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Abstract

Background
Despite the increasing use of hyperthermic intraperitoneal chemoperfusion (HIPEC) in ovarian cancer (OC), the biological effects of hyperthermia remain poorly characterized. We performed a phase II randomized trial (NCT02567253) to assess the role of hyperthermia on translational endpoints in patients undergoing HIPEC for OC. 

Methods
Patients were allocated to chemoperfusion at 37°C or 41°C, and to a cisplatin (Pt) dose of 75, 100, or 120 mg/m2. The primary endpoints were the extent of cisplatin tissue penetration and gene expression in peritoneal metastases. Secondary endpoints included pharmacokinetics, DNA adduct formation, overall survival (OS), disease free survival (DFS), peritoneal recurrence free survival (PRFS), morbidity, and quality of life.

Results
[bookmark: _Hlk127098486]Cisplatin tissue penetration was dose and temperature dependent, with high variability. Strikingly, cisplatin mainly accumulated in the tumor stroma, with limited presence in cancer cell clusters. Transcriptomic analysis showed that hyperthermia induces a heat shock response, with upregulation of heat shock proteins Hsp27, Hsp70, and Hsp110. Deconvolution did not show significant effects of hyperthermia on immune cell infiltration.  Hyperthermia increased the rate of peritoneal clearance, with a limited effect on plasma exposure. No significant effects were found on DNA adduct formation, time to event outcomes, or morbidity. 

Conclusions
Hyperthermia leads to enhanced systemic absorption of cisplatin, and may improve tissue penetration in OC tissue, although the drug mainly accumulates in the tumor stroma. Furthermore, hyperthermia elicits a striking tissue heat shock response, the significance of which merits further study.


Introduction

With more than 20.000 new cases in the United States and more than 65.000 new cases annually in Europe, ovarian cancer (OC) represents the second most common gynecological malignancy and the main cause of gynecological cancer death.1-3 Due to the lack of early symptoms, almost 70% of patients are diagnosed with stage IIIC disease.4 The current standard treatment for stage III OC comprises cytoreductive surgery (CRS) and systemic therapy, including chemotherapy and targeted therapies such as bevazicumab and PARP-inhibition in selected patients.5 Despite initially successful treatment leading to complete remission, the majority (up to 80%) of patients develop recurrent peritoneal disease arising from peritoneal minimal residual disease (pMRD), left after primary or interval cytoreductive surgery (CRS).1, 6, 7 

The intensification of locoregional treatment by combining CRS with hyperthermic intraperitoneal chemoperfusion (HIPEC) may reduce the risk of peritoneal recurrence. Recent randomized trials have shown that interval CRS combined with cisplatin based HIPEC results in a significant progression free and overall survival advantage.8, 9 In patients undergoing primary CRS, the benefit of HIPEC is uncertain, and this question is  addressed by the ongoing OVHIPEC2 trial (NCT03772028).10 
Despite the increasing clinical use of HIPEC, the biological effects of hyperthermia as a treatment component are poorly characterized.11-14 Hyperthermia is reported to augment the anticancer efficacy and tissue penetration of selected chemotherapy agents.15  When combined with cisplatin, hyperthermia above 43°C exerts a synergistic lethal effect on ovarian cancer cells.16 However, this temperature is difficult to reach in clinical practice due to the heat sink effect of the tumor capillary bed. Second, in vitro experiments show that the intracellular uptake of cisplatin in ovarian cancer cell lines is enhanced by hyperthermia at 42°C.17 However, the thermal enhancement of cisplatin seems to be cell-line and cancer type dependent.18 Moreover, all reported studies utilized in vitro 2D culture techniques, and little to no in vivo evidence exists. 16, 19, 20 Third, hyperthermia might increase cisplatin-induced DNA damage in vitro19, 21, induces a heat-shock response, and interferes with PARP1-dependent DNA repair pathways.22 However, the effects of heat shock induction are pleiotropic, with both pro- and antitumorigenic effects. 15

The tissue penetration of chemotherapy during HIPEC treatment is limited to a few millimeters.23 Laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) studies allow for highly sensitive analysis of metallodrugs such as cisplatin. The use of this technique on clinical samples of patients treated with cisplatin HIPEC previously confirmed poor penetration (0,5-2mm) into tumor tissues. 12, 24, 25 Hyperthermia theoretically increases drug diffusion, 23 and increases penetration depth in animal models.25-27 However, the potential benefit of hyperthermia remains uncertain, with no clinical information available.23

The aim of the present translational randomized trial was to study the pharmacokinetic, cellular, and transcriptomic effects of hyperthermia in patients undergoing HIPEC with cisplatin for peritoneal metastases from ovarian cancer. 


Patients and Methods

Study design
This was a single-blinded, parallel groups, prospective phase II randomized trial to assess the role of hyperthermic intraperitoneal chemoperfusion (HIPEC) as compared to normothermic intraperitoneal chemoperfusion (NIPEC) with cisplatin at three different dose levels (75, 100, and 120 mg/m2). The study was conducted, analyzed, and reported according to the Consolidated Standards of Reporting Trials (CONSORT) guideline. 

