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Introduction: Pressurized intraperitoneal aerosol chemotherapy-oxaliplatin (PIPAC-OX) induces direct DNA damage and
immunogenic cell death in patients with gastric cancer peritoneal metastases (GCPM). Combining PIPAC-OX with
immune checkpoint inhibition remains untested. We conducted a phase I first-in-human trial evaluating the safety
and efficacy of PIPAC-OX combined with systemic nivolumab (NCT03172416).
Methods: Patients with GCPM who experienced disease progression on at least first-line systemic therapy were
recruited across three centers in Singapore and Belgium. Patients received PIPAC-OX at 90 mg/m2 every 6 weeks
and i.v. nivolumab 240 mg every 2 weeks. Translational studies were carried out on GCPM samples acquired during
PIPAC-OX procedures.
Results: In total, 18 patients with GCPM were prospectively recruited. The PIPAC-OX and nivolumab combination was
well tolerated with manageable treatment-related adverse events, although one patient suffered from grade 4
vomiting. At second and third PIPAC-OX, respectively, the median decrease in peritoneal cancer index (PCI) was �5
(interquartile range: �12 to þ1) and �7 (interquartile range: �6 to �20) and peritoneal regression grade 1 or 2
was observed in 66.7% (6/9) and 100% (3/3). Translational analyses of 43 GCPM samples revealed enrichment of
immune/stromal infiltration and inflammatory signatures in peritoneal tumors after PIPAC-OX and nivolumab. M2
macrophages were reduced in treated peritoneal tumor samples while memory CD4þ, CD8þ central memory and
naive CD8þ T-cells were increased.
Conclusions: The first-in-human trial combining PIPAC-OX and nivolumab demonstrated safety and tolerability, coupled
with enhanced T-cell infiltration within peritoneal tumors. This trial sets the stage for future combinations of systemic
immunotherapy with locoregional intraperitoneal treatments.
Key words: immunotherapy, locoregional therapy, PIPAC, tumor microenvironment, gastric cancer, intraperitoneal,
peritoneal metastases, peritoneum, niche
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INTRODUCTION

Gastric cancer is a leading cause of cancer-related morbidity
and mortality worldwide.1 Unresectable gastric cancer is
associated with poor survival because of its late presenta-
tion, with approximately half of the patients diagnosed at
advanced stage2,3 with a median survival of 12 months.
Cancers with peritoneal metastases historically portend a
poor prognosis even with traditional systemic chemo-
therapy or surgery.4,5

Systemic chemotherapy has poor penetration of the
peritoneal cavity, encountering barriers such as ascites and
fibrosis, limiting its effectiveness. Additionally, the complex
immune microenvironment of the peritoneal niche, coupled
with tumor heterogeneity results in poor responses to sys-
temic immunotherapy.6 Locoregional techniques such as
cytoreductive surgery with hyperthermic intraperitoneal
chemotherapy (HIPEC) offer a more targeted approach,
directly addressing visible tumor nodules and microscopic
disease within the peritoneal niche, while reducing systemic
toxicity. In patients with histologically proven unresectable or
recurrent gastric cancer limited to the peritoneum and/or
cancer cells in peritoneal lavage cytology, the combination of
intraperitoneal paclitaxel with systemic chemotherapy has
shown promise.7,8 Pressurized intraperitoneal aerosol
chemotherapy (PIPAC) is an innovative intraperitoneal
chemotherapy concept that improves drug delivery by taking
advantage of the physical properties of gas and pressure,
resulting in superior distribution and depth of penetration of
chemotherapy drugs.9,10 The pharmacokinetics of PIPAC have
been studied to allow homogenous drug distribution.11

There is limited evidence combining PIPAC with systemic
therapy, particularly immunotherapy. Oxaliplatin, as a
platinum-based chemotherapy agent, induces cell death by
forming DNA adducts and inhibiting DNA repair mechanisms.
Additionally, it has been shown to trigger immunogenic cell
death, leading to the release of damage-associated molecular
patterns (DAMPs), such as calreticulin, high mobility group
box 1 (HMGB1), and adenosine triphosphate (ATP).12 The
immunogenic cell death process can generate a potential
immune response by activating antigen-presenting cells and
stimulating the presentation of tumor-specific antigens to T-
cells. We hypothesized that the combination of PIPAC-
oxaliplatin (PIPAC-OX) and systemic nivolumab is catalyzed
by the immunogenic cell death of peritoneal tumor cells
initiated by the intraperitoneally delivered oxaliplatin. The
release of DAMPs from dying cancer cells acts as a signal to
activate immune cells, while nivolumab ensures an optimal
immune response by blocking inhibitory immune checkpoints
(Figure 1A).13,14 To test this hypothesis, we conducted the
PIANO trial, a first-in-human phase I study combining PIPAC-
OX with systemic nivolumab in patients with gastric cancer
peritoneal metastases (GCPM).

