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Despite advances in surgical and therapeutic approaches, high-grade serous ovarian carcinoma (HGSOC) prognosis remains poor. Surgery is an indispensable component of therapeutic protocols, as removal of all visible tumor lesions (cytoreduction) profoundly improves the overall survival. Enhanced predictive tools for assessing cytoreduction are essential to optimize therapeutic precision. Patients’ immune status broadly reflects the tumor cell biological behavior and the patient responses to disease and treatment. Serum cytokine profiling is a sensitive measure of immune adaption and deviation, yet its integration into treatment paradigms is underexplored. This study is part of the IMPACT trial (NCT03378297) and aimed to characterize immune responses before and during primary treatment for HGSOC to identify biomarkers for treatment selection and prognosis. Longitudinal serum samples from 22 patients were collected from diagnosis until response evaluation. Patients underwent primary cytoreductive surgery or neoadjuvant chemotherapy (NACT) based on laparoscopy scoring. Twenty-seven serum cytokines analyzed by Bio-Plex 200, revealed two immune phenotypes at diagnosis: Immune High with marked higher serum cytokine levels than Immune Low. The immune phenotypes reflected the laparoscopy scoring and allocation to surgical treatment. The five Immune High patients undergoing primary cytoreductive surgery exhibited immune mobilization and extended progression-free survival, compared to the Immune Low patients undergoing the same treatment. Both laparoscopy and cytoreductive surgery induced substantial and transient changes in serum cytokines, with upregulation of the inflammatory cytokine IL-6 and downregulation of the multifunctional cytokines IP-10, Eotaxin, IL-4, and IL-7. Over the study period, cytokine levels uniformly decreased in all patients, leading to the elimination of the initial immune phenotypes regardless of treatment choice. This study reveals distinct pre-treatment immune phenotypes in HGSOC patients that might be informative for treatment stratification and prognosis. This potential novel biomarker holds promise as a foundation for improved assessment of treatment responses in patients with HGSOC. ClinicalTrials.gov Identifier: NCT03378297.
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Introduction

Epithelial ovarian cancer (EOC) is the third most common gynecologic malignant tumor, with high-grade serous ovarian carcinoma (HGSOC) being the most frequent and lethal EOC subtype (1). HGSOC is characterized by a rapid spread of malignant cells throughout the abdominal cavity, and consequently, more than 60% of the patients have advanced disease at diagnosis. More than 80% of patients with advanced disease will experience recurrence and, ultimately, disease-related death (2, 3). When feasible, the preferred primary treatment for advanced HGSOC is surgery followed by chemotherapy (4). The removal of all visible tumor lesions, referred to as complete cytoreductive surgery, is associated with increased overall survival (4). Accordingly, residual tumor after surgery is a negative prognostic factor for survival. Advances in surgical techniques have changed the definition of inoperable tumors. While expansion of the surgical boundaries could be beneficial, it is important to weigh the impact of more advanced surgery on patient morbidity, mortality, and quality of life after treatment. For patients with highly disseminated cancer or high risk for negative outcomes from primary surgery, the implementation of neoadjuvant chemotherapy (NACT) prior to interval surgery has been shown to effectively reduce the tumor burden. As a result, there is a decrease in the required surgical extent, all while maintaining survival rates comparable to those achieved through primary cytoreductive surgery. Moreover, this approach is associated with a lower occurrence of surgical complications.

The precise timing for optimal surgical intervention is under active investigation and inquiry (5–8). An optimal, standardized method for stratifying surgical treatment selection is lacking. A diagnostic laparoscopy-based scoring system, in addition to imaging and clinical examination, is currently considered the most robust option (9). Given that treatment responses and survival differ even in patients with similar stage, grade, and histological features, it becomes evident that the biological behavior of the disease plays a crucial role (10–13).