Endpoints
[bookmark: _Hlk126597866]The primary endpoints of this study were the tissue penetration distance of cisplatin in peritoneal tumor tissue nodules, as determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), and gene expression in peritoneal metastases that were exposed to chemoperfusion and subsequently resected. Secondary endpoints were pharmacokinetics of cisplatin in peritoneal perfusate and plasma samples, DNA adduct formation, overall survival, disease free survival, peritoneal recurrence free survival, 30-day morbidity and mortality, and health related quality of life.

Patient selection criteria
Patients with FIGO stage III or IVA biopsy-proven platinum-sensitive primary or recurrent epithelial ovarian carcinoma in whom a macroscopically complete debulking (CC-0 or CC-1) was deemed possible based on imaging and/or staging laparoscopy, were eligible. 

Sample size calculation
A sample size of 48 patients (N=12/group) was calculated to detect an effect size for cisplatin penetration depth of 10%, with a significance level of 0.05 (α = 0.05) and a power of 80% (β = 0.20). A total of 60 patients were included in order to account for dropouts. Randomization was performed immediately after cytoreductive surgery (CRS), utilizing sealed envelopes, opened by one of the investigators (CC). 

Registration and Ethics
The study protocol was approved by the Institutional Review Board of Ghent University Hospital (ref: AGO/2015/002), and registered at Clinicaltrials.Gov (NCT02567253) and EudraCT (2015-000418-23). The study was performed in accordance with the declaration of Helsinki on human experimentation and Good Clinical Practice (GCP) guidance. All patients provided written informed consent.

Clinical procedures

Staging
Staging was performed as per standard of care, but minimally included a CT scan of the chest and abdomen and measurement of serum CA125. Other imaging techniques such as diffusion weighted MRI and 18F-FDG-PET-CT were optional. Diagnostic and staging laparoscopy was not mandatory.

Neoadjuvant therapy
Neoadjuvant and adjuvant therapy was administered as per local investigator preference and using the current standard of care. 

Cytoreductive Surgery
Disease extent was scored using the peritoneal cancer index (PCI). A combination of organ resections and peritonectomies was performed aiming to achieve complete or optimal debulking. The completeness of cytoreduction was scored using the CC score.28 Two tumor nodules resected during surgery were kept for analysis and served as controls, and two additional peritoneal tumor nodules were left during chemoperfusion, and resected for analysis after completion of the chemoperfusion.

Intraperitoneal chemoperfusion
Intraperitoneal chemoperfusion (IPC) was performed using the open (coliseum) technique as per local standard of care. Following complete or optimal cytoreduction, patients were randomized to normothermic (37°C) or hyperthermic (41°C) chemoperfusion immediately before installation of the IPC system, using sealed envelopes. The IPC duration was 90 minutes starting from the addition of cisplatin to the perfusion circuit.
Patients were additionally randomized to receive a cisplatin dose of 75, 100, or 120 mg/m2 dissolved in a balanced peritoneal dialysis solution (Physioneal™ 1.36% glucose, Baxter). The volume of the perfusate was calculated as 2 liters/m2. The patient’s body surface area (BSA) was calculated using the Mosteller formula.29 Sodium thiosulfate (Na2S2O3) was administered intravenously from the start of the chemoperfusion (4 g/m2, dissolved in 150 ml of NaCl 0,9%) and during 6 hours after completion of the chemoperfusion (12 g/m2 dissolved in 1000 ml of NaCl 0,9%) in order to prevent nephrotoxicity.30

Follow-up
Thirty-day morbidity and mortality were scored using the Dindo-Clavien classification and the Comprehensive Complication Index (CCI).31 The rate of reoperation and readmissions were calculated. The total duration of follow-up was two years from the time of surgery, during which overall survival (OS), recurrence-free survival (RFS) and peritoneal recurrence-free survival (PRFS) were recorded.

Health-related quality of life
Patients were asked to complete a cancer-specific (EORTC QLQ30) and disease-specific (EORTC QLQ OV-28) questionnaire before surgery (baseline) and at 1, 3 , 6, 12, 18, and 24 months postoperatively. Patients who filled out a questionnaire at baseline and at minimally one additional timepoint were included in the statistical analysis.

Pharmacokinetic analyses

Sample collection
Perfusate samples were taken at 3–5min, 45min, and 90min after the addition of cisplatin to the chemoperfusion circuit. Blood samples were taken before the start of chemoperfusion (0min), and at 15, 30, 90min and 2, 3, 7.5, and 24h after the start of the chemoperfusion. Blood samples were immediately centrifuged to obtain plasma. The perfusate and plasma samples were stored at -80°C until analysis. The concentrations of unchanged, intact cisplatin were measured using a previously developed UPLC-MS/MS method.32 The lower limit of quantification (LLOQ) of intact cisplatin in plasma was 20 ng/ml. The method precision was better than 7.6% and bias was less than ± 5.7%.

