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Simple Summary: This study investigated the immune response in ovarian cancer (OC) patients
before and after surgery. The aim was to explore how the immune system is affected by surgery, with a
specific focus on peripheral blood mononuclear cells (PBMCs). An analysis of blood samples revealed
pre-operative immune imbalances in OC patients that were further exacerbated post-operatively.
The study results suggest that OC patients experience a degree of immune suppression, particularly
during the early post-operative period. This indicates a potential window of vulnerability that could
facilitate cancer progression. Our findings may contribute to the development of better treatment
strategies and improved outcomes for OC patients.

Abstract: Surgical treatment is a cornerstone of ovarian cancer (OC) therapy and exerts a substantial
influence on the immune system. Immune responses also play a pivotal and intricate role in OC
progression. The aim of this study was to investigate the dynamics of immune-related protein
expression and the activity of peripheral blood mononuclear cells (PBMCs) in OC patients, both
before surgery and during the early postoperative phase. The study cohort comprised 23 OC patients
and 20 non-cancer controls. A comprehensive analysis of PBMCs revealed significant pre-operative
downregulation in the mRNA expression of multiple immune-related proteins, including interleukins,
PD-1, PD-L1, and HO-1. This was followed by further dysregulation during the first 5 post-operative
days. Although most serum interleukin concentrations showed only minor changes, a distinct
increase in IL-6 and HO-1 levels was observed post-operatively. Reduced metabolic and phagocytic
activity and increased production of reactive oxygen species (ROS) were observed on day 1 post-
surgery. These findings suggest a shift towards immune tolerance during the early post-operative
phase of OC, potentially creating a window for treatment. Further research into post-operative PBMC
activity could lead to the development of new or improved treatment strategies for OC.

Keywords: ovarian cancer; surgery; PBMC; IL-1β; IL-4; IL-6; IL-10; PD-1; PD-L1; HO-1

1. Introduction

Ovarian cancer (OC) is the eighth most common cancer type in women worldwide,
resulting in over 200,000 deaths annually. Most OC patients are diagnosed with advanced-
stage disease, making it more difficult to treat [1,2]. Surgical removal of visible cancer
tissue and chemotherapy are the most commonly employed treatment methods for OC.
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When combined appropriately, these two treatment approaches can significantly increase
the rates of progression-free survival and overall survival [3]. Chemotherapy is rarely
administered as a stand-alone treatment in OC, with surgery being a crucial independent
prognostic factor [3–5]. Nevertheless, even with the most effective surgical strategies and
chemotherapy protocols, disease relapse is frequent, and long-term remission remains a
challenge [6]. Consequently, both established and novel approaches are continually being
investigated in the quest to improve treatment strategies [7,8].

Despite its benefits for the treatment of OC, surgery can cause tissue trauma and
exert systemic effects on the patient [9,10]. It significantly influences the immune response
through various mechanisms, including the release of damage-associated molecular pat-
terns, generation of neutrophil extracellular traps, and the activation of myeloid-derived
suppressor cells, regulatory T cells, and programmed death ligand-1 [9]. Considering
the well-documented interplay between the immune system, the tumour microenviron-
ment, and the progression of OC [6], it is reasonable to hypothesise that surgery could
also impact the progression of OC. Although the precise effect on patients is not yet fully
understood, surgical trauma has been shown to disrupt immune function, thereby facili-
tating the formation of metastases [9,11,12]. This phenomenon has been demonstrated in
patients undergoing surgical treatment for colorectal, pancreatic, breast, and lung cancers,
as well as various other cancer types [13–15]. However, specific data for OC patients are
currently lacking.

Peripheral blood mononuclear cells (PBMCs) constitute a cohort of immune cells
that are pivotal for the generation of anticancer immunity. After settling in the tumour
tissue, PBMCs interact with cancer cells and affect cancer progression [6,16,17]. Despite
extensive data on the tumour microenvironment [6,18] and the serum cytokine profile
of OC patients [19,20], little is known regarding cytokine production by PBMCs [21,22].
Furthermore, there have been few investigations of post-surgical immune responses in
OC patients [23–25]. Consequently, there are almost no published data on the activity of
PBMCs in OC patients following surgical intervention.

To gain a better understanding of the relationship between OC progression and surgi-
cal treatment, it is crucial to investigate how PBMCs and immune-related proteins [6,26–28]
respond to surgical interventions in OC patients. Investigating interleukins IL-1β, IL-4,
IL-6, and IL-10 is fundamental for comprehending the immune intricacies in anticancer
immunity. These interleukins play crucial roles in regulating inflammatory responses
(IL-1β and IL-6), modulating immune cell function and differentiation (IL-4 and IL-10), and
maintaining the delicate balance between pro- and anti-inflammatory signals [6,27]. The
interaction between immune cells and cancer extends beyond cytokine production. Im-
mune checkpoints like programmed cell death protein 1 (PD-1) and programmed cell death
protein ligand 1 (PD-L1) promote immune tolerance and, when activated, can facilitate
tumour progression [29,30]. Heme oxygenase 1 (HO-1), a well-known enzyme involved
in eliminating oxidative stress, predominantly exhibits anti-inflammatory and immune-
suppressive properties when expressed by tumour microenvironment cells [26]. While data
exist showing the profiles of PD-1/PD-L1 and HO-1 in the serum and tumour microen-
vironment [29,31], we lack information on their expression in PBMCs post-operatively in
OC patients.

We hypothesised that in the early post-operative period, OC patients experience an
imbalance in their immune system that is closely associated with the function of PBMCs.
The aim of the current study was to examine potential alterations in PBMC activity, con-
centration of interleukins, and other immune-related proteins in surgically treated OC
patients, with a particular focus on the early post-operative period. By drawing parallels
with findings from other cancer types, this work could potentially improve the treatment
strategies for OC.
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2. Materials and Methods
2.1. Study Design and Patient Selection

This prospective study involved a cohort of 23 patients diagnosed with epithelial OC
and surgically treated between January 2021 and April 2023 at the Lithuanian University of
Health Sciences Hospital, Kaunas clinics. Laparotomy and cytoreduction were performed
for OC patients who had not undergone prior chemotherapy. The selection criteria for the
study group were patients diagnosed with primary OC and FIGO stage III and IV [32].
The exclusion criteria included individuals with autoimmune disease, other confirmed or
suspected cancer, and patients who had undergone surgery or received blood transfusions
within the past month. Histopathological examination confirmed the diagnosis of OC. The
control group consisted of 20 women who were age- and body mass index (BMI)-matched
with the OC patients and were cancer-free. The same exclusion criteria used for the study
group were applied to the controls. All participants gave informed consent before inclusion
in the study. This research study adhered to the principles outlined in the Declaration of
Helsinki and was approved by the Kaunas Regional Biomedical Research Ethics Committee
(No. BE-2-16).

2.2. Blood Collection

Samples of peripheral venous blood were collected from OC patients and healthy
controls. For OC patients, the blood samples were obtained prior to surgery, and at 1, 3, and
5 days after surgery. After reviewing the pilot results, we observed a consistent shift in the
data between days 1 and 5 after the surgery. Consequently, certain assays were excluded
from day 3 protocol. Blood sampling and the assay schedule for OC patients are outlined
in Figure 1. Blood sampling from healthy controls was a one-time procedure for each
participant and followed the same assay protocol used for the preoperative assessment of
OC patients. Each blood collection consisted of three 10 mL vacutainers containing EDTA
K2 (BD, Plymouth, UK), and two 3.5 mL vacutainers with serum clot activator (SST) from
Weihai Hongyu (Weihai, China).
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Figure 1. Blood sampling and assay schedule for the ovarian cancer (OC) patients. The lower section
of the timeline shows the four specific time points for blood collection. The upper section of the
figure outlines the assays conducted at each blood sampling: RT-PCR, real-time polymerase chain
reaction; WB, Western blot assay; function, assessment of peripheral blood mononuclear cells (PBMC)
metabolic and functional activity; Luminex assay; ELISA assay.