METHODS

We evaluated the combination of PIPAC-OX with systemic
nivolumab as a prospective single-arm phase I trial
2 https://doi.org/10.1016/j.esmoop.2024.103681
conducted in three cancer centers in Singapore and Belgium.
This study was registered on ClinicalTrials.Gov
(NCT03172416) and EUDRACT (2020-004213-12). All pro-
cedures were carried out in compliance with relevant laws
and institutional guidelines and have been approved by the
National Healthcare Group Domain Specific Review Board,
Singapore (2016/01088). This study was conducted in
accordance with the Declaration of Helsinki. Written
informed consent was obtained from all study subjects
before enrolment into the study.
Study population

We included patients with gastric cancer with peritoneal
metastases and limited extraperitoneal disease. All patients
with extraperitoneal metastases were discussed at a
multidisciplinary tumor board including surgeons, radiolo-
gists, pathologists, and oncologists. Limited extraperitoneal
disease included oligometastatic liver/lung disease, retro-
peritoneal lymph node metastases or extra-abdominal
lymph node metastases.15 Patients had to have pro-
gressed on at least first-line systemic chemotherapy. Pa-
tients had to be of Eastern Cooperative Oncology Group
performance status 0-1, have adequate organ function
based on biochemical parameters (Supplementary
Methods, Protocol, available at https://doi.org/10.1016/j.
esmoop.2024.103681), and no standard contraindications
for systemic immune checkpoint inhibition or chemo-
therapy (delivered via PIPAC). Patients were excluded if
they had a poor performance status, had an expected sur-
vival of <3 months or had predominant extraperitoneal
metastases.
Study design

Two doses of PIPAC-OX were administered via laparoscopic
surgery 6 weeks apart at a dose of 90 mg/m2, previously
shown to be tolerable.16 Nivolumab was dosed intrave-
nously (i.v.) at the standard flat dose of 240 mg every 2
weeks for up to 24 months. The first dose of nivolumab was
initiated within 3 days of the first dose of PIPAC-OX. An
optional third dose of PIPAC-OX was permitted for those
patients who demonstrated prolonged benefit and were
keen to undergo the additional procedure. The study and
treatment schedule are detailed in Figure 1B. Patients who
completed treatment without disease progression were
continuously followed-up for tumor response. Upon
discontinuation from the study drug nivolumab, patients
were contacted 8-weekly by phone to collect overall sur-
vival (OS) data until death or up to 2 years, whichever came
first.
Outcomes of interest

The primary endpoint was the safety of the combination of
PIPAC-OX and i.v. nivolumab. Safety was evaluated in terms
of adverse events, serious adverse events, and discontinu-
ation of treatment due to toxicity.
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Figure 1. Study hypothesis and treatment schedule. (A) Study hypothesis: The combination of PIPAC-OX and systemic nivolumab would alter the tumor micro-
environment and allow synergistic effects of the two drugs. (B) Treatment schedule: PIPAC-OX was administered at 90 mg/m2 once every 6 weeks for 2 doses. I.V.
nivolumab at 240 mg started 1-3 days after the first PIPAC procedure, every 2 weeks. A third dose of PIPAC was permitted for patients demonstrating good response
to therapy.
PIPAC-OX, pressurized intraperitoneal aerosol chemotherapy-oxaliplatin.
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Assessment of safety outcomes

Surgical complications were monitored and graded ac-
cording to the ClavieneDindo classification.17 Toxicity was
monitored for and graded according to the National Cancer
Institute (NCI) Common Terminology Criteria for Adverse
Events (CTCAE) Version 4.0. Adverse events (CTCAE) were
assessed as treatment-related by the treating physician if
they had developed after PIPAC-OX or nivolumab or, if
preexisting, worsened after these procedures.
Secondary outcomes