HGSOC tumors are heterogenous and characterized by somatic mutations of the p53-coding gene TP53, frequent dysfunctional homologous recombinant DNA repair mechanisms, and copy number alterations (10, 14–16). The composition of the tumor microenvironment (TME) is increasingly recognized for its significant influence on survival. This effect has been attributed to tumor-infiltrating lymphocytes and regulatory T-cells. Recently, a more comprehensive understanding of the immune TME and the involvement of tumor-induced cytokines have emerged. HGSOC tumors are classified into three immune subtypes: immunologically cold, immune excluded, and inflamed tumors (17). These immune phenotypes share some overlapping characteristics with both the molecular subtypes and the copy number subgroups (10, 14, 16, 18, 19). The complex interplay between cytokines within the TME and the systemic cytokines is both dynamic and intricate. Cytokines have the capability to attract immune cells to the tumor site, either to cause tumor suppression or facilitating tumor growth and invasion (17, 20–23). Systemic cytokines influence and respond to the emergence of cancer-associated symptoms, including fatigue, cachexia, and anemia (24–26). In addition, treatment procedures like surgery can affect cytokine levels and their balance in several ways (27–29). Despite the growing understanding of immune evasion mechanisms, no incorporation of immune response into treatment paradigms has been established.

We have used broad and longitudinal cytokine profiling in serum combined with clinical data to identify the immune adaptations associated with prognosis and treatment selection. This method has successfully been applied in other cancers and in pregnancy to provide detailed information about systemic immune variations, disease-specific responses, and responses to medication (30–37). The existing literature primarily focuses on isolated assessment of individual immune markers at specific time points. Moreover, research has often limited its scope to the examination of specific inflammatory cytokines. Few studies have comprehensively analyzed the effects of EOC and its treatment on cytokine responses (38, 39). This study uses longitudinal serum samples (n = 86) from 22 patients with advanced HGSOC included in the IMPACT trial (NCT03378297). As a result of our exploration of these easily accessible biomarkers, we identified that the patients exhibited two distinct immune phenotypes prior to treatment that appeared to be associated with treatment stratification and prognosis.





Materials and methods




Study design

The window-of-opportunity IMPACT study (NCT03378297) was a multicenter open-label, single-arm investigation designed to evaluate novel therapeutic strategies between laparoscopy and main cancer surgery (40). Women with advanced (FIGO stage III/IVA) HGSOC were enrolled. All patients underwent a structured diagnostic laparoscopy based on the standardized Predictive Index Value (PIV) upon enrollment in the trial (9, 41). This procedure enabled the allocation of participants into either the primary cytoreductive surgery group (n = 13) or the neoadjuvant chemotherapy group (n = 9). Serum samples were collected at sequential pre-determined time points prior to, during, and after the cancer treatment (Figure 1; Supplementary Figure S1). Patients allocated to cytoreductive surgery had maximum seven study visits, while those receiving neoadjuvant chemotherapy had three planned study visits.




Figure 1 | Overview and timeline of the patients. The crosses indicate time points for collecting serum samples; the absence of a cross on the line indicates that serum samples were not obtained at this time point. ECOG, Eastern Cooperative Oncology Group Score; EOS, End of study; NACT, neoadjuvant chemotherapy; PCS, primary cytoreductive surgery; Post-surgery: samples taken 1 day after primary cytoreductive surgery; Pre-chemo: Samples taken day 42 after surgery (+/- 14 days); Pre-surgery: samples taken 1 day prior to primary cytoreductive surgery; R0: Complete cytoreductive surgery; R1: Optimal cytoreductive surgery, residual tumor size ≤1 cm; R2: suboptimal cytoreductive surgery; residual tumor size >1; SCS, surgical complexity score.



Progression-free survival (PFS) was calculated as the period between the date of inclusion to the trial and the date of disease progression, either by clinical examination or radiologic imaging. Overall survival was defined as the period between date of inclusion and death of any cause. In addition, the surgical extent was calculated using the standardized surgical complexity score for gynecological malignancies. Complexity scores ≤ 3 are regarded low, 4–7 is intermediate and ≥ 8 is regarded as high surgical complexity (42).