2.3. Isolation of PBMCs and Serum Preparation

Following collection in vacutainers with EDTA K2, blood samples were centrifuged
for 10 min at 2470× g for plasma separation. PBMCs were isolated by gradient centrifuga-
tion with Ficoll-Paque PREMIUM medium (Cytiva, Uppsala, Sweden), according to the
manufacturer’s protocol [33]. They were then carefully collected by pipetting, and washed
twice with PBS (Sigma-Aldrich, Taufkirchen, Germany) at 250× g for 5 min each. For
downstream experiments, separate aliquots of the PBMCs were used for cell culture (PBMC
functional evaluation by fluorometric or spectrophotometric assays) and Western blotting
(WB). An aliquot was also mixed with RNAlater® (Thermo Fisher Scientific, Waltham, MA,
USA) and stored at −20 ◦C or −80 ◦C for use in subsequent assays.
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Blood samples collected in vacutainers with SST were allowed to sit for an hour to
facilitate clot formation. Vacutainers were then centrifugated at 2500× g for 20 min at
4 ◦C. The resultant serum, situated above the gel layer, was meticulously retrieved and
transferred into cryogenic tubes for storage at −80 ◦C until analysis.

2.4. RNA Extraction and Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA extraction from pre-prepared PBMC samples was performed using an
RNA extraction kit (Abbexa, Cambridge, UK), as per the manufacturer’s instructions [34].
The amount of purified RNA was quantified, and its purity was assessed with UV spec-
trophotometry (NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA, USA). cDNA
was synthesised from 2 µg of RNA using the High/Medium-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA) and the 7500 Fast Real-Time
PCR System (Applied Biosystems, Waltham, MA, USA). Amplification of specific RNA was
performed in a 20 µL reaction mixture containing 2 µL of template cDNA, 1 µL of primers,
10 µL of TaqMan™ Universal PCR Master Mix (Applied Biosystems, Waltham, MA, USA),
and 7 µL of nuclease-free water. The following primers (Applied Biosystems, Waltham,
MA, USA) were used: IL-1β (Hs001555410), IL-4 (Hs00174122), IL-6 (Hs00174131), IL-10
(Hs00961619), HO-1 (Hs0111025), PD-1 (Hs05043241), PD-L1 (Hs00204257), and GAPDH
(Hs02786624). Primer efficacy and melting curve analyses were performed to ensure spe-
cific amplification. All experiments were conducted in triplicate and repeated as needed
for result validation.

2.5. Western Blot Analysis

Proteins were extracted from PBMCs using RIPA lysis buffer (Abcam, Cambridge,
MA, USA) supplemented with protease-phosphatase inhibitors (Roche, Basel, Switzerland).
After centrifugation at 10,000× g for 10 min, the supernatants were collected and stored at
−80 ◦C. The BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) was used
to measure protein concentration. Protein samples (45 µg) were mixed with Bolt MES SDS
loading buffer (Invitrogen, Carlsbad, CA, USA) and heated at 97 ◦C for 5 min. The mixture
was then loaded onto a 4–12% sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gel and subsequently transferred onto poly-vinylidene fluoride (PVDF)
membranes for 40 min at 30 V. The membranes were then exposed to a 5% blocking buffer
(Invitrogen, Waltham, MA, USA) for 40 min at room temperature. They were subsequently
incubated with primary antibodies either overnight at 4 ◦C or for 1 h at room tempera-
ture. The following primary antibodies were used: rabbit polyclonal anti-HO-1 (ab137749,
Abcam, Cambridge, MA, USA) at a 1:1000 dilution, and mouse monoclonal anti-GAPDH
(AM4300, Invitrogen, Waltham, MA, USA) at a 1:3000 dilution. Following incubation with
a primary antibody, the membranes were washed and then incubated with the appropri-
ate horseradish-peroxidase-conjugated (HRP) or alkaline phosphatase-conjugated (AP)
secondary antibody (HRP) from Invitrogen (Carlsbad, CA, USA). Incubation times were
either 1 h or 30 min at 37 ◦C. Subsequent rounds of washing were performed before the
membranes were exposed for 5 min to chemiluminescence substrates (Invitrogen, Carlsbad,
CA, USA) or West Pico Stable peroxidase buffer with luminol enhancer (Thermo Scien-
tific, Waltham, MA, USA). The protein bands were visualised with a ChemiDoc Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA). Subsequent quantitative analysis was
performed using ImageJ software version 1.53a (National Institutes of Health, Bethesda,
MD, USA).

2.6. PBMC Culture and Assessment of Activity

After isolation from patients and healthy participants, PBMCs were resuspended at a
concentration of 1 million cells per mL for cell activity analysis. The samples were grown in
an RPMI 1640 medium (Gibco Life Technologies Limited, Paisley, UK) without phenol red
and supplemented with 10% foetal bovine serum (FBS) (Gibco Life Technologies Limited,
Paisley, UK) and 1% penicillin/streptomycin (Gibco Life Technologies Limited, Paisley, UK).
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After incubating the samples for 30 min at 37 ◦C, they were distributed into dark and clear
96-well plates, with each well containing 90,000 cells suspended in the medium. Following
3 h of activation with various effectors, the dark well plates were used in fluorometric
or spectrophotometric assays to evaluate the functional activity of PBMCs. Specifically,
these were phagocytosis and the production of reactive oxygen species (ROS) and nitrous
oxide (NO). Simultaneously with functional activity tests, PBMC viability was determined
through resazurin metabolism evaluation. Clear well plates were used to assess metabolic
activity with the AlamarBlue® assay (Thermo Fisher Scientific, Waltham, MA, USA). Similar
to the procedure for the functional assays (described below), three categories of wells were
prepared: wells containing the specific activator, negative controls, or media controls. After
cell activation, the AlamarBlue® assay was performed 4 hours later in accordance with
the manufacturer’s instructions. This was followed by spectrophotometric measurements
(The Sunrise, Tecan, Grodig, Austria) [35]. For baseline viability assessment, resazurin
metabolism was concurrently measured in wells containing PBMCs without the activators.
Resazurin metabolism was subsequently evaluated through fluorometric analysis.

2.7. Assessment of Phagocytosis

Phagocytosis, the process by which cells engulf and eliminate foreign particles or
pathogens, is a critical mechanism used by immune cells, particularly macrophages and
dendritic cells. Assessing phagocytic activity serves as a valuable marker for immune
cell function in the context of anticancer immunity due to its role in clearing cancer cells,
debris, and promoting an anti-tumour immune response [30,36]. Lipopolysaccharide (LPS)
was used to induce phagocytosis in PBMCs. LPS (Sigma-Aldrich, Rehovot, Israel) was
introduced into three wells of a 96-well dark plate, with each well receiving 10 µL of
a 5 µg/mL solution. Negative controls were established in another three wells using
10 µL of LPS diluent. The final three wells acted as media controls and contained only
RPMI and 10 µL of 5 µg/mL LPS without cells. After 2 h of incubation and activation of
phagocytic function, the dark plate was subjected to centrifugation and the supernatant was
then removed. Subsequently, 100 µL of pHrodo Green Zymosan Bioparticles (Invitrogen,
Eugene, OR, USA) [37] was added to each well, followed by incubation at 37 ◦C for one
hour. Fluorescence measurements were performed using a fluorimeter (Fluoroskan Ascent,
Thermo Fisher Scientific, Waltham, MA, USA), with excitation set at 510 nm and detection
at 538 nm.