Secondary efficacy endpoints included the clinical and path-
ological response to combination treatment, and quality of
Volume 9 - Issue 9 - 2024
life of patients. All patients who underwent at least one
PIPAC-OX procedure were evaluated for response. During
each PIPAC-OX procedure, four-quadrant biopsieswere taken
where possible. Clinical response was assessed according to
the peritoneal cancer index (PCI) documented at each PIPAC-
OX procedure. Pathological response was assessed according
to the peritoneal regression grade scoring (PRGS) system on
tumor samples from each PIPAC-OX procedure.18 Briefly, the
PRGS score grade 1 has complete response with absence of
tumor cells, grade 2 has major response with major regres-
sion features and few residual tumor cells, grade 3 has minor
response with some regressive features but predominantly
consisting of residual tumor cells, and grade 4 has no
response with tumor cells not showing any regressive
https://doi.org/10.1016/j.esmoop.2024.103681 3
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features. The radiological response to treatment was
assessed on cross-sectional imaging according to Response
Evaluation Criteria In Solid Tumour (RECIST) v.1.1 criteria.
Quality of life was assessed according to the European
Organisation for Research and Treatment of Cancer Quality of
Life Questionnaires (EORTC) QLQ-C30. Progression-free sur-
vival (PFS) was defined as the time from the start of the
treatment to the progression of the disease on CT scan or
laparoscopy. OS was defined as the time from the start of
study treatment to death by any cause.

Pharmacokinetics

Blood samples for pharmacokinetic studies were collected
and processed as previously described.16 Pharmacokinetic
assays were carried out at the Drug Analysis and Pharma-
cokinetic Core facility of the Cancer Science Institute of
Singapore, National University of Singapore, Singapore. The
quantitative analysis of oxaliplatin was carried out using
inductively coupled plasma-mass spectrometry (ICP-MS).
Methodology development and validation were done based
on the assay published by Morrison and colleagues.19 The
pharmacokinetic parameters of PIPAC-OX were calculated
using noncompartmental analysis with the NonCompart and
ncar package in R-4.2.0. Comparisons were undertaken
against serum platinum concentrations of three patients
treated with 90 kg/m2 of PIPAC-OX in a phase I study
previously reported by our group.16

Translational analyses

Before each PIPAC procedure, diagnostic laparoscopy was
carried out and peritoneal tumors together with the
macroscopically normal adjacent peritoneum were biopsied
with laparoscopic biopsy forceps. Where possible, one to
two of such paired samples were obtained from each pa-
tient. These samples were stored and transported to the
laboratory where they were flash frozen and processed for
translational analyses.

RNA extraction and whole transcriptome sequencing. For
RNA-seq experiments, total RNA was extracted using the
RNeasy Mini Kit (Qiagen, Netherlands), and library prepa-
ration was conducted using the Tru-Seq Stranded Total RNA
with Ribo-Zero Gold kit protocol (Illumina, San Diego, CA).
Libraries were sequenced on a HiSeq4000 sequencer using
the paired-end 150 bp read option. QC-passed reads were
aligned to the human reference CGRh38/hg38 genome us-
ing STAR v.2.7.9a. Transcript abundance quantification was
carried out using RSEM v1.3.3.20 RNA-seq data were
normalized by log2 fragments per kilobase of transcript per
million mapped reads.

RNA-seq analyses. Differential analysis of count data was
conducted with the DESeq package.21 Dimension reduction
of RNA-seq was conducted with Uniform Manifold
Approximation and Projection (UMAP). Ellipses were added
to UMAP plots for visualization of cluster overlap and/or
segregation with the ggbiplot package. For pathway ana-
lyses, The Molecular Signatures Database (MSigDB)
4 https://doi.org/10.1016/j.esmoop.2024.103681
hallmark gene signature set22 was utilized for the primary
analysis; additional gene signature sets utilized are docu-
mented in Supplementary Table S1 available at https://doi.
org/10.1016/j.esmoop.2024.103681.23-26 Gene set enrich-
ment analyses (GSEA) of log2FC values were utilized for
pathway analyses, where a Bonferroni adjusted P value
<0.05 was considered significant. Immune cell subsets were
enumerated primarily with the CIBERSORT LM22 immune
subset signature.27 Sensitivity analyses were conducted
with xCell.28 These were implemented through the immu-
nedeconv package.29 Comparisons were undertaken with
the unsupervised t-test. All bioinformatic analyses were
undertaken in R-4.2.0.
Statistical analyses