Ethics and approvals

All subjects provided their written informed consent before inclusion. The clinical trial and the study protocol were approved by the Regional Ethical Committee of Norway (Approval no. 2017/1168) and the Norwegian Medicine Agency (Approval no. 17/10642). The trial was registered at the European Union Drug Regulating Authorities Clinical Trials Database (EudraCT 2017–001689–11) and Clinicaltrials.gov (NCT03378297). The study was conducted in accordance with the Good Clinical Practice guidelines, the Declaration of Helsinki, and local regulations.





Samples

Peripheral blood was collected in SSTII plus advanced vacutainers, left to clot for 30–90 min at room temperature, centrifuged at 1800 g for 10 min, and the resulting serum aliquots were stored at -80°C until analysis. An overview of the sampling schedule is shown in Supplementary Figure S1, and available samples shown in Figure 1 and Supplementary Figure S1. The median number of available samples for cytokine analysis of each patient were n = 6 (range 1–7) in the primary cytoreductive surgery group and n = 3(range 2–3) in the NACT group.





Cytokine analyses

The serum samples were analyzed for 27 cytokines (with the Bio-Plex Pro Human Cytokine 27-plex Assay) in single replicates using Luminex xMAP Technology on a Bio-Plex 200 System (Bio-Rad Laboratories, CA, USA). The cytokines were classified into four functional groups based on their main function: inflammatory cytokines, anti-inflammatory cytokines, growth- and colony-stimulating factors, and chemokines (Supplementary Table S1) (32). The manufacturer’s protocol was followed with the recommended concentration of reagents and serum, but in reduced volumes (1:2) as used in previous studies without compromising the performance of the assay (32–34, 36, 37). The serum samples were randomly distributed across plates using a block design, and each plate contained an interplate serum control and cytokine standards in duplicates. The serum control samples were obtained from two women diagnosed with severe preeclampsia, selected with the expectation of exhibiting positive values across a broad spectrum of cytokines.





Data preprocessing

Immunoassay is a high-throughput technology in which the results can be influenced by, and need correction for, batch effects to avoid conclusions based on random external events (43). Therefore, the samples were adjusted using fluorescent intensity (FI) values from the serum controls before the concentrations were estimated from standard curves, as previously described (33). The measured values were individually corrected for each cytokine. In brief, the mean log FI value was estimated for the serum control samples on each sample plate and used to adjust the FI value for all the samples on the sample plates. Cytokine standard curves were estimated based on the standard samples from all the sample plates. The nCal package for R was used to calculate concentrations and limit of detection (LOD) values for each cytokine. Non-detectable cytokine values below the lower (L-)LOD were imputed using an expectation-maximization algorithm for the zCompositions package in R (44). Cytokine values above the upper (U-)LOD were replaced by ULOD. Cytokines with values more than 36% above the ULOD or below the LLOD were excluded (IFN-γ, IL-10, RANTES, and VEGF) (Supplementary Table S1).





Statistical analysis

Cytokine concentrations were log-transformed and normalized to ensure concordance of the hazard ratios, and to improve the normality of the residuals before statistical analysis. Visualizations were made with the ggplot2 package in R version 4.0.2 (45, 46).

Differences in clinical variables between patient groups were assessed by t-tests for continuous variables and chi-squared tests and ANOVA for categorical variables. Kaplan–Meier curves were used to calculate differences in survival. Changes in serum cytokine levels between visits and between patient groups were modelled with paired t-tests and independent samples t-tests. Statistical analyses were performed in SPSS v. 29 (SPSS, Chicago, IL, USA) and R. Correction for multiple testing was performed with the Benjamini-Hochberg procedure (47) and adjusted p-values < 0.05 were considered significant.

The changes in serum cytokine levels between the study visits were assessed with linear mixed models (LMMs) using the lme4 package for R (48). Statistical significance was calculated using Satterthwaite’s approximation with the serum levels at the first visit as baseline, unless otherwise stated. Correlations between log-transformed cytokine concentrations were calculated separately, using Spearman’s correlation coefficient (ρ).