2.8. Assessment of ROS Production

ROS production is significant for evaluating immune cell function, given its role in
diverse immunological processes such as signalling, inflammation, and pathogen defence.
Particularly in anticancer immunity, ROS acts as a marker due to its involvement in mediat-
ing cytotoxic effects against tumours [30,38]. The production of ROS was evaluated using
tert-butyl hydroperoxide (TBHP) as an organic peroxide and oxidative-stress-inducing
agent. PBMCs were stained with DCFDA (Cellular ROS Assay Kit, Abcam, Cambridge,
UK) and then treated with 10 µL of 2.5 mM TBHP (Abcam, Cambridge, UK), according to
the manufacturer’s protocol [39]. TBHP was administered to three wells, while another set
of three wells were designated as negative controls with 10 µL of TBHP diluent. Three wells
received only RPMI with 10 µL of 2.5 mM TBHP, thus serving as media controls without
cells. Following a 3 h incubation at 37 ◦C, fluorescence measurements were conducted
using a fluorimeter (Fluoroskan Ascent, Thermo Fisher Scientific, Waltham, MA, USA) with
excitation set at 485 nm and detection at 538 nm.

2.9. Assessment of NO Production

NO has a dual role in oxidative stress regulation, acting both as a free radical and
in balancing oxidative stress levels within cells. It plays a significant role in immune
responses against cancer cells, contributing to tumour cell destruction and regulating anti-
tumour immune responses [30,40,41]. Nitrite production in PBMCs was induced using
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LPS and L-arginine [42]. NO production was assessed in clear 96-well plates after 3 h
of treatment with 10 µL of LPS (Sigma-Aldrich, Rehovot, Israel) at a concentration of
5 µg/mL in conjunction with 100 mM of L-arginine (Sigma-Aldrich, Tokyo, Japan). LPS
and L-arginine were introduced into three wells, while an additional three wells were
designated as negative controls and contained 10 µL of LPS and L-arginine diluent. In three
additional wells, RPMI with 10 µL of 5 µg/mL LPS and 100 mM of L-arginine was added
without cells as a medium control. After 2.5 h of activation at 37 ◦C, the samples were
combined with 100 µL of Griess reagent (Invitrogen, Eugene, OR, USA) [43] and incubated
at room temperature for 30 min. This was followed by spectrophotometric measurement
(The Sunrise, Tecan, Grodig, Austria) at 550 nm absorption.

2.10. Analysis of Serum Cytokines Using Luminex

Serum levels of free IL-1β, IL-4, IL-6, and IL-10 were measured using magnetic bead-
based multiplex assays (Human Cytokine Premixed Multi-Analyte Kit from R&D) and a
Luminex® 100 analyser (Luminex Corporation, Austin, TX, USA). Frozen serum samples
were thawed and then centrifuged for 4 min at 4 ◦C and 16,000× g to eliminate any debris
or precipitates. The subsequent steps followed the manufacturer’s protocol. Analyte-
specific antibodies were pre-coated onto magnetic microparticles containing embedded
fluorophores, each set at specific ratios for individual microparticle regions. Microparticles,
standards, and samples were dispensed into wells, leading to immobilisation of the antibod-
ies on target substances. After washing to remove unbound components, the samples were
exposed to a mixture of biotinylated detection antibodies and a streptavidin–phycoerythrin
(SAPE) reporter. Further washes eliminated unbound SAPE, and the microparticles were
then resuspended in a buffer for analysis with the Luminex® 100 instrument. The Luminex
instrument uses lasers to excite the beads, thereby identifying the bead region and its
corresponding assigned analyte. The intensity of the PE-derived signal, which is directly
proportional to the amount of bound analyte, was measured by another laser. Multiple
measurements of the mean fluorescence intensity (MFI) were taken at each bead region to
ensure robust detection. Cytokine concentrations were determined relative to a standard
curve that plotted MFI against protein concentration.

2.11. Analysis of Serum Proteins Using ELISA

PD-1, PD-L1, and HO-1 concentrations in the serum were quantified using enzyme-linked
immunosorbent assay (ELISA) kits (Abcam, Cambridge, MA, USA) for PD-1 (ab252360), PD-
L1 (ab277712) and HO-1 (ab229429), as recommended by the manufacturer [44–46]. The
serum concentrations of PD-1, PD-L1, and HO-1 were derived by evaluating the optical
density of samples, followed by interpolation with standard curves.

2.12. Statistical Analysis

Statistical analyses were performed using SPSS (version 22.0; IBM Corp., Armonk,
NY, USA) and GraphPad Prism software (version 9.5.1; GraphPad Software Inc., La Jolla,
CA, USA). Since most variables were not normally distributed, the Mann–Whitney and
Wilcoxon tests were applied for comparison of independent and dependent variables,
respectively. All quantitative results were presented as the median with interquartile range,
unless stated otherwise. Relative differences in the transcription level of the aforementioned
proteins were determined by normalising to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using the 2−∆∆CT method [47]. The activity of PBMCs was assessed by computing
the ratio between samples in wells with activators and the negative controls, employing
either fluorometric or spectrophotometric assays. Resazurin metabolism in inactivated
PBMCs was assessed via a fluorometric assay and subsequently normalised against the
control group. The level of significance was assumed to be p < 0.05.
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3. Results
3.1. Participant Characteristics

The median age of participants was 58 (14) years. The OC patients and controls did
not differ in terms of age and BMI. The distribution of OC histological types was consistent
with that observed in the general population [48]. Clinicopathological data for the OC
patients and controls are shown in Table 1.

Table 1. Clinicopathological characteristics of the ovarian cancer (OC) and control groups.

Characteristic OC Group
(n = 23)

Control Group
(n = 20) p-Value

Age (years) * 58 (14) 60.5 (10) 0.48
Body mass index (kg/m2) * 24 (7.4) 24.7 (6.6) 0.97
Stage of OC **

IIIA 4 (17.4) NA NA
IIIB 4 (17.4) NA NA
IIIC 7 (30.4) NA NA
IVA 1 (4.4) NA NA
IVB 7 (30.4) NA NA

Histological type of OC **
Low-grade serous carcinoma 1 (4.4) NA NA
High-grade serous carcinoma 15 (65.1) NA NA
Endometrioid carcinoma 2 (8.7) NA NA
Clear cell carcinoma 1 (4.4) NA NA
Mucinous carcinoma 1 (4.4) NA NA
Serous endometrioid carcinoma 3 (13) NA NA

* median with interquartile range; ** number of cases with percentage. The stage of OC is presented according to
FIGO [32].

3.2. Immune-Related Protein Expression Is Downregulated in the PBMCs of OC Patients and
Further Dysregulated Postoperatively

We conducted a comprehensive analysis of the expression of cytokines and immune-
regulating proteins in PBMCs, focusing primarily on the mRNA level. As shown in Figure 2,
significant decreases in the expression of almost all of the studied proteins were observed
in the OC group prior to surgery compared to healthy controls, with the most pronounced
being IL-6. The expression of IL-10 was not significantly different.
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The OC group also showed changes in the interleukin expression in PBMCs during
the early post-surgical period (Figure 3). Changes in interleukin mRNA expression were
particularly pronounced on days 1 and 3 after surgery, mainly showing downregulation.
Further to its unaltered expression in OC patients compared to healthy controls, IL-10 was
the only interleukin that showed increased mRNA expression on the first day after surgical
treatment. However, the expression of all interleukins in PBMCs showed a tendency to
return to their pre-surgical state by day 5.
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Figure 3. Surgical treatment alters the expression of interleukin mRNAs in the PBMCs of OC patients.
The relative expression levels of different interleukin mRNAs are shown at days 1, 3, and 5 post-
surgery compared to the pre-surgical baseline. All p-values comparing the different days were >0.05
unless otherwise specified. * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

The changes in mRNA expression of other immune-related proteins in PBMCs varied.
The decreased expression of PD-L1 was most pronounced on day 1 post-surgery. The
expression of HO-1 and PD-1 decreased consistently throughout the observation period,
reaching their lowest level on day 5 post-surgery. However, the decrease was only sig-
nificant for HO-1 (Figure 4A). In parallel, the protein level of HO-1 in PBMCs peaked on
day 1 after surgical treatment, followed by a return to the presurgical state (Figure 4B). All
original immunoblots are included in Supplementary File S1.