Survival analyses were undertaken with KaplaneMeier plots
and the log-rank test. Median follow-up time was retrieved
with the reverse KaplaneMeier method. All analyses were
conducted with R-4.2.0. A two-sided P value of <0.05 was
considered significant.
Role of the funding source

This study was supported by the National Medical Research
Council, Singapore. Funding for this study was used to pay
for the costs of some of the treatment of patients. Nivo-
lumab was supplied by Bristol Myers Squibb. This was an
investigator-initiated trial and the study team had full ac-
cess to all data in the study and take final responsibility for
the decision to submit this study for publication. The fun-
ders of the study had no role in study design, data collec-
tion, analysis, interpretation, or writing of the manuscript.
Data availability

Genomic data have been uploaded into the National Center
for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) (accession number: PRJNA1137069). Any
other data generated in this study are available upon
request from the corresponding author.
RESULTS

From June 2020 to November 2022, 18 patients with GCPM
were prospectively recruited across three centers in
Singapore and Belgium, undergoing a median [interquartile
range (IQR)] of 1 (IQR: 1-3) cycles of PIPAC-OX and 4 (IQR:
2.25-9) doses of i.v. nivolumab with a median follow-up of
20.8 months. The first dose of PIPAC-OX was successfully
administered in all patients, half the patients (50.0%; 9/18)
received the second PIPAC-OX dose, and 5 (27.8%) received
a third PIPAC-OX dose (Supplementary Figure S1, available
at https://doi.org/10.1016/j.esmoop.2024.103681). Key
characteristics of the 18 patients are presented in Table 1.
All participants had progressed on at least one prior line of
systemic therapy, with PIPAC-OX and i.v. nivolumab being
the second-line treatment in 11 (61.1%), third-line in 5
(27.8%), and fourth-line in 2 (11.1%) patients, respectively.
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Table 1. Key characteristics of included patients

Variable

Age, years, median [IQR] 65 [52.5-70.75]
Gender, (%)
Male 7 (38.9)
Female 11 (61.1)

Ethnicity, (%)
Chinese 9 (50)
Malay 1 (5.6)
Indian 3 (16.7)
Caucasian 5 (27.8)

ECOG performance status, %a

0 8 (44.4)
1 9 (50.0)
Primary tumor previously resected, % 9 (50.0)
Positive peritoneal cytology at baseline, % 14 (77.8)
Pre-PIPAC PCI score, median [IQR] 20 [12.25-30]
Cycles of PIPAC, median (range) 1 (1-3)
Doses of i.v. nivolumab, median (range) 4 (1-16)

Previous lines of systemic therapy, %
1 11 (61.1)
2 5 (27.8)
3 2 (11.1)

Limited extraperitoneal metastasis at baseline, %
Liver þ distant lymph node 1 (5.6)
Liver 1 (5.6)

Ascites at first PIPAC, %
Present 13 (72.2)

ECOG, Eastern Cooperative Oncology Group; IQR, interquartile range; PCI, peritoneal
cancer index; PIPAC, pressurized intraperitoneal aerosol chemotherapy.
aECOG data of one patient were not available.