Each variable in the cytokine heatmaps was mean centered and variance scaled across samples, so that higher values were indicative of relatively higher concentrations of cytokines among the included samples. Samples were clustered using Euclidian distance and complete linkage, while cytokines were ordered by classification into functional groups based on Stokkeland et al. (32). The heatmaps were constructed using the pheatmap packages in R version 4.0.2 (46).

Repeated-measures ASCA+ (RM-ASCA+) was used to assess longitudinal changes and differences between patient groups (49). RM-ASCA+ is used for analysis of repeated-measures multivariate data that combines traditional univariate statistics of longitudinal data with multivariate dimension reduction techniques. First, a separate LMM was constructed for each cytokine for estimating the effect of time and group and the interaction between time and group for each variable. Second, principal component analysis was performed on the resulting effect matrices, which yielded component scores and loadings for the extraction of patterns across variables. Time, group, time-group interaction, and cohort were included as fixed effects, with the participant as the random intercept. Analyses were performed with the ALASCA package in R using default scaling (sdall) as appropriate (50, 51). Non-parametric bootstrapping was used to construct 95% confidence intervals for the scores and loadings. Bootstrapping was repeated 1,000 times and was performed by resampling until the original sample size was achieved. The 2.5th and 97.5th percentiles of the bootstrapped estimates were used as the lower and upper bounds for the intervals. LMM and RM–ASCA+ analyses were performed in R using the lme4 v1.1–31 (48) and ALASCA v.1.0.0 libraries (51).






Results




Clinical and immunological characterization at inclusion

Blood samples from 22 of the 26 patients enrolled in the IMPACT study were assessed (13 treated with primary cytoreductive surgery, and 9 allocated to NACT). Of the original 26 patients, two participants did not meet the inclusion criteria (40). Two patients with autoimmune diseases were excluded from the cytokine analysis because these pre-existing conditions have disease-associated systemic cytokine profiles (52). The descriptive and clinical characteristics of the patients (n = 22) are presented in Supplementary Table S2. At the time of data cut-off for the study (March 15th, 2023), 19 (86%) patients had experienced relapse and eight (36%) had died. The patient follow-up time varied from 9 to 53 months. The overall survival was significantly higher (p = 0.006) in the primary cytoreductive surgery group than in the NACT group, as previously reported (40). CA125 levels were significantly reduced after tumor-reductive treatment (p < 0.001). Five patients did not complete the treatment (one was excluded due to too low albumin, one due to delayed pathology report, one required an emergency surgery, one died, and one was lost to follow-up) and were not included in the final analysis. This yielded a set of 86 serum samples (22 pre-treatment, 20 after laparoscopy, 11 before primary cytoreductive surgery, 16 between primary cytoreductive surgery and initiation of chemotherapy and 17 end of study samples) (Figure 1). These samples were analyzed for cytokines.

Unsupervised hierarchical clustering of the serum cytokine levels at inclusion revealed two distinct immune phenotypes among the patients prior to treatment: The first characterized by markedly higher serum cytokine levels, subsequently referred to as Immune High (n = 13), and the second with lower serum cytokine levels, denoted as Immune Low (n = 9) (Figure 2). The serum cytokine levels in Immune High patients indicated substantial immune mobilization, with significantly higher serum levels in approximately half of the examined cytokines (12/23) encompassing all four functional cytokine groups (Supplementary Table S3). The descriptive and clinical characteristics for the patient immune groups can be found in Supplementary Table S2. Notably, the Immune High patients demonstrated elevated leukocyte and platelet counts compared to the Immune Low patients. (Supplementary Table S2). Immune High patients also displayed a trend toward shorter overall survival (p = 0.062), and 62% of them (8/13) were allocated to NACT. Conversely, Immune Low patients were characterized by significantly lower serum cytokine levels before treatment compared to the Immune High group, and all but one patient had been assigned to primary cytoreductive surgery.