3.3. Surgical Treatment of OC Patients Affects PBMC Activity in the Early Post-Operative Period

No significant differences were detected in the metabolic and functional activities of
PBMCs between OC patients before surgery and healthy participants. Nevertheless, a slight
decline in PBMC activity could be seen in most of the observations (Figure 5). A significant
decrease in metabolic activity was observed after surgery, yet this change was not evident
in activated PBMCs. Additionally, trends for increased activity on post-operative day 5
were observed. A marked shift in the functional activity was also observed, especially
on day 1 post-surgery. This was characterised by a significant increase in relative ROS
production and a significant reduction in the relative phagocytic activity. However, by
day 5 post-surgery, these changes had reverted to preoperative levels.
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Figure 4. Surgical treatment causes dysregulation of HO1, PD-1, and PD-L1 expression in PBMCs
from OC patients. (A) Relative expression of HO-1, PD-1, and PD-L1 mRNAs at days 1, 3, and 5 after
surgical treatment compared to the pre-surgical baseline. (B) Changes in the HO-1 protein level in
PBMCs (left), as determined by densitometric scanning of immunoblots and normalised to GAPDH
(representative immunoblot on the right). All p-values comparing samples from different days were
>0.05 unless otherwise specified. * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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Figure 5. PBMC activity in healthy controls and OC patients before and after surgical treatment.
Functional activity (right panel) encompassed the evaluation of nitric oxide (NO) and reactive oxygen
species (ROS) production, alongside measuring phagocytic activity (PHAG). Metabolic activity (left
panel) represents PBMCs viability assessed via the resazurin metabolism assay (AlamarBlue) without
an activator, and subsequently repeated with the same activators used in the functional activity
assays (LPS, lipopolysaccharide; L-arginine; TBHP, tert-butyl hydroperoxide). The relative activity
shown was computed by comparing fluorometric or spectrophotometric assay results between
observations with and without activators. Resazurin metabolism without activators was assessed
using a fluorometric assay and then normalised to the control group. All p-values between groups
are >0.05 unless stated otherwise. * p = 0.02; ** p ≤ 0.01; *** p = 0.001.
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3.4. Surgical Treatment Alters the Serum Concentrations of Immune-Related Proteins in
OC Patients

Finally, we evaluated the concentrations of immune-related proteins in the serum
of participants. No significant differences in interleukin concentrations were observed
between the controls and OC patients, even after the surgical treatment of OC patients
(Figure 6A). The only exception was IL-6, which showed a marked increase on the first
day after surgery, but then returned to baseline levels at day 5 post-surgery. Additionally,
OC patients showed a trend for lower serum levels of the free PD-1 receptor compared to
controls (Figure 6B). The HO-1 concentration was comparable between OC patients and
controls. However, a consistent increase in the HO-1 concentration was observed during
the post-operative period in OC patients, reaching a peak (possibly not final) on day 5
(Figure 6B).
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Figure 6. Changes in serum concentrations of interleukins, HO-1, PD-1, and PD-L1 in pre- and post-
operative OC patients. (A) Serum levels of interleukins evaluated using Luminex assay. (B) Serum
levels of PD-1, PD-L1, and HO-1 evaluated by the ELISA method. All p-values between groups are
>0.05 unless stated otherwise. * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

4. Discussion
4.1. Suppression of PBMCs in OC Patients Compared to Healthy Controls

OC is not immunogenic in origin. However, the immune response is a crucial factor
in OC progression and exerts a significant local impact [6,18], as well as affecting the
systemic immune response in OC patients [18,49]. PBMCs are a source of anticancer immu-
nity [6,16] and are recognised for their significance in cancer formation and personalised
treatment [17,28]. The current study provides compelling evidence for a distortion in the
immune status of OC patients in the early post-operative period. Notably, our findings
indicate that the mRNA expression of interleukins and various immune-related proteins
is downregulated in the PBMCs of OC patients before surgery. This phenomenon was
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consistent across the investigated cytokines and other immune-related proteins, irrespective
of their immunosuppressive or immunostimulatory nature [27]. Although our results on
differences in the metabolic and functional activity of PBMCs between OC and control
groups did not reach statistical significance, previous research has shown reduced PBMC
activity in OC patients [50–52]. In conjunction with results from the literature, our findings
suggest that PBMCs are suppressed in OC patients.

The current study also investigated the serum levels of serum interleukins and
immune-related proteins in OC patients. Although these can originate from various sources,
including PBMCs [27], serum levels provide a more comprehensive view of the overall
state of the body’s immune system. The concentration of serum cytokines in OC patients
before surgery was not significantly different to that of the controls. However, a trend for
lower IL-1β and IL-4 levels was observed, together with higher IL-6 and IL-10 levels. Some
of these findings concur with the findings of other investigators [19,20,53], although the
results from different studies vary. This may be explained by the fact that many factors
influence cytokine concentrations, including the stage and histology of OC [54].

4.2. Post-Operative Changes in Interleukin Levels in the Serum and PBMCs of OC Patients

In a novel approach, we investigated PBMCs in the context of surgical trauma in
OC. To comprehensively analyse the immune response in our study, we selected two
proinflammatory cytokines (IL-1β and IL-6) and two anti-inflammatory cytokines (IL-4 and
IL-10). These all play pivotal roles in OC progression [20,27,55–57]. Despite their known
stimulatory or suppressive functions in the immune response, the properties of these
cytokines may impact tumour progression. Notably, there is more compelling evidence
for a pro-tumourigenic role of IL-6 [55,58,59] compared to IL-1β, IL-4, and IL-10, for
which conflicting data exist [6,57,60]. Our results indicate that during the early post-
operative period, the mRNA expression of IL-1β, IL-4, and IL-6 in PBMCs was significantly
downregulated, while that of IL-10 was upregulated. Aside from IL-6, we observed
consistent serum interleukin levels throughout the study period. Moreover, no significant
correlations were found between serum interleukin levels and their mRNA expression
level in PBMCs. Given the current ambiguity concerning the effect of these interleukins on
cancer progression, it is difficult to establish a direct link between the observed changes in
interleukin levels and their potential effects on OC. It is perhaps more prudent to speculate
that PBMCs undergo some degree of overall suppression during the early post-operative
period. However, we did observe a distinct increase in the serum IL-6 level during the
early post-operative phase. This was expected, given the patients had undergone major
surgery [61,62]. According to the available data, this surge in the IL-6 concentration creates
favourable conditions for cancer progression [55,58,59].