R. Sundar et al. ESMO Open
Safety and tolerability

The incidence of adverse events and their severity are
presented in Table 2. Two patients experienced CTCAE
grade 5 toxicities (11.0%), three grade 4 (16.7%), and nine
grade 3 (50.0%). The two grade 5 events resulting in
mortality were small bowel perforation and sepsis
secondary to COVID-19. The event of small bowel
perforation occurred 24 days after the first PIPAC-OX dose
and two doses of nivolumab. The patient had a PCI score of
13. The CT scan carried out at the time of perforation was
reviewed and the bowel wall at the level of perforation
appeared thickened, suggestive of disease progression. The
case was discussed at great length by an independent data
monitoring committee (IDMC) which included an
international panel of medical oncologists and surgeons,
who were not a part of the study team. The event was
deemed to be more likely secondary to disease progression
and unlikely secondary to PIPAC-OX. The event of sepsis
occurred after the second PIPAC-OX dose and four doses of
nivolumab. The patient had an episode of severe COVID
after they had come off the trial for disease progression.
Bowel perforation occurred in one other patient, who had
demonstrated considerable response to PIPAC-OX and
nivolumab and was undergoing a resection of an umbilical
nodule which was tethered to the transverse colon. Several
IDMC reviews of the adverse events confirmed that a
majority of grade 3-5 events were unrelated to PIPAC-OX or
nivolumab, especially considering the advanced illness of a
majority of the patients in the trial.
Volume 9 - Issue 9 - 2024
A total of 32 cycles of PIPAC-OX were administered to the
18 patients within this trial. The most common adverse
events after PIPAC-OX were abdominal pain in 10/18
patients (55.6%, all grade 1-2), nausea/vomiting in 10/18
(55.6%, 9 grade 1-2 and 1 grade 3), and anorexia/weight
loss in 7/18 (38.9%, 6 grade 1-2 and 1 grade 3). Abdominal
pain and nausea typically developed a median of 1 day and
anorexia/weight loss a median of 13 days following PIPAC,
respectively.

Response to treatment

All 18 patients who underwent at least one PIPAC
procedure were evaluated for clinical response using the PCI
score, tumor response according to RECIST, and pathological
response according to the PRGS. The median PCI was 20
(IQR: 11-31) at baseline. At second and third PIPAC, the
median decrease in PCI was �5 (IQR: �12 to þ1) and �7
(IQR: �6 to �20), respectively (Figure 2A). PRGS grade 1-2
was seen on pathological assessment in 66.7% (6/9) at
second PIPAC and 100% (3/3) at third PIPAC. The median
PFS and OS in this cohort was 1.8 months (95% confidence
interval 1.6-6.0 months) and 6.0 months (95% confidence
interval 2.4-18.4 months), respectively (Figure 2B and C).
Fourteen patients had at least two CT scans to report
radiological response as per RECIST criteria. Objective
response was seen in 7% (1/14) while disease control was
achieved in 57% (8/14) of patients. Median follow-up was
20.8 months. No significant difference in survival outcomes
were found between patients with high versus low baseline
PCI scores (PCI score �20 versus <20: OS, log-rank
P ¼ 0.640; PFS, log-rank P ¼ 0.890) (Figure 2D and E).

Quality of life was assessed according to the EORTC QLQ-
C30 for all patients with results presented in Supplementary
Figure S2, available at https://doi.org/10.1016/j.esmoop.
2024.103681. Overall, there was no significant deteriora-
tion in quality-of-life scores while patients were receiving
treatment (analysis of variance, P ¼ 0.814).

One patient was identified as a responder with regression
on PRGS from PRGS 3 to 1. Before PIPAC-OX, histology
showed viable tumor cells with mucin, with some fibrosis
(PRGS 3) (Figure 2F). Subsequent histology after PIPAC-OX
showed acellular mucin with some inflammatory response
(PRGS 1) (Figure 2G).

Pharmacokinetics

Out of 18 patients who underwent at least one round of
PIPAC, pharmacokinetic analysis was carried out on 7
patients. In all patients except one (patient 7), concentrations
of platinum decreased from T ¼ 1 h to T ¼ 30 h. For this
patient, an additional sample of ultrafiltrate was tested
which found a similar result. Pharmacokinetic modelling was
not conducted due to limited sampling. When contrasted
against three patients treated with PIPAC-OX alone,16 peak
serum platinum concentrations were found to be higher in
patients also receiving i.v. nivolumab (Supplementary
Figure S3A, available at https://doi.org/10.1016/j.esmoop.
2024.103681). Serum platinum concentrations at the 30-h
https://doi.org/10.1016/j.esmoop.2024.103681 5
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Table 2. Treatment-emergent and treatment-related adverse events in the study population. Adverse events that were recorded in at least two patients are
reported

Study population (N [ 18)

Treatment-emergent, n (%) Nivolumab-related, n (%) PIPAC-OX-related, n (%)

Any grade, n (%) Grade 3-5, n (%) Any grade, n (%) Grade 3-5, n (%) Any grade, n (%) Grade 3-5, n (%)