Pharmacokinetic analysis
Basic pharmacokinetic parameters including the peak concentration (Cmax), time to peak (Tmax), half-life (T1/2) and area under the curve (AUC) were analyzed using the PKsolver Excel™ plug-in.33

Measurement of platinum penetration distance

Sample collection
Formalin fixed and paraffin embedded (FFPE) tissue sections were obtained from the index tumor nodules resected after chemoperfusion. These sections were haematoxylin-eosin (H&E) stained and screened for eligibility based on presence of tumoral cells and peritoneal architecture. Following this screening, 24 samples were analyzed. Additionally, tissue regions including tumor and tumoral stroma were annotated on consecutive H&E sections.
Laser-ablation-ICP-MS imaging
LA-ICP-MS imaging of FFPE sections was performed using an Analyte G2 LA unit (Teledyne Photon Machines, Bozeman, MT, USA) coupled to an Agilent 7900 ICP-MS instrument (Agilent Technologies, Tokyo, Japan) via an ARIS mixing bulb (developed at Ghent University, meanwhile commercially available from Teledyne Photon Machines) and polyether ether ketone (PEEK) tubing. Additional information including instrument settings is detailed in the Supplementary Methods. 

Image analysis
Data processing was performed using HDIP (HDF-based Image Processing, Teledyne Photon Machines, Bozeman MT, USA) in combination with Fiji, Adobe Photoshop™, and Microsoft Excel™.34 To characterize the penetration depth in this heterogenous context, we divided the tissue sections in layers with a width of 200 µm parallel to the peritoneal surface. After post-processing using the Fiji Threshold function to remove artifacts and zones without signal (such as tears in the tissue or large vascular structures), the 195Pt signal intensity was averaged to acquire the mean signal intensity per layer. This mean intensity was then normalized by defining the ratio of the mean intensity per layer to the surface layer to allow direct comparison between samples. Additionally, we calculated the ratio of integrated 195Pt signal intensities for annotated tumoral zones and the surrounding stromal tissue. 

DNA adduct formation assay

An immuno-cytological assay to detect cisplatin-induced Pt-[GPG] adducts in the nuclear DNA was performed using the R-C18 antibody as described previously. 35 Frozen sections of tumor tissues (n=25) were immunostained after selection for tumor content by HE analysis Adduct levels were classified semi-quantitatively (none, weak, moderate and high staining) by an experienced researcher (J.T.). 

RNA-Seq analyses
Samples resected at the end of the chemoperfusion (90 minutes; n=39) were kept in RNALater preservative medium (Invitrogen, Waltham, MA, USA) and stored at -80°C. RNA extraction and sequencing was performed by BGI Genomics’ Hongkong Tech Solution NGS Lab. This included library preparation, performed with the DNBSEQ Transcriptome library, as well as RNA quality and concentration determination using an Agilent 2100 platform. The RNA Integrity Number (RIN) value spectrum was 1-8.70 with a mean of 6.19 and median of 7.00. RNA quality was insufficient for 2 samples, leaving 37 out of the total 39 samples for downstream analyses. RNA sequencing was performed using the BGI DNBSEQ™ platform with paired-end sequencing at a read length of 150 bp. After sequencing, preprocessing of the raw reads was performed by BGI, including removal of adapter sequences, contaminated and low-quality reads. 
Additional quality control was performed using fastp  36 v0.22.0 and multiqc 37 v1.11. Parameters used for fastp were -A, -q 20, -u 40 and -e 20. Reads were aligned to GRCh38 using STAR 38 version
2.7.9a. Genes were annotated using UCSC hg38 and expression was quantified with featureCounts (6). Only coding genes were used for further analysis. All downstream analyses were performed in R version 4.1. Differential gene expression was determined using DESeq2.39 A gene was considered differentially expressed if it had an FDR-adjusted P values (Padj) below 0.01 and an absolute log2 fold change higher than 1. Visualization of gene expression counts was performed under application of a variance stabilizing transformation (VST) 40 to account for library size and mean-variance dependence by using the vst function included in DESeq2. Hierarchical gene clustering was conducted on Euclidean distances using the complete linkage method. Gene set enrichment analysis (GSEA) was performed using the adaptive multi-level splitting Monte Carlo approach implemented in the function fgseaMultilevel from the R package fgsea 41 version 1.20.0. Ranking was done on the DESeq2 test statistic. Reference gene sets were obtained from the Molecular Signatures Database (MSigDB) 42, 43 version 7.4. 
Immune cell deconvolution was performed with the “Impute Cell Fractions” analysis module of the CIBERSORTx web version, accessed under https://cibersortx.stanford.edu/.44 The signature mixture matrix LM22 was used as provided by the web tool. Batch correction was performed in B-mode with the supplied LM22 source GEP file and quantile normalization disabled, as suggested for RNA-seq data. CIBERSORTx was run in relative mode. Moreover, 500 permutations for significance analysis were selected. Only deconvolution results with P ≤ 0.05 were kept for further analysis. 21 of 22 immune cell types of the LM22 matrix were grouped into 6 top-level cell groups, based on the clustering of the scRNA-seq tissue dissection experiments described by the CIBERSORTx authors and immune cell classification ensuing from hematopoietic stem cell differentiation.45 These groups are CD4 T cells, CD8 T cells, B cells, natural killer (NK) cells, Monocytes (including Macrophages) and Granulocytes. Γδ T cells were disregarded, not fitting into any of the two T cell subgroups. The summarization was performed by summation of individual cell type scores into a cell group score per patient. Differences between normo- and hyperthermic conditions were assessed by Wilcoxon rank sum tests.