4.3. Post-Operative Changes in PBMC and Serum Levels of HO-1, PD-1, and PD-L1 in
OC Patients

Many mechanisms are known to be involved in tumour progression and in the devel-
opment of chemoresistance [63]. PD-1/PD-L1 is a well-known immune checkpoint that
participates in the mechanism that allows tumours to evade the immune system [29]. The
expression of PD-1/PD-L1 on tumour and immune cells has been shown to have prognostic
significance [28,64]. Furthermore, researchers are actively exploring PD-1/PD-L1 as a target
for immune checkpoint blockade in the treatment of OC. Despite some promising results,
these treatment methods have so far shown only limited efficacy [65,66]. This limitation
can be attributed to a poor understanding of the mechanisms of these therapeutic agents,
as well as to challenges in selecting responsive patients [29,65]. Efforts are underway to
collect more data and overcome these obstacles [67], but additional fundamental knowledge
regarding this immune checkpoint is still needed, especially for post-operative patients. In
the current study, we observed a post-operative decrease in PD-L1 mRNA expression and
a trend for increased PD-1 serum concentration after the low preoperative levels compared
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to the controls. The former may indicate that PBMCs shift towards increased immune
tolerance during the early post-operative stage.

The heat shock protein HO-1 is an intracellular enzyme with antioxidant, anti-apoptotic,
and cytoprotective properties. HO-1 has emerged as a critical factor associated with tumour
progression in OC and other cancer types. It has been identified as a promoter of cancer cell
proliferation, invasion, and migration, potentially fostering metastasis, although its precise
mechanism of action remains uncertain [26,31]. HO-1 expression has been associated with
cancer aggressiveness and poor clinical outcomes, making it a potential prognostic marker
for OC patients [68]. Our findings suggest that during the early post-operative phase, OC
patients may experience additional favourable conditions for tumour progression due to
elevated post-operative serum levels of HO-1. This is despite a concurrent decrease in
HO-1 mRNA expression within PBMCs.

4.4. Surgery Reduces the Activity of PBMCs in OC Patients

The current findings did not demonstrate a statistically significant reduction in the
cytotoxic activity of immune cells in pre-operative OC patients. Nevertheless, previous
studies support the notion of immune cell dysfunction in OC patients [51,52]. A particularly
noteworthy result from the current work was the significant decline in PBMC phagocytic
activity on day 1 after surgery in OC patients. Moreover, there was a notable decrease in
baseline PBMC viability post-surgery, potentially impacting the results of PBMC function
assays. However, following PBMC activation, metabolic activity rebounded. This suggests
an independent decrease in PBMC functional activity post-surgery, despite the compro-
mised viability. Increased ROS production was also observed during the same period.
Although increased ROS production suggests heightened PBMC activity [69], high ROS
levels can potentially promote OC progression [70,71], making this change less advanta-
geous. A trend for the reversal of the day 1 post-surgical decrease in phagocytic activity
was observed on day 5, indicating that the major changes in PBMC activity are likely to
occur during the initial post-operative phase. It has also been reported that following opti-
mal cytoreduction, peripheral immune cell activity in OC patients continues to normalise,
eventually equalling that of healthy patients [72].

While there are additional data demonstrating immune suppression in OC patients
post-surgery [73,74], it is essential to acknowledge that the observed changes might not be
specific to the selected population. The existing data indicate that immune suppression
following surgery extends beyond ovarian cancer, affecting various cancer types and even
non-cancer populations [15,75]. Moreover, the extent of surgery and the type of anaesthesia
employed significantly impact these outcomes [15,74]. Considering the extensive surgical
interventions required for OC patients, investigating the post-surgery immune response
becomes even more imperative and relevant.

4.5. Final Considerations Regarding the Post-Operative Immune Response in OC Patients

Given the significance of the immune response in OC progression [6], fluctuations
in immune response dynamics could be critical for the disease course. Radical surgical
treatment of OC results in positive impacts on the subsequent immune response [25] and
greatly improves patient prognosis [4]. However, it may also have negative effects on
metastasis formation [11]. Direct evidence linking the distortion of post-operative immune
responses to metastasis formation in OC patients is lacking. By extrapolating results from
other cancer types with regard to post-operative metastasis formation [9,11,12], as well
as the evidence for immune suppression after surgery in OC patients [23–25], the current
findings lead us to speculate that post-operative metastasis formation in OC patients could
be a real phenomenon.

Our data revealed a significant suppression of the PBMC function in OC patients dur-
ing the initial post-operative days, as well as dysregulated expression of immune-related
proteins. We consider this imbalance in PBMC activity as a potential vulnerability that
could facilitate the progression of OC. Therefore, further investigation of the post-operative
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immune response is crucial, with a specific focus on PBMCs. Given the challenges in OC
treatment, such as chemoresistance [63] and frequent disease relapse [6], we propose that
the early post-operative period presents a valuable opportunity to enhance concurrent
treatment strategies. These could include systemic intraoperative chemotherapy or hyper-
thermic intraperitoneal chemotherapy [7,76]. The establishment of patient selection criteria
based on PBMC activity in the early post-operative phase could also play a pivotal role in
developing new treatments and refining existing treatment modalities for OC patients.

5. Conclusions

In conclusion, this study has provided further insights into early post-operative
immune changes in OC patients, revealing significant dysregulation in PBMC activity
and immune-related protein expression. Surgical treatment exacerbates the pre-operative
suppression of PBMC activity and causes changes in the mRNA expression levels of IL-1β,
IL-4, IL-6, IL-10, HO-1, PD-1, and PD-L1 in PBMCs. While the interpretation of this
dysregulation can be complex, notable fluctuations in serum IL-6 and HO-1 levels, together
with suppressed phagocytosis by PBMCs, indicate a shift towards immune tolerance post-
surgery. Although not all findings reached statistical significance, the overall trend indicates
compromised PBMC activity in OC patients during the early post-operative period, with
the most significant changes seen on the first day after surgery. These findings emphasise
the need to assess the impact of surgery on the immune response during the early post-
operative phase, as this may create a vulnerable window for OC to progress. Further
refinement of patient selection strategies based on the post-operative activity of PBMCs
could optimise treatment approaches and improve the long-term prognosis of OC patients.

6. Study Limitations

While this study provides valuable insights, it has some limitations. The relatively
small sample size may limit the generalisability of the findings. However, given the
novelty and scale of experiments conducted on post-surgical OC patients, sample size
calculations were challenging. Additionally, although we evaluated changes in PBMC
activity and immune-related protein expression, our study did not assess their impact on
disease progression and clinical outcomes. Moreover, we did not include a control group
consisting of individuals with a benign gynaecological pathology to examine the specific
impact of OC to our results. Considering the extensive nature of surgery for OC patients,
selecting suitable patients for an adequate control group is challenging.

7. Practical Recommendations

Future research with larger cohorts is necessary to validate the current findings and gain
a better understanding of the clinical implications of immune dysregulation in OC patients.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/cancers16010190/s1. File S1: Western blot images.