Abdominal pain 10 (55.6) 0 (0.0) 1 (5.6) 0 (0.0) 5 (27.8) 0 (0.0)
Nausea/vomiting 9 (50.0) 1 (5.6) 1 (5.6) 0 (0.0) 2 (11.1) 1 (5.6)
Anorexia/weight loss/cachexia 6 (33.3) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Diarrhea 5 (27.8) 0 (0.0) 2 (11.1) 0 (0.0) 2 (11.1) 0 (0.0)
Fatigue 5 (27.8) 0 (0.0) 1 (5.6) 0 (0.0) 3 (16.7) 0 (0.0)
Fever 5 (27.8) 0 (0.0) 0 (0.0) 0 (0.0) 2 (11.1) 0 (0.0)
Constipation 4 (22.2) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Rash/urticaria 3 (16.7) 0 (0.0) 1 (5.6) 0 (0.0) 1 (5.6) 0 (0.0)
Dyspnea 3 (16.7) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Hypertension 3 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Dysphagia 3 (16.7) 2 (11.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Anemia 2 (11.1) 2 (11.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Intestinal perforation 2 (11.1) 2 (11.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Abdominal distension/bloating/ascites 2 (11.1) 1 (5.6) 0 (0.0) 0 (0.0) 1 (5.6) 0 (0.0)
Cough 2 (11.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Electrolyte abnormality 2 (11.1) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Hepatitis/deranged liver function tests 2 (11.1) 2 (11.1) 2 (11.1) 1 (5.6) 2 (11.1) 2 (11.1)
Hydronephrosis/nephrostomy insertion 2 (11.1) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Peripheral neuropathy 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 1 (5.6) 0 (0.0)
Sepsis 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Ureteral stent insertion 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Hypothyroidism 1 (5.6) 0 (0.0) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0)
Pleural effusion 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Thrombosis of the neck 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Lung infection 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Intestinal obstruction 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Bile duct compression 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Hypotension 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 1 (5.6) 0 (0.0)
Hematoma 1 (5.6) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Neutropenia 1 (5.6) 0 (0.0) 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0)
Dyspepsia 1 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 1 (5.6) 0 (0.0)

AE, adverse event; OX, oxaliplatin; PIPAC, pressurized intraperitoneal aerosol chemotherapy.
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mark was higher compared with the addition of i.v. nivolu-
mab [mean (standard deviation): 46.48 (18.97) versus 7.20
(1.81) ng/ml, P ¼ 0.0014]. No significant differences in Cmax

[84.94 (41.60) versus 41.72 (27.34) ng/ml, P ¼ 0.100] were
found (Supplementary Figure S3B, available at https://doi.
org/10.1016/j.esmoop.2024.103681). Pharmacokinetic
modelling and area under the curve (AUC) analysis could not
be carried out due to limited sampling.
Microenvironmental characterization of GCPM within
PIANO trial

Whole transcriptome sequencing of 43 samples (26 tumor,
17 normal) from seven patients was undertaken. Three
patients (PIANO005, PIANO006, and PIANO0016) had paired
pre/post-treatment samples.

Treatment with PIPAC-OX and i.v. nivolumab induces
microenvironmental alterations. Treatment with PIPAC-OX
and i.v. nivolumab demonstrated transcriptomic changes
in both peritoneal tumor and normal samples (Figure 3A).
Over-enrichment of immune/stromal infiltration and
inflammatory signatures were found in treated (after
6 https://doi.org/10.1016/j.esmoop.2024.103681
PIPAC-OX) peritoneal tumor samples. Conversely, lower
epithelial mesenchymal transition and transforming growth
factor-b (TGF-b) signaling signature scores were found in
adjacent-normal peritoneal tissue after PIPAC (Figure 3B).
M2 macrophages and natural killer (NK) T cells were
reduced in treated peritoneal tumor samples while memory
CD4þ, CD8þ central memory and naive CD8þ T cells were
increased. We also inspected several therapeutic targets of
interest and their changes before and after treatment.
We identified three genes, FOXP3 (P ¼ 0.023), NFE2L2
(P ¼ 0.041), and PVRIG (P ¼ 0.0043) found to have higher
levels of expression in post-treatment tumor samples
(Figure 3C). Other comparisons are provided in
Supplementary Figure S4A, available at https://doi.org/10.
1016/j.esmoop.2024.103681.