Statistical analysis

For all analyses, a significance threshold of α = 0.05 was applied, unless stated otherwise. Reoperation and readmission rates were compared using a Chi-squared test. For normally distributed data with homogeneous variances across groups, ANOVA was used to test group mean differences. The normality assumption was tested using the Shapiro-Wilk test. Homoscedasticity (homogeneity of variances) was tested using Levene’s test. If any of these assumptions was violated, the Kruskal-Wallis test was performed for group median differences. In case of significant results, post-hoc testing was conducted with Tukey’s range test (following an ANOVA) or Dunn’s test (following a Kruskal-Wallis test). Gene expression correlation testing across patients was conducted on VST-transformed counts using Pearson’s product-moment correlation test. Cisplatin tissue penetration data were evaluated using a linear mixed model with the intercept and temperature groups as fixed effects, and layer depth as a repeated effect using a heterogeneous first-order autoregressive covariance structure. Overall, recurrence-free, and peritoneal recurrence-free survival were estimated using the Kaplan Meier method. Quality of life data were analyzed using a linear mixed model with patient-specific random intercepts and an unstructured covariance structure. Pharmacokinetic data were compared using Graphpad Prism 8. Survival analysis and mixed models were performed using IBM SPSS statistics 28.

Code and data availability
Raw RNA-seq data (fastq files) were deposited at the European Genome–Phenome Archive (EGA; https://ega-archive.org), which is hosted by the European Bioinformatics Institute (EBI) and the Centre for Genomic Regulation (CRG). Due to ethical and legal reasons, the data is deposited under controlled access. Data use conditions attached to this EGA dataset limit its use to approved users at a specific institution for a specific health/medical/biomedical project and dictate that useful results should be made available to the wider scientific community. Access requests should be addressed to Wim Ceelen (Wim.ceelen@ugent.be). Source code used to perform the RNA-Seq analysis is available via GitHub https://github.com/CCGGlab/OVIP.  

Results

Patient characteristics

Fifty-six patients were included from 09/2016 to 09/2019. A complete follow-up of two years or until death was available for 50 patients. As previously reported, the highest dose level was reduced from 120 mg/m2 to 100 mg/m2 after observing renal toxicity in the highest dose group.46 Among the 56 patients, 31 received a dose of 75 mg/m2, 12  received a dose of 100 mg/m2, and 13 patients a dose of 120 mg/m2. Thirty patients received chemoperfusion at 37°C, and 26 patients were treated at 41°C. The highest dose level of 120 mg/m² was amended to 100 mg/m² due to higher-than-expected renal toxicity, with 4 out of 13 patients treated with 120 mg/m² developing Clavien-Dindo grade III or IV acute kidney injury. Patient flow is detailed in the CONSORT diagram (Supplementary Fig. 1). The experimental groups were balanced for clinical, surgical, and pathological variables (Supplementary Table 1). 

Cisplatin penetration in tumor tissue

Due to unexpected technical difficulties and the larger than expected number of samples without an adequate cancer cell population, we could analyze samples from only 22 out of the planned 48 patients, leading to an underpowered analysis. Fig. 1 shows violin plots of the normalized intensity of Pt detected in layer 4, suggesting that Pt penetration is dose and temperature dependent. The penetration depth versus normalized Pt intensity is shown in Fig. 2. Although the plots suggest that on average, hyperthermia leads to deeper Pt penetration, variability is high. The mean Pt  concentration in layer 4 was 37% of the concentration in layer 1. In a linear mixed model, no statistically significant effects were found, although the analysis was underpowered (p = 0.23).

Cisplatin uptake by tumor cells versus stroma

When comparing histology with Pt penetration maps, we found that Pt was mainly present in the surrounding stroma, while the presence of Pt inside clusters of cancer cells was minimal (Fig. 3). To further investigate this unexpected finding, we annotated all zones of cancer cells and compared the averaged signal in clusters of cancer cells to their surrounding stroma. The Pt signal in the cancer cell clusters was consistently lower compared to the surrounding stroma, and ranged from 24% to 83%, with a mean ratio of Pt signal intensity between stromal and cancer cells of 2.4 (SD 0.887). When comparing temperature and dose groups, no significant differences were found in cisplatin uptake in neoplastic cells (Supplementary Fig. 2).