Author Contributions: Conceptualisation, S.P., Z.D. and A.G.; Methodology, J.U., Z.D., A.G., A.J.
and S.P.; Formal Analysis, J.U. and A.J.; Investigation, J.U., S.P., A.B. and A.J.; Data curation, J.U.,
A.B., D.U. and A.J.; Writing—Original Draft Preparation, J.U.; Writing—Review and Editing, S.P.,
Z.D., A.G. and A.J.; Visualisation, J.U. and A.J.; Supervision, S.P. and Z.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Kaunas Regional Biomedical Research Ethics Committee
was obtained (No. BE-2-16; date of approval 5 February 2020).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

https://www.mdpi.com/article/10.3390/cancers16010190/s1
https://www.mdpi.com/article/10.3390/cancers16010190/s1


Cancers 2024, 16, 190 14 of 17

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to acknowledge the support of Laboratory of Surgical
Gastroenterology (Institute for Digestive Research, Medical Academy, Lithuanian University of
Health Sciences) for providing laboratory facilities for this research.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Torre, L.A.; Trabert, B.; DeSantis, C.E.; Miller, K.D.; Samimi, G.; Runowicz, C.D.; Gaudet, M.M.; Jemal, A.; Siegel, R.L. Ovarian

cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 284–296. [CrossRef] [PubMed]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. Vergote, I.; Denys, H.; De Greve, J.; Gennigens, C.; Van De Vijver, K.; Kerger, J.; Vuylsteke, P.; Baurain, J.F. Treatment algorithm in
patients with ovarian cancer. Facts Views Vis. Obgyn. 2020, 12, 227–239. [PubMed]

4. Colombo, N.; Sessa, C.; Bois, A.d.; Ledermann, J.; McCluggage, W.G.; McNeish, I.; Morice, P.; Pignata, S.; Ray-Coquard, I.; Vergote,
I.; et al. ESMO-ESGO consensus conference recommendations on ovarian cancer: Pathology and molecular biology, early and
advanced stages, borderline tumours and recurrent disease. Int. J. Gynecol. Cancer 2019, 29, 728–760. [CrossRef] [PubMed]

5. Bryant, A.; Johnson, E.; Grayling, M.; Hiu, S.; Elattar, A.; Gajjar, K.; Craig, D.; Vale, L.; Naik, R. Residual Disease Threshold After
Primary Surgical Treatment for Advanced Epithelial Ovarian Cancer, Part 1: A Systematic Review and Network Meta-Analysis.
Am. J. Ther. 2022, 30, e36–e55. [CrossRef] [PubMed]

6. Yang, Y.; Yang, Y.; Yang, J.; Zhao, X.; Wei, X. Tumor Microenvironment in Ovarian Cancer: Function and Therapeutic Strategy.
Front. Cell. Dev. Biol. 2020, 8, 758. [CrossRef] [PubMed]

7. Huffman, O.G.; Chau, D.B.; Dinicu, A.I.; DeBernardo, R.; Reizes, O. Mechanistic Insights on Hyperthermic Intraperitoneal
Chemotherapy in Ovarian Cancer. Cancers 2023, 15, 1402. [CrossRef]

8. Akter, S.; Rahman, M.A.; Hasan, M.N.; Akhter, H.; Noor, P.; Islam, R.; Shin, Y.; Rahman, M.H.; Gazi, M.S.; Huda, M.N.; et al.
Recent Advances in Ovarian Cancer: Therapeutic Strategies, Potential Biomarkers, and Technological Improvements. Cells 2022,
11, 650. [CrossRef]

9. Tang, F.; Tie, Y.; Tu, C.; Wei, X. Surgical trauma-induced immunosuppression in cancer: Recent advances and the potential
therapies. Clin. Transl. Med. 2020, 10, 199–223. [CrossRef]

10. Amodeo, G.; Bugada, D.; Franchi, S.; Moschetti, G.; Grimaldi, S.; Panerai, A.; Allegri, M.; Sacerdote, P. Immune function after
major surgical interventions: The effect of postoperative pain treatment. J. Pain Res. 2018, 11, 1297–1305. [CrossRef]

11. Alieva, M.; van Rheenen, J.; Broekman, M.L.D. Potential impact of invasive surgical procedures on primary tumor growth and
metastasis. Clin. Exp. Metastasis 2018, 35, 319–331. [CrossRef] [PubMed]

12. Tohme, S.; Simmons, R.L.; Tsung, A. Surgery for Cancer: A Trigger for Metastases. Cancer Res. 2017, 77, 1548–1552. [CrossRef]
[PubMed]

13. Ramirez, M.F.; Ai, D.; Bauer, M.; Vauthey, J.; Gottumukkala, V.; Kee, S.; Shon, D.; Truty, M.; Kuerer, H.M.; Kurz, A.; et al. Innate
immune function after breast, lung, and colorectal cancer surgery. J. Surg. Res. 2015, 194, 185–193. [CrossRef] [PubMed]

14. Angka, L.; Martel, A.B.; Kilgour, M.; Jeong, A.; Sadiq, M.; de Souza, C.T.; Baker, L.; Kennedy, M.A.; Kekre, N.; Auer, R.C. Natural
Killer Cell IFNγ Secretion is Profoundly Suppressed Following Colorectal Cancer Surgery. Ann. Surg. Oncol. 2018, 25, 3747–3754.
[CrossRef]

15. Ng, C.S.H.; Lau, K.K.W. Surgical trauma and immune functional changes following major lung resection. Indian J. Surg. 2015, 77,
49–54. [CrossRef]

16. Kleiveland, C.R. Peripheral Blood Mononuclear Cells; Springer: Cham, Switzerland, 2015; Chapter 15.
17. Zhang, L.; Hou, L.; Wu, J.; Li, C.; Hu, T.; Zhu, C.; Wu, C.; Chen, C. Peripheral blood mononuclear cells (PBMCs), an ideal liquid

biopsy approach to evaluate systematic immunity and predict response of neoadjuvant chemo-immunotherapy in resectable
NSCLC. J. Clin. Oncol. 2022, 40, e20618. [CrossRef]

18. Salas-Benito, D.; Vercher, E.; Conde, E.; Glez-Vaz, J.; Tamayo, I.; Hervas-Stubbs, S. Inflammation and immunity in ovarian cancer.
EJC Suppl. 2020, 15, 56–66. [CrossRef]

19. Micheli, D.C.; Jammal, M.P.; Martins-Filho, A.; Côrtes, J.R.X.d.M.; Souza, C.N.d.; Nomelini, R.S.; Murta, E.F.C.; Tavares-Murta,
B.M. Serum cytokines and CXCR2: Potential tumour markers in ovarian neoplasms. Biomarkers 2020, 25, 474–482. [CrossRef]

20. Kampan, N.C.; Madondo, M.T.; Reynolds, J.; Hallo, J.; McNally, O.M.; Jobling, T.W.; Stephens, A.N.; Quinn, M.A.; Plebanski, M.
Pre-operative sera interleukin-6 in the diagnosis of high-grade serous ovarian cancer. Sci. Rep. 2020, 10, 2213. [CrossRef]

21. Nowak, M.; Klink, M.; Glowacka, E.; Sulowska, Z.; Kulig, A.; Szpakowski, M.; Szyllo, K.; Tchorzewski, H. Production of cytokines
during interaction of peripheral blood mononuclear cells with autologous ovarian cancer cells or benign ovarian tumour cells.
Scand. J. Immunol. 2010, 71, 91–98. [CrossRef]

https://doi.org/10.3322/caac.21456
https://www.ncbi.nlm.nih.gov/pubmed/29809280
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://www.ncbi.nlm.nih.gov/pubmed/33123697
https://doi.org/10.1136/ijgc-2019-000308
https://www.ncbi.nlm.nih.gov/pubmed/31048403
https://doi.org/10.1097/MJT.0000000000001584
https://www.ncbi.nlm.nih.gov/pubmed/36608071
https://doi.org/10.3389/fcell.2020.00758
https://www.ncbi.nlm.nih.gov/pubmed/32850861
https://doi.org/10.3390/cancers15051402
https://doi.org/10.3390/cells11040650
https://doi.org/10.1002/ctm2.24
https://doi.org/10.2147/JPR.S158230
https://doi.org/10.1007/s10585-018-9896-8
https://www.ncbi.nlm.nih.gov/pubmed/29728948
https://doi.org/10.1158/0008-5472.CAN-16-1536
https://www.ncbi.nlm.nih.gov/pubmed/28330928
https://doi.org/10.1016/j.jss.2014.10.030
https://www.ncbi.nlm.nih.gov/pubmed/25475022
https://doi.org/10.1245/s10434-018-6691-3
https://doi.org/10.1007/s12262-013-0957-6
https://doi.org/10.1200/JCO.2022.40.16_suppl.e20618
https://doi.org/10.1016/j.ejcsup.2019.12.002
https://doi.org/10.1080/1354750X.2020.1783574
https://doi.org/10.1038/s41598-020-59009-z
https://doi.org/10.1111/j.1365-3083.2009.02350.x