Figure 2 | Heatmap with unsupervised hierarchical clustering of serum cytokine levels in all patients (n = 22) at inclusion. Each row represents one patient. The blocks to the left are color coded according to the predefined relevant subgroups (53). Progression-free survival (PFS) was separated into long vs short PFS based on the median value in the dataset (489 days). The color scale represents the serum concentrations of cytokines, with lower concentrations in blue and higher concentrations in red. The color scale is relative and scaled for inter-individual differences between patients for each cytokine. NACT, Neoadjuvant chemotherapy; PCS, primary cytoreductive surgery; PFS, Progression-free survival; R0, Complete cytoreductive surgery; R≠0, Residual tumor after surgery.







Immune high and immune low patient groups

Following surgical treatment, the Immune High patients displayed a more extensive immune response compared to the Immune Low patients (Supplementary Table S4). In a subgroup analysis of patients who underwent primary cytoreductive surgery (Immune High: 5/13, Immune Low: 8/9), it was observed that the Immune High patients more frequently achieved complete cytoreduction compared to the Immune Low group (60% vs 38%, 3/5 vs. 3/8) (Figure 2). Regardless of any residual tumor after primary cytoreductive surgery, the Immune High patients exhibited a superior treatment response, of 100% (5/5) long progression-free survival (PFS), while only 50% (4/8) of the Immune Low patients did the same.





Immune adaptions during primary treatment

Longitudinal serum cytokine profiling of all patients throughout the treatment period demonstrated a wide range of immune responses (Figure 3A). Based on the results from prior studies on immune responses to surgical interventions, it is evident that several of the observed responses were influenced by the surgical treatment. The most pronounced immunological impact was in response to the primary cytoreductive surgery, as illustrated in Figure 3A. Notably, marked changes were identified in 13 of the 23 cytokines across all four functional cytokine groups (Figure 3B; Supplementary Table S5) immediately after the cytoreductive surgery. This predominantly suppressive cytokine response was transient and had returned to the pre-surgery levels within 14–30 days (Supplementary Tables S6, S7). The diagnostic laparoscopy also demonstrated a notable and transient influence on the serum cytokine levels (Figures 3A, C; Supplementary Tables S5, S8). The immune adaption to both laparoscopic and cytoreductive surgery showed some overlapping cytokine patterns (Supplementary Tables S5, S9), characterized by a reduction in the chemokines eotaxin, IP-10 and MCP-1, the anti-inflammatory IL-4, and the growth factor IL-7 (Figure 3C; Supplementary Table S8). Only the Immune High patients, opposed to the Immune Low patients, exhibited significant alterations in serum cytokine levels following the laparoscopic procedure (Supplementary Table S3).




Figure 3 | RM-ASCA analyses of longitudinal changes in the serum cytokine levels in all patients (n = 22). The waterfall plots (right panels) illustrate the longitudinal changes in the serum levels of each cytokine according to their contribution to the principal component (PC)1 scores (left panels). Higher scores correspond to decreased levels of cytokines with negative loading and higher levels of cytokines with positive loading. (A) All the patients and all the visits are presented (n = 22). (B) Changes related to cytoreductive surgery only (n = 11). (C) Changes related to laparoscopic surgery only (n = 20). (D) Overall treatment-related changes (n = 17). Only visits occurring in both study groups are included. Cytokine functional groups are color-coded as indicated, and black lines within the bars represent the 95% confidence interval.







Overall impact of treatment

The overall serum cytokine levels declined from inclusion to the end of study (Figures 3A, D), together with a concomitant reduction in tumor burden (using the measured fall in the CA125 level as a surrogate marker) (Supplementary Table S2). A pronounced and substantial alteration in serum cytokine levels was evident for the Immune High patients, while the overall immune changes in the Immune Low patients was apparent, but markedly lower (Figure 4; Supplementary S10).




Figure 4 | RM-ASCA analysis illustrating cytokine trajectories categorized into Immune High (red) (n = 13) and Immune Low (green) (n = 9) patients. Both time and cytokine level variations are depicted, but the waterfall plots (right) primarily highlight the differences between the patient immune groups as these persists during the study period. Cytokine functional groups are color-coded as indicated, and black lines within the bars represent the 95% confidence interval.