Gene expression analyses

We analyzed the transcriptomic effects of hyperthermia in peritoneal metastases from 37 patients utilizing RNAseq, which were resected immediately after the 90 min chemoperfusion.

Hyperthemia induces a heat shock response in cancer cells 
We compared the transcriptomic response of 20 normothermic with 17 hyperthermic post-perfusion samples using RNA-Seq. A differential gene expression (DGE) analysis indicated that hyperthermia induced the upregulation of 44 genes and downregulation of 5 genes, as compared to normothermic conditions (log fold change threshold of +/- 1 at 1% FDR). The upregulated genes included several heat shock protein-coding genes such as HSPB1 (protein name Hsp27), HSPA6 (Hsp70) and HSPH1 (Hsp110; Fig. 4, Supplementary Table 2). This heat shock response was confirmed by a gene set enrichment analysis (GSEA) that indicated a strong enrichment for target genes of the heat shock transcription factor HSF2 (15 of the 44 upregulated genes; Padj = 1.37e-20; Fig. 4) and related gene sets involved in the heat shock response such as the Reactome HSF 1 activation gene set (Padj = 1.85e-10) and the Gene Ontology heat shock protein binding gene set (Padj = 3.77e-7; Fig. 11B,C, Table S2). Additionally, our GSEA also indicated weaker enrichments for the Hallmark gene sets E2F targets (Padj = 5.5e-05) and G2M checkpoints (Padj = 1.5e-04; Supplementary Table 2), suggesting DNA damage, putatively related to a hyperthermia-induced cisplatinum response. In this regard, we also found enrichment for Hallmark MTORC1 signaling (Padj = 2.0e-03; Supplementary Table 2), which has been previously associated to cisplatin resistance.
Further, we performed an immune cell deconvolution on the RNA-Seq results using CIBERSORTx and compared the predicted immune cell composition between both temperature conditions. Although results were not statistically different, an interesting tendency was observed for a hyperthermia-induced depletion of CD8+ T-cells (median 6.1% versus 2.7% of the immune cell population in normothermia versus hyperthermia conditions respectively; P = 0.10) and an opposite effect on monocytes/macrophages (27.8% versus 32.5%; P = 0.060; Fig. 4D). 
A gene expression comparison between high dose (120 mg/m2, n=15) and low dose (75 mg/m2, n=18) resulted in only 7 differentially expressed genes (5 upregulated, 2 downregulated). A Hallmark GSEA indicated enrichments for epithelial to mesenchymal transition (Padj = 1.3e-07), E2F targets (Padj = 4.8e-03) and DNA damage repair (Padj = 3.8e-02), again suggesting increased DNA damage as a response to a higher Pt dose (Supplementary Fig. 3, Supplementary Table 2).  

Pharmacokinetics

Pharmacokinetic parameters are summarized in Table 1.

Peritoneal Pt concentration
Figure 5 illustrates the peritoneal Pt concentration over time in the three dose groups, according to perfusion temperature. The mean T1/2 in perfusate was significantly lowered by hyperthermia  at the 75 mg/m² and 120 mg/m² dose level (39.3 min vs 33 min, p=0.021, 46.6 vs 32.2, p=0.015), and to a lesser extent in the 100 mg/m² dose group (52.08 +-32.3 min vs 34.6 +-10.4 min, p=.12). These findings suggest a faster peritoneal Pt clearance with the use of hyperthermia.

Plasma pharmacokinetics
Peak plasma concentrations were increased with hyperthermia at the 100 mg/m2 and 120 mg/m2 dose, but this difference reached statistical significance only in the highest dose hyperthermic group (Figure 6). The mean maximal concentration in plasma was 2.14 µg/mL (+-1.08 µg/mL). Peak plasma concentrations were reached after 25 minutes of perfusion (+- 15.65 mins). The ratio of the peritoneal over the plasma AUC, which is a measure of the pharmacokinetic advantage of intraperitoneal drug delivery, was markedly reduced with the highest dose level combined with hyperthermia.

DNA adduct formation 

Due to technical difficulties with the assay, only samples from the two lowest dose groups were available for the DNA adduct formation analysis. Utilizing a semi-quantitative approach of visualizing cisplatin DNA-adduct formation, we did not observe a significant between-group difference (75 mg/m² and 100 mg/m²) in the amount of adducts formed by cisplatin treatment (p=0.36, Supplementary Figure 4).