Next, we demonstrate gene expression differences
between baseline samples amongst responder and
non-responders (Figure 3D). Treatment responders, defined
as patients with an OS of >6 months after PIPAC-OX
treatment, were uniquely characterized by enriched
angiogenesis, TGF-b signaling and hippo pathway
(Supplementary Figure S4B, available at https://doi.org/10.
1016/j.esmoop.2024.103681). Peritoneal tumors with high
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M2 macrophages were also noted to be associated with
treatment response (Supplementary Figure S4C, available at
https://doi.org/10.1016/j.esmoop.2024.103681).

We also studied the association of PCI and tumor micro-
environment changes. High PCI scores were significantly
correlated with increased immune infiltration, T-cell exhaus-
tion, EMT, and PI3K-AKT MTOR signaling within macroscopi-
cally normal peritoneal samples (Supplementary Figure S5A,
available at https://doi.org/10.1016/j.esmoop.2024.103681).
High PCI scores were also associated with increased M2
stratified by baseline PCI scores, (F) histological images before PIPAC-OX treatment sh
images after PIPAC-OX treatment showing acellular mucin with some inflammatory
CI, confidence interval; NA, not available; OS, overall survival; OX, oxaliplatin; PCI, p
peritoneal aerosolized chemotherapy; PRGS, peritoneal regression grading score.

8 https://doi.org/10.1016/j.esmoop.2024.103681
macrophages in peritoneal tumors, and CD8þ T cells. Plas-
macytoid dendritic cells and naive B cells were strongly
correlated with high PCI scores in both peritoneal tumor and
normal samples (Supplementary Figure S5B, available at
https://doi.org/10.1016/j.esmoop.2024.103681).

DISCUSSION

The prognosis for patients with unresectable peritoneal
metastases remains grim, even with the current standard of
care, which typically involves systemic chemotherapy. One
owing viable tumor cells with mucin with some fibrosis (PRGS 3), (G) histological
response (PRGS 1).
eritoneal cancer index; PFS, progression-free survival; PIPAC, pressurized intra-
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of the major issues faced in treating peritoneal metastases
is the limited effectiveness of conventional systemic drug
delivery, as it often results in poor penetration into the
peritoneal nodules.30 As a result, there is a pressing and
unmet need for cancer therapeutics that can strike a bal-
ance between efficacy and tolerability in the treatment of
cancers with peritoneal metastases. In this context, the
combination of PIPAC-OX and systemic nivolumab sheds
light on the potential future management landscape of
GCPM. PIPAC-OX, when administered directly into the
peritoneal cavity, allows for a concentrated and targeted
delivery of chemotherapy to the GCPM. This localized
treatment approach may overcome the limitations of sys-
temic chemotherapy by ensuring better penetration into
the tumor cells in the peritoneal niche with less systemic
penetration and toxicity, while inducing immunogenic cell
death.