The serum cytokine profile at the end of the study divided the patients into heterogenous groups (Figure 5; Supplementary Table S10) and the Immune High and Low patient groups apparent at inclusion could no longer be separated (Figure 2; Supplementary Figure S3). At the end of study visit, the patients with highest serum cytokine levels (lower cluster, n = 5/17) were mainly from the primary cytoreductive surgery group (4/5) and consistently showed an extended time to disease progression. This association persisted regardless of the presence of residual tumor after primary cytoreductive surgery (3/5) or patient immune group prior to treatment (3/5).




Figure 5 | Heatmap with unsupervised hierarchical clustering of all patients (n = 17) at the end of study. Each row represents one patient. The blocks to the left are color coded according to the predefined relevant subgroups (53). The cytokine classes are shown at the top. The color scale represents the serum concentrations of cytokines, with lower concentrations in blue and higher concentrations in red. The color scale is relative and scaled for inter-individual differences between patients for each cytokine. NACT, Neoadjuvant chemotherapy; PCS, Primary cytoreductive surgery; PFS, Progression-free survival; R0, Complete cytoreductive surgery; R≠0, Residual tumor after surgery.








Discussion

This study stans out among its peers for its integration of longitudinal multiplex cytokine profiling alongside clinical attributes of patients diagnosed with HGSOC. Two distinct immune groups were defined prior to treatment initiation: Immune High and Immune Low. Immune High patients had higher serum levels of approximately half the cytokines, including all four functional cytokine groups, than the Immune Low patients. Most Immune High patients received NACT, while almost all patients in the Immune Low group underwent primary cytoreductive surgery. Patients with the Immune High profile prior to treatment demonstrated more advanced tumor dissemination. Further, the findings demonstrated that the surgical procedures induced marked and transient changes in serum cytokine levels. An overall decline in serum cytokine levels was noted at the end of treatment across the entire cohort. Intriguingly, elevated immune activity observed at the end-of-study visit appeared to correlate with prolonged progression-free survival. Nevertheless, this correlation did not attain statistical significance (n = 0.095). The observed sustained alteration in serum cytokine profiles from the time of enrollment over the treatment course and follow-up period resulted in the convergence of the originally defined pre-treatment immune groups and was associated with the concurrent reduction in tumor burden in the entire cohort.

It is difficult to predict the achievable degree of cytoreduction with the currently available preoperative assessment methods. The Fagotti scoring system, which received the approval of participating institutions a year before the IMPACT trial, was implemented as a part of these efforts. Regrettably, only 50% of the patients in the trial achieved complete cytoreduction (40), which was lower than that predicted by the Fagotti scores when the method was introduced and those reported in published studies.

The Immune High and Immune Low profiles represent distinct patterns of immune activation, with the former characterized by a marked and broad immune activated state and the latter, by a more immunologically quiescent pattern. The elevated leukocyte counts in the Immune High patients compared to the Immune Low patients is suggestive of additional activation of the cellular immune system. However, serum cytokine levels are relative values that should be interpreted in conjunction with the clinical outcomes. The reduction in tumor load, illustrated by a significant decline in the tumor marker CA125 (p < 0.001), was observed both after surgery and during chemotherapy. This finding coincided with a decline in cytokine levels towards at the end of treatment. This immune reduction was most evident in the Immune High patients who no longer exhibited a distinct cytokine profile at the end of treatment. Together, these findings suggest that the overall tumor burden and the TME influence the original immune profiles, as described in follicular lymphoma (54).

Another unresolved question that remains to be answered is whether the comparatively elevated cytokine levels observed in the Immune High group are causally linked to symptom development, as suggested by the higher ECOG scores and lower albumin levels in this cohort. Alternatively, they may play a role in disease dissemination, as evidenced by the higher predictive index value (PIV) scores, as previously described in non-small cell lung cancer (55, 56). Cytokine levels could also reflect signals from the TME, inflammation generated by tumor dissemination, or peripheral immune cells. Further investigations are necessary to understand how the identified cytokine signaling profiles correlate with the spatial, temporal, and intra-tumoral heterogeneity of primary tumors and the systemic immune cell composition in peripheral blood in patients with HGSOC.