Morbidity and Mortality

The mean length of ICU stay was 2.76 (SD 1.79) days, and the mean hospital stay was 18.28 (SD 12.21) days. No statistically significant differences were observed between the experimental groups. Hyperthermia did not influence 30 day morbidity; the mean comprehensive complication index (CCI) was similar between the normothermic and hyperthermic chemoperfusion groups (37.1 versus 28.5 respectively, p=0.20). A grade 3 or 4 complication rate of 34% was observed. The reoperation rate was not impacted by perfusion temperature (6/28 patients in the normothermia group vs 2/26 in the hyperthermia group, respectively). The most common indications for reoperation were anastomotic leakage (4 patients) and compartmental syndrome requiring lower limb fasciotomies (2 patients). There was no postoperative mortality. As described above, the highest dose was amended to 100 mg/m² due to higher-than-expected renal toxicity, with 4 out of 13 patients treated with 120 mg/m² developing grade III or IV acute kidney injury. Following dose reduction, no further AKI was observed.
The readmission rate was similar between perfusion temperature groups, but was significantly influenced by chemotherapy regimen: 2/29 patients needed readmission in the 75 mg/m² group compared to 1/12 at 100 mg/m² and 5/12 at 120 mg/m², respectively (p= 0.014). 

Survival

Fifty out of 54 patients were followed for a period of two years following surgery. In an intention-to-treat analysis, one-year survival was 91.8% and two-year survival was 76.5%. The median overall survival was not reached. During follow-up, 30 patients recurred or died, leading to a recurrence free survival of 14.3 months and a peritoneal recurrence free survival of 14.9 months. Hyperthermia and dose level did not affect OS, PRFS and RFS significantly (Supplementary Fig. 5). The most common extraperitoneal sites of recurrence were liver metastases (n=5) and retroperitoneal lymph node metastases (n=5). Due to the limited sample size and heterogeneous clinical setting, we did not analyze time to event outcomes in separate treatment groups.

Quality of life

Cancer- and disease specific quality of life were surveyed with the EORTC QLQ-C30 and OV28 questionnaires. Patients completed the questionnaires 3 weeks before operation, 6 weeks postoperatively, and 3, 6, 12, 18 and 24 months postoperatively. Out of 54 patients, 34 responded to the baseline survey. At 12 months, a response rate of 77% was reached. Global health status, physical, role, cognitive and social functioning were decreased at one month postoperatively, but recovered to baseline after 3 to 6 months in most patients (Supplementary Fig. 6). Symptom scales showed similar results, with temporary increases in symptoms such as pain, nausea and fatigue, recovering within 3 months. Plots for individual symptom scales and the results from the OV28 questionnaire are provided in Supplementary Fig. 7. 


Discussion 

The role of HIPEC in stage III OC remains contested.47 In part, this is explained by the relative lack of evidence on the effects of hyperthermia on cisplatin pharmacokinetics and tissue penetration. The primary endpoint of the current randomized trial was Pt penetration in cancer nodules left behind during chemoperfusion. No standardized technique exists to measure Pt penetration depth. Our chosen method of LA-ICP/MS allows for high-fidelity analysis of Pt distribution. Previous studies have utilized a cut-off value along a path orthogonal to the treated surface  to establish a penetration depth measured in millimeters. 25, 48 However, that technique is influenced by both the choice of an adequate cut-off value, choice of path location, and tissue characteristics such as presence of tumoral islands and stromal fibrosis. To achieve a more robust analysis of penetration, we performed a layer-by-layer analysis. Although the calculated sample size was not reached, we did observe a tendency for deeper drug penetration with a higher dose and with the use of hyperthermia. This is not unexpected, since diffusion is known to be driven by a concentration gradient (Fick’s diffusion law), and is temperature dependent. The results confirm our previous experiments using synchrotron radiation X-ray fluorescence spectrometry (SR-XRF) in murine OC xenogafts, which showed deeper tissue Pt penetration after hyperthermic treatment.25 

An additional finding was the low penetration of Pt into tumoral islands after 90 minutes of HIPEC, and a preferential accumulation in tumor stroma. This again confirms the finding in our previous animal studies of preferential stromal accumulation of cisplatin.49 Preferential binding of cisplatin to collagen in tumor tissue was previously reported by Chang and coworkers.50 The mechanisms that lead to preferential stromal cisplatin accumulation deserve further study. They may be biomechanical, such as elevated interstitial fluid pressure in tumor cell populations.51 Also, cellular cisplatin uptake by cancer cells may be a rate limiting step.

