05-0.85)) or 4 out of the 10 (point estimate 0.4 (95%Cl 0.12-0.74)) patients in the neoadjuvant arm would have experienced
immune-related adverse events leading to delayed surgery (not performed during week 6) or experience grade 3/4 SUSARs after
surgery, that were attributed to the presurgical immunotherapy.

Secondary outcomes included:

- RFS, determined according to RECIST 1.1 criteria.

- Rate and type of adverse events and late adverse events

OpACIN-neo
Primary outcomes:
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- Safety as measured by the frequency of grade 3/4 immune-related adverse events (during the first 12 weeks).

- Response rate according to RECIST 1.1 at week 6

- Pathologic response according to central pathologic revision

Secondary outcomes:

- Recurrence-free survivial

- Description of late adverse event (irAE, up to 3 years after treatment initiation, until new treatment) according to CTCAE v4.03

- Description of associations of mutational load and RNA tumor signatures with tumor immune infiltrates and response

- Alteration in magnitude or breadth of the neo-antigen specific T cell responses in peripheral blood from baseline to surgery at week
6 in each 10 randomly chosen patients per arm.

Definitions of pathologic response and survival outcomes are described in supplemental table 9.
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