Surgery elicits an immediate immune response that culminates in postoperative immunosuppression, a phenomenon initiated by surgical intervention, anesthesia, blood transfusion and administration of anti-inflammatory medications (57). Our findings align with this, demonstrating rapid and transient changes in cytokine profiles following both laparoscopy and cytoreductive surgery, with the most pronounced alterations observed after major surgery. The immunological groups exhibited distinct patterns of immune activation after surgical procedures. That is, the Immune Low patients appeared to be immunologically unaffected by diagnostic laparoscopy, whereas the Immune High patients displayed an immune response that was characterized by significant changes in anti-inflammatory and chemokine factors. While the impact of laparoscopic procedures on tumor behavior in both the Immune High and Immune Low patient groups warrants further investigation, it is tempting to speculate that the initiation of a tumor-promoting immunological response, such as the activation seen in the Immune High group, could potentially explain the lower-than-expected prediction rate for successful surgery based on the PIV score in the IMPACT clinical trial. Moreover, we cannot dismiss the possibility that laparoscopy-induced inflammation facilitates further tumor growth and spread. Consequently, we suggest that the time interval between laparoscopy and the primary surgical procedure is reduced to ensure that both procedures are conducted within the same setup for patients with disease dissemination amenable to surgical resection.

Despite cytoreductive surgery’s significant trauma only two cytokine subgroups (that is, anti-inflammatory cytokines and chemokines) were affected in the Immune Low patients while the Immune High patients exhibited a broader response impacting all four functional cytokine groups. Surgery-induced stress not only heightens inflammation but also activates the sympathetic nervous system and potentially further influencing the cytokine response. In patients with EOC, surgical procedures have been shown to elevate the presence of circulating tumor cells, potentially predisposing the patients to distant metastasis either directly or following a period of dormancy (58). Other studies indicate that tumor resection affects the immune control of tumor cells (59, 60). This suggests the potential role of cytokines in the development of metastatic disease, and that this effect is possibly triggered by surgery-related stress.





Limitations

Limitations of our study are the relatively small cohort size and the lack of validation of the findings in an independent patient cohort. Incorporating a healthy matched control group would have provided valuable context for interpreting immunological effects allowing for a comparative analysis of immunological activation and suppression relative to a baseline immunological status. The IMPACT trial had to be prematurely discontinued due to recruitment challenges arising from the COVID-19 pandemic, leaving relatively small and unevenly distributed patient groups. Sample size calculations for longitudinal studies are not well explored in trials without a fixed exposure, and power calculation was not performed (61). Despite the low number of participants, longitudinal analysis can still yield clinically relevant finding and is more cost-effective than cross-sectional studies, which require larger sample sizes and single timepoint measurements (62). Another limitation pertains to the selection of patients for primary cytoreductive surgery. This discrepancy may be attributed to the learning curves associated with implementing a new stratification tool, although this had been considered when the protocol was designed. The risk of delaying standard-of-care treatment is an inherent limitation to the window-of-opportunity design, but this was minimized by strict inclusion criteria and close monitoring (63).





Conclusion

Through serum cytokine profiling, we have identified potential new immunophenotypes, delineating two distinct immune profiles characterized by different disease phenotypes and prognoses. The findings indicate a potential advantage of adding broad cytokine profiling to the diagnostic work-up of HGSOC patients for treatment allocation. The longitudinal cytokine patterns demonstrated valuable additional information about the immunological impact of surgery, general cancer treatment, and disease development for these patients. Considering these results and the intricate and dynamic nature of both the immune system and malignancies, this study demonstrates how longitudinal serum analysis offers a highly sensitive tool for exploring disease progression and therapy response. Furthermore, the sequential immune changes in cytokine patters found for the distinct HGSOC patient immune groups should be explored further in larger cohorts. Serum-based analysis can be easily performed without major invasive procedures and serves as a practical source for biomarkers in clinical practice. However, the use of serum cytokine profiling warrants validation before it can be evaluated in prospective trials, and it is also necessary to determine how the cytokine patterns reflects the tumor and the patient´s immune system.
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