The addition of hyperthermia to intraperitoneal chemoperfusion has been hypothesized to confer pharmacokinetic benefits, mainly due to vasodilation.16 In animal models, hyperthermic chemoperfusion with cisplatin has led to increased intraperitoneal AUC but not to larger systemic exposure in some studies 26, 52, whereas others reported no effect of hyperthermia 53. We found that hyperthermia lead to faster peritoneal clearance and a higher systemic drug exposure, and this was more pronounced at the highest dose level of 120 mg/m2. In a previously published pharmacokinetic-pharmacodynamic (PKPD) model based on the clinical and pharmacokinetic data from the current study, we reported that across dose levels, hyperthermia increases the absorption rate of cisplatin by 16.3%.46 This effect is not surprising, given the temperature dependence of drug diffusion, and the temperature induced vasodilation of the peritoneal capillary network, which increases the effective vascular absorption area. 54 

The addition of hyperthermia to chemoperfusion did not enhance treatment related toxicity or the risk of postoperative complications. However, as we previously demonstrated in a PKPD model, intraperitoneal cisplatin is characterized by a relatively narrow therapeutic index: even with administration of intravenous thiosulphate, a dose of 120 mg/m2 resulted in excessive renal toxicity, while a dose of 100 mg/m2 did not elicit any renal toxicity.46 Clavien-Dindo grade 3 or 4 complications occurred in 34% of patients, in line with the findings of Van Driel et al., who reported a rate of grade 3 or 4 events of 27%. 9. Similar to previously published work, we found that quality of life returns to baseline after a period of 2-3 months.55 Following 2 years of follow-up, the one-year overall survival was 90.9%, and the two-year survival was 75%, with a RFS of 13.4 months. No obvious effects of hyperthermia on either OS, PRFS, or RFS were noted, but the current study was not designed or powered to detect the effect of hyperthermia on these time to event outcomes. 
Our study offers interesting insights in the effect of hyperthermia on gene expression in peritoneal metastases from ovarian cancer. Hyperthermia is hypothesized to exert anticancer effects, either directly or through the immune system, but this remains to be formally demonstrated clinically. We analysed the transcriptomic effects of hyperthermia using whole-transcriptome RNA-Seq. In comparison to the normothermic groups, a profound upregulation of genes involved in the cellular shock response was observed in the hyperthermia group, including HSPB1 (Hsp27), HSPA6 (Hsp70) and HSPH1 (Hsp110). While heat shock responses have been ascribed with both pro- and antitumorigenic functions, recent evidence demonstrates interaction of heat shock proteins with several hallmarks of cancer, including initiation of EMT, and inhibition of apoptosis 56, 57. Furthermore, Hsp27 and Hsp70 have been specifically implicated in cisplatin resistance in EOC,58, 59 while Hsp27 has been proposed to be a biomarker associated with disease stage in these patients 60.   Additionally, both higher dose and temperature upregulated genes implicated in DNA damage, suggesting increased cisplatin activity in both conditions. However, our observation of upregulation of MTORC1 signaling has been previously associated to cisplatin resistance 61, 62. Dellinger and coworkers recently elucidated the molecular effects of HIPEC with cisplatin in ovarian cancer by analyzing pre- and post-HIPEC samples. Out of six top differentially expressed genes, five were heat-shock proteins, confirming the profound heat-shock response elicited by hyperthermic chemoperfusion. 63 

In preclinical models, (mild) hyperthermia was shown to enhance the antitumor immune response. Toraya-Brown and colleagues showed that nanoparticle mediated local heating activated dendritic cells (DCs) and subsequently CD8(+) T cells in the draining lymph nodes of melanoma (B16) bearing mice.64 There are no clinical studies that have examined the cancer immune response following hyperthermia in the context of HIPEC. Interestingly, our immune cell deconvolution analysis suggested an adverse effect of hyperthermia, with a reduced presence of CD8+ T cells. However, these effects were not statistically significant. Nevertheless, the results may point to enhanced destruction of immune cells by cisplatin, and this requires further detailed study.

Our study is limited by the heterogenous patient material, including primary and recurrent settings, and by the fact that we did not analyse genetic variables such as BRCA mutation status. However, it is unlikely that a more homogeneous patient set would have influenced the average biomechanical properties of peritoneal metastases, which are the primary driving factors of drug transport.

In conclusion, we found that compared to normal (body) temperature, intraperitoneal hyperthermia leads to enhanced systemic absorption of cisplatin, and may improve tissue penetration in OC tissue, although the drug mainly accumulates in the tumor stroma. Hyperthermia elicits a striking heat shock response, the significance of which is currently unclear. Hyperthermia did not result in increased immune cell infiltration in the current study. 
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Figures and  legends

Figure 1 

Violin plots of the amount of platinum (Pt) detected in layer 4 of tumor tissue according to dose and perfusion temperature. Tissue samples were obtained after 90 minutes of chemoperfusion.
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Figure 2

Spaghetti plot of intensity averaged and normalized Pt intensity per layer (mean intensity per layer in blue) demonstrating penetration profiles for (A) normothermic (37°C) and (B) hyperthermic  (41°C) chemoperfusion.
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Figure 3

Heatmap of platinum signal and corresponding tissue morphology. Consecutive sections of platinum heatmaps (left) and HE-stained samples (right) demonstrate limited uptake of platinum in tumoral cells.
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Figure 4
 