Cancers 2024, 16, 190 15 of 17

22. Zhang, X.; Xu, J.; Ke, X.; Zhang, S.; Huang, P.; Xu, T.; Huang, L.; Lou, J.; Shi, X.; Sun, R.; et al. Expression and function of Toll-like
receptors in peripheral blood mononuclear cells from patients with ovarian cancer. Cancer Immunol. Immunother. 2015, 64, 275–286.
[CrossRef] [PubMed]

23. Drakes, M.L.; Stiff, P.J. Ovarian Cancer: Therapeutic Strategies to Overcome Immune Suppression. Adv. Exp. Med. Biol. 2021,
1330, 33–54. [CrossRef] [PubMed]

24. De Bruyn, C.; Ceusters, J.; Landolfo, C.; Baert, T.; Thirion, G.; Claes, S.; Vankerckhoven, A.; Wouters, R.; Schols, D.; Timmerman,
D.; et al. Neo-Adjuvant Chemotherapy Reduces, and Surgery Increases Immunosuppression in First-Line Treatment for Ovarian
Cancer. Cancers 2021, 13, 5899. [CrossRef] [PubMed]

25. Napoletano, C.; Bellati, F.; Landi, R.; Pauselli, S.; Marchetti, C.; Visconti, V.; Sale, P.; Liberati, M.; Rughetti, A.; Frati, L.; et al.
Ovarian cancer cytoreduction induces changes in T cell population subsets reducing immunosuppression. J. Cell. Mol. Med. 2010,
14, 2748–2759. [CrossRef]

26. Luu Hoang, K.N.; Anstee, J.E.; Arnold, J.N. The Diverse Roles of Heme Oxygenase-1 in Tumor Progression. Front. Immunol. 2021,
12, 658315. [CrossRef]

27. Mielczarek-Palacz, A.; Sikora, J.; Kondera-Anasz, Z.; Mickiewicz, P.; Mickiewicz, A. Effect of Th1/Th2 cytokine administration on
proinflammatory SKOV-3 cell activation. Arch. Med. Sci. 2016, 12, 1337–1347. [CrossRef] [PubMed]

28. Habel, A.; Weili, X.; Hadj Ahmed, M.; Stayoussef, M.; Bouaziz, H.; Ayadi, M.; Mezlini, A.; Larbi, A.; Yaacoubi-Loueslati, B.
Immune checkpoints as potential theragnostic biomarkers for epithelial ovarian cancer. Int. J. Biol. Markers 2023, 38, 203–213.
[CrossRef] [PubMed]

29. Dumitru, A.; Dobrica, E.; Croitoru, A.; Cretoiu, S.M.; Gaspar, B.S. Focus on PD-1/PD-L1 as a Therapeutic Target in Ovarian
Cancer. Int. J. Mol. Sci. 2022, 23, 12067. [CrossRef]

30. Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, J.M.; Sinha, R.; Corey, D.;
et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature 2017, 545, 495–499.
[CrossRef]

31. Lu, J.; Abudukeyoumu, A.; Zhang, X.; Liu, L.; Li, M.; Xie, F. Heme oxygenase 1: A novel oncogene in multiple gynecological
cancers. Int. J. Biol. Sci. 2021, 17, 2252–2261. [CrossRef]

32. Berek, J.S.; Renz, M.; Kehoe, S.; Kumar, L.; Friedlander, M. Cancer of the ovary, fallopian tube, and peritoneum: 2021 update. Int.
J. Gynaecol. Obstet. 2021, 155 (Suppl. 1), 61–85. [CrossRef]

33. Isolation of Mononuclear Cells. Available online: https://cdn.cytivalifesciences.com/api/public/content/digi-16156-pdf
(accessed on 26 September 2023).

34. RNA Extraction Kit (abx098089). Available online: https://www.abbexa.com/documents/manual/abx098089_ifu.pdf (accessed
on 7 October 2023).

35. AlamarBlue®Assay Protocol. Available online: https://tools.thermofisher.com/content/sfs/manuals/PI-DAL1025-1100_TI%20
alamarBlue%20Rev%201.1.pdf (accessed on 27 September 2023).

36. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. 2004, 25, 677–686. [CrossRef] [PubMed]

37. pHrodoTM Red, Deep Red, and Green BioParticlesTM Conjugates for Phagocytosis. Available online: https://www.thermofisher.
com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp35361
.pdf (accessed on 28 September 2023).

38. Nathan, C.; Cunningham-Bussel, A. Beyond oxidative stress: An immunologist’s guide to reactive oxygen species. Nat. Rev.
Immunol. 2013, 13, 349–361. [CrossRef] [PubMed]

39. DCFDA/H2DCFDA—Cellular ROS Assay Kit (ab113851). Available online: https://www.abcam.com/products/assay-kits/
dcfda--h2dcfda-cellular-ros-assay-kit-ab113851.html (accessed on 28 September 2023).

40. Bogdan, C. Nitric oxide synthase in innate and adaptive immunity: An update. Trends Immunol. 2015, 36, 161–178. [CrossRef]
[PubMed]

41. Bronte, V.; Zanovello, P. Regulation of immune responses by L-arginine metabolism. Nat. Rev. Immunol. 2005, 5, 641–654.
[CrossRef] [PubMed]

42. Qiu, Y.; Yang, X.; Wang, L.; Gao, K.; Jiang, Z. L-Arginine Inhibited Inflammatory Response and Oxidative Stress Induced by
Lipopolysaccharide via Arginase-1 Signaling in IPEC-J2 Cells. Int. J. Mol. Sci. 2019, 20, 1800. [CrossRef] [PubMed]

43. Griess Reagent Kit for Nitrite Determination (G-7921). Available online: https://www.thermofisher.com/document-connect/
document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp07921.pdf (accessed on 28 Septem-
ber 2023).

44. Human Heme Oxygenase 1 (HO-1) CatchPoint SimpleStep ELISA Kit (ab229429). Available online: https://www.abcam.com/ps/
products/229/ab229429/documents/Human-Heme-Oxygenase-1-ELISA-Kit-protocol-book-v4-ab229429%20(website).pdf (ac-
cessed on 29 September 2023).

45. Human PD-L1 SimpleStep ELISA Kit (ab277712). Available online: https://www.abcam.com/ps/products/277/ab277712/
documents/Human-PD-L1-ELISA-Kit-[28-8]-protocol-book-v2-ab277712%20(website).pdf (accessed on 29 September 2023).