Our study is amongst the first to study how PIPAC-OX
may affect the tumor microenvironment of peritoneal
metastases. The peritoneum, as a unique anatomical site,
is hypothesized to possess a distinct microenvironment
that is influenced by malignant cells, allowing them to
evade the host immune system and establish an immune
niche.6,31,32 Extensive research has identified various
genomic drivers, paracrine factors, and immune pathways
involved in this immune evasion process.3 Peritoneal me-
tastases have been found to exhibit a different microen-
vironment compared with the primary tumor site. For
instance, previous studies have described a significantly
reduced proportion of CD8þ cells in the microenviron-
ment of peritoneal metastases compared with the primary
tumor.33 Our study, through whole transcriptome
sequencing, unraveled pathways that were enriched or
suppressed in both normal and tumor-affected perito-
neum. These may offer mechanistic insights into how tu-
mors affect the peritoneal microenvironment and how
macroscopically normal peritoneum may have been
primed for the establishment of peritoneal metastases. Of
note, we also found reduced M2 macrophages and NK T
cells and an increase in subsets of CD4þ and CD8þ T cells
in tumor samples following treatment with PIPAC-OX,
suggesting that this treatment may increase the activity
of the adaptive immune system in peritoneal metastases.
We also demonstrated changes in several other important
genes after PIPAC-OX and nivolumab. FOXP3, also known
as scurfin, is a member of the FOX protein family and is
involved in the development of regulatory T cells. FOXP3
can act as a co-activator to facilitate the Wnt-b-catenin
signaling pathway, inducing EMT and tumor growth and
metastasis in non-small-cell lung cancer (NSCLC).34 PVRIG,
also known as poliovirus receptor (PVR)-related immuno-
globulin domain containing, is involved in NK cell activa-
tion. PVRIG blockade significantly enhances NK cell killing
of PVRL2þ, PVR-low acute myeloid leukemia (AML) cell
lines, and significantly increased NK cell activation and
degranulation in the context of patient primary AML
blasts.35
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Our study employed multiple outcome measures of effi-
cacy, evaluating survival outcomes alongside clinical, tumor,
and pathological response. While the patients in our study
demonstrated good responses to intraperitoneal locore-
gional therapy with reduction in PCI and PRGS scores, this
did not translate into survival advantages. A systematic
review and meta-analysis36 highlighted the limitations and
variability that criteria such as the RECIST criteria and PCI
may have. Despite the PCI being widely used to quantify the
extent of peritoneal metastases including in clinical trials
investigating peritoneal metastases, it remains an operator-
dependent procedure which may introduce subjectivity and
variability in interpretation. Our study was not designed to
evaluate OS benefit. The lack of survival benefit may be due
to the refractory nature of the patients enrolled in the
study, after several lines of systemic therapy, with the
objective response rate, disease control rate, PFS, and OS
remaining modest.37-39 Other chemotherapy regimens of
PIPAC for gastric cancer with peritoneal metastases have
been investigated, including cisplatin and doxorubicin.
Objective tumor response was observed in 12 patients
(50%) receiving PIPAC cisplatin and doxorubicin.40 In
another study, the PIPAC-GA2, combination of systemic
chemotherapy with XELOX and PIPAC chemotherapy with
cisplatin and doxorubicin was also explored. Out of 31 pa-
tients with a mean PCI of 13.8, 15 patients were eligible for
tumor response assessment, with 4 and 5 patients,
respectively, having complete and partial pathological
response. The median survival was found to be 13 months.
These results suggest that more systemic therapy could be
combined with PIPAC-OX, such as chemo-immunotherapy
combinations like FOLFOX/nivolumab or CAPOX/pem-
brolizumab, which are the current standard-of-care first-line
regimens for advanced gastric cancer.13,41

One established advantage of PIPAC is the concentrated
delivery of chemotherapy drugs into the peritoneal cavity
allowing higher doses and deeper penetration into tumor
nodules while minimizing systemic dose-limiting toxicity, and
preserving quality of life.42,43 To our knowledge, our study is
the first to describe the combination of PIPAC and systemic
immunotherapy.Whilst the safety findings fromour study are
favorable, the study’s limited sample size must be taken into
account and larger-scale studies evaluating its efficacy are
required. Several studies have reported the safety of PIPAC-
OX dosed at 92 mg/m2,44-46 close to our study’s dose of 90
mg/m2, and reported similar safety profiles. The largest
study45 included 251 PIPAC-OX treatments in 101 patients
with unresectable peritoneal metastases, finding CTCAE
grade 3 toxicities in 14 (13.9%) of 101 patients, with grade 4
and 5 toxicities both occurring in 1 patient each. Additionally,
our study presents one of the first to report the pharmaco-
kinetic profile of PIPAC-OX on the background of systemic
nivolumab. Concentrations of plasma peaked in the first hour
before decreasing by the 30th, with data similar to our results
reported in our original study of unidirectional PIPAC-OX.16

Pharmacokinetic modelling and AUC analysis were not
carried out due to limited sampling. Thus, the regimen of
https://doi.org/10.1016/j.esmoop.2024.103681 9
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PIPAC-OX employed may result in safe and predictable
pharmacokinetics, making its use in combination with
systemic nivolumab favorable.

Although our study has several limitations, it is important to
acknowledge that the recruitment and management of
patients in this international, multicenter, investigator-initiated
trial occurred during the peak of the COVID-19 pandemic,
posing unique challenges. Despite these obstacles, the
promising translational and safety results strongly support
further investigation into novel combinations of immuno-
therapies and locoregional intraperitoneal interventions.

Conclusion

The combination of PIPAC-OX and nivolumab was safe and
well tolerated. Translational data generated from our study
show an immune-infiltrated tumor microenvironment and
increased T-cell populations and may provide a rationale for
combining immunotherapy and locoregional peritoneal
therapy in patients with GCPM.
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