Comparison Between the Transcriptomic Response in Normothermic and Hyperthermic Perfusion Conditions. RNA-Seq was performed on 20 normothermic and 17 hyperthermic peritoneal tumour samples. (A) Volcano plot showing differential gene expression between hyperthermic and normothermic conditions. Differentially expressed genes indicated in blue with targets from HSF2 indicated and labelled in black. Horizontal and vertical dashed line indicate DGE thresholds. (B) Gene set enrichment analysis with running score plots shown for 3 gene sets as indicated on top of each plot. (C) Heatmap showing the response of 49 genes that are differentially expressed in hyperthermia conditions. Hierarchical clustering performed on the genes with dendrogram shown on the left. Conditions shown on top. Gene sets from panel B shown on the right. (D) Violin plots showing CIBERSORTx-based immune cell predictions. Median values indicated by red horizontal lines. P values calculated using two-sided Wilcoxon rank sum test. See Table S2 for detailed results.
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Figure 5

Pharmacokinetic profiles of the peritoneal concentration of intact cisplatin during intraperitoneal chemoperfusion of cisplatin at 75mg/m² (top), 100mg/m² (middle) and 120mg/m² (bottom), indicating increased peritoneal clearance in hyperthermic conditions. Error bars represent 1x standard deviation.
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Figure 6

Bar chart demonstrating peak plasma intact platinum concentrations.in blood. Hyperthermia did not influence peak concentration within dose levels. A significantly higher peak blood concentration was reached for 120mg/m² cisplatin administered under hyperthermic (41°C) conditions. Error bars represent 1x standard deviation. 
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Supplementary Figures and legends

Supplementary Figure 1 

CONSORT diagram
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Supplementary Figure 2

Cisplatin uptake in stroma versus tumor cell clusters according to cisplatin (Pt) dose and chemoperfusion temperature. Bar charts indicating the mean ratio of stromal and tumoral Pt intensity per group (left). Hyperthermia did not increase cisplatin uptake in cancer cells (right). Error bars represent 1x standard deviation.
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Supplementary Figure 3

Comparison between the transcriptomic response in high and low dose conditions. RNA-Seq was performed on 15 high dose (120 mg/m2) and 16 low dose (75 mg/m2) treated peritoneal tumour samples. (A) Volcano plot showing differential gene expression between high and low conditions. Differentially expressed genes indicated in blue. Horizontal and vertical dashed line indicate DGE thresholds. Triangles indicate outliers with log fold change values lower than indicated. (B) Gene set enrichment analysis with running score plots shown for 3 gene sets as indicated on top of each plot. See Table S2 for detailed results.
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Supplementary Figure 4

Stacked bar chart of DNA-adduct formation staining intensity categories by R-C18 at 75 mg/m² and 100 mg/m². We did not observe significant between-group differences. 
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Supplementary Figure 5

Kaplan-Meier estimates of overall survival, peritoneal recurrence free survival (PRFS), and recurrence free survival in all patients. Shaded areas represent 95% confidence intervals.
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Supplementary Figure 6

Longitudinal plots of mean deviation from baseline for global health status and the five functional scales of the EORTC QLQ30 questionnaire during follow-up, demonstrating a return to baseline starting from 3 months post-surgery. 
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Supplementary Figure 7

Longitudinal plots of individual symptom scales (OV28 and QLQ30). Mean difference from baseline during follow-up. Top: general cancer-related symptoms (QLQ30) Bottom: Ovarian cancer-specific symptom scales (OV28). Error bars indicate 1x standard deviation.
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Table 1. Pharmacokinetic parameters.


















	Groups

	
	75mg/m² / 37°C
	75mg/m² / 41°C
	100mg/m² / 37°C
	100mg/m² / 41°C
	120mg/m² / 37°C
	120mg/m² / 41°C

	Peak plasma concentration
Mean (SD) (ng/mL)
	1940.57 (612.02)
	1697.58 (1028.62)
	1447.62 
(703.94)
	1699.41 
(384.18)
	2712.56 
(834.37)
	3798.37 *
(951.33)

	Plasma AUC †
Mean (SD) (mg*h/mL)
	0.17 (0.056)
	0.14 (0.075)
	0.15 (0.067)
	0.14 (0.0301)
	0.26 (0.060)
	0.33 (0.066)

	Perfusate AUC †
Mean (SD) (mg*h/mL)
	1.26 (0.38)
	1.18 (0.46)
	1.38 (0.73)
	1.34 (0.40)
	2.43 (0.94)
	1.86 (0.24)

	AUC ratio †
Mean (SD)
	8.03 
(4.22)
	13.03 
(11.69)
	9.76 
(7.56)
	9.95 
(4.31)
	10.24 
(4.17)
	5.31 
(0.43)

	Perfusate half-life 
Mean (SD)(minutes)
	39.25 
(7.85)
	32.96
(6.27)
	52.08 
(32.28)
	34.64 
(10.42)
	46.59 
(10.70)
	32.22 
(6.68)
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