46. Human PD-1 SimpleStep ELISA Kit (ab252360). Available online: https://www.abcam.com/ps/products/252/ab252360/
documents/Human-PD-1-ELISA-Kit-protocol-book-v2-ab252360%20(website).pdf (accessed on 29 September 2023).

https://doi.org/10.1007/s00262-014-1632-x
https://www.ncbi.nlm.nih.gov/pubmed/25376541
https://doi.org/10.1007/978-3-030-73359-9_3
https://www.ncbi.nlm.nih.gov/pubmed/34339029
https://doi.org/10.3390/cancers13235899
https://www.ncbi.nlm.nih.gov/pubmed/34885008
https://doi.org/10.1111/j.1582-4934.2009.00911.x
https://doi.org/10.3389/fimmu.2021.658315
https://doi.org/10.5114/aoms.2015.53143
https://www.ncbi.nlm.nih.gov/pubmed/27904527
https://doi.org/10.1177/03936155231186163
https://www.ncbi.nlm.nih.gov/pubmed/37518940
https://doi.org/10.3390/ijms232012067
https://doi.org/10.1038/nature22396
https://doi.org/10.7150/ijbs.61073
https://doi.org/10.1002/ijgo.13878
https://cdn.cytivalifesciences.com/api/public/content/digi-16156-pdf
https://www.abbexa.com/documents/manual/abx098089_ifu.pdf
https://tools.thermofisher.com/content/sfs/manuals/PI-DAL1025-1100_TI%20alamarBlue%20Rev%201.1.pdf
https://tools.thermofisher.com/content/sfs/manuals/PI-DAL1025-1100_TI%20alamarBlue%20Rev%201.1.pdf
https://doi.org/10.1016/j.it.2004.09.015
https://www.ncbi.nlm.nih.gov/pubmed/15530839
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp35361.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp35361.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp35361.pdf
https://doi.org/10.1038/nri3423
https://www.ncbi.nlm.nih.gov/pubmed/23618831
https://www.abcam.com/products/assay-kits/dcfda--h2dcfda-cellular-ros-assay-kit-ab113851.html
https://www.abcam.com/products/assay-kits/dcfda--h2dcfda-cellular-ros-assay-kit-ab113851.html
https://doi.org/10.1016/j.it.2015.01.003
https://www.ncbi.nlm.nih.gov/pubmed/25687683
https://doi.org/10.1038/nri1668
https://www.ncbi.nlm.nih.gov/pubmed/16056256
https://doi.org/10.3390/ijms20071800
https://www.ncbi.nlm.nih.gov/pubmed/30979040
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp07921.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp07921.pdf
https://www.abcam.com/ps/products/229/ab229429/documents/Human-Heme-Oxygenase-1-ELISA-Kit-protocol-book-v4-ab229429%20(website).pdf
https://www.abcam.com/ps/products/229/ab229429/documents/Human-Heme-Oxygenase-1-ELISA-Kit-protocol-book-v4-ab229429%20(website).pdf
https://www.abcam.com/ps/products/277/ab277712/documents/Human-PD-L1-ELISA-Kit-[28-8]-protocol-book-v2-ab277712%20(website).pdf
https://www.abcam.com/ps/products/277/ab277712/documents/Human-PD-L1-ELISA-Kit-[28-8]-protocol-book-v2-ab277712%20(website).pdf
https://www.abcam.com/ps/products/252/ab252360/documents/Human-PD-1-ELISA-Kit-protocol-book-v2-ab252360%20(website).pdf
https://www.abcam.com/ps/products/252/ab252360/documents/Human-PD-1-ELISA-Kit-protocol-book-v2-ab252360%20(website).pdf


Cancers 2024, 16, 190 16 of 17

47. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef]
48. Reid, B.M.; Permuth, J.B.; Sellers, T.A. Epidemiology of ovarian cancer: A review. Cancer Biol. Med. 2017, 14, 9–32. [CrossRef]
49. Nelson, B.H. The impact of T-cell immunity on ovarian cancer outcomes. Immunol. Rev. 2008, 222, 101–116. [CrossRef]
50. Freedman, R.S.; Ma, Q.; Wang, E.; Gallardo, S.T.; Gordon, I.O.; Shin, J.W.; Jin, P.; Stroncek, D.; Marincola, F.M. Migration deficit in

monocyte-macrophages in human ovarian cancer. Cancer Immunol. Immunother. 2008, 57, 635–645. [CrossRef]
51. Ingersoll, S.B.; Stoltzfus, G.P.; Merchant, M.H.; Ahmad, S.; Edwards, C.R.; Ahmed, A.; Oyer, J.L.; Finkler, N.J.; Holloway, R.W.;

Edwards, J.R. Comparison of the cytotoxic response against ovarian cancer by immune effector cells isolated and expanded from
normal donors and ovarian cancer patients. Cytotherapy 2012, 14, 716–723. [CrossRef]

52. Zaborowski, M.P.; Stefens-Stawna, P.; Osztynowicz, K.; Piorunek, T.; Batura-Gabryel, H.; Dyzmann-Sroka, A.; Kozubski, W.;
Nowak-Markwitz, E.; Michalak, S. Granzyme B in peripheral blood mononuclear cells as a measure of cell-mediated immune
response in paraneoplastic neurological syndromes and malignancy. Cancer Immunol. Immunother. 2021, 70, 1277–1289. [CrossRef]
[PubMed]

53. Kampan, N.C.; Kartikasari, A.E.R.; Deceneux, C.; Madondo, M.T.; McNally, O.M.; Flanagan, K.L.; Aziz, N.A.; Stephens, A.N.;
Reynolds, J.; Quinn, M.A.; et al. Combining TNFR2-Expressing Tregs and IL-6 as Superior Diagnostic Biomarkers for High-Grade
Serous Ovarian Cancer Masses. Cancers 2023, 15, 667. [CrossRef] [PubMed]

54. Yabuno, A.; Matsushita, H.; Hamano, T.; Tan, T.Z.; Shintani, D.; Fujieda, N.; Tan, D.S.P.; Huang, R.Y.; Fujiwara, K.; Kakimi, K.;
et al. Identification of serum cytokine clusters associated with outcomes in ovarian clear cell carcinoma. Sci. Rep. 2020, 10, 18503.
[CrossRef] [PubMed]

55. Browning, L.; Patel, M.R.; Horvath, E.B.; Tawara, K.; Jorcyk, C.L. IL-6 and ovarian cancer: Inflammatory cytokines in promotion
of metastasis. Cancer Manag. Res. 2018, 10, 6685–6693. [CrossRef]

56. Kartikasari, A.E.R.; Huertas, C.S.; Mitchell, A.; Plebanski, M. Tumor-Induced Inflammatory Cytokines and the Emerging
Diagnostic Devices for Cancer Detection and Prognosis. Front. Oncol. 2021, 11, 692142. [CrossRef]

57. Li, Z.; Chen, L.; Qin, Z. Paradoxical Roles of IL-4 in Tumor Immunity. Cell. Mol. Immunol. 2009, 6, 415–422. [CrossRef]
58. Souza, J.C.; Ribeiro, R.S.; Pimenta, T.M.; Martins, B.S.; Rangel, L.B.A. The role of pro-inflammatory components, carcinoma-

associated fibroblasts, and tumor-associated macrophages in ovarian cancer progression and metastasis. J. Cancer Metastasis Treat.
2023, 9, 3. [CrossRef]

59. Lan, T.; Chen, L.; Wei, X. Inflammatory Cytokines in Cancer: Comprehensive Understanding and Clinical Progress in Gene
Therapy. Cells 2021, 10, 100. [CrossRef]

60. Wilke, C.M.; Wei, S.; Wang, L.; Kryczek, I.; Kao, J.; Zou, W. Dual biological effects of the cytokines interleukin-10 and interferon-γ.
Cancer Immunol. Immunother. 2011, 60, 1529–1541. [CrossRef]

61. Indra, B.; Lipoeto, N.; Hon Tjong, D.; Rahman, S. Alteration of Interleukin-4, Interleukin-6 Levels, and Post-operative Pain
Intensity. Open Access Maced. J. Med. Sci. 2023, 11, 1–7. [CrossRef]

62. Hsu, T.; Lin, C.; Sun, F.; Chen, M. Postoperative Serum Levels of Interleukin-6 are Affected by Age in Patients with Colorectal
Cancer. Int. J. Gerontol. 2017, 11, 75–79. [CrossRef]

63. Yeldag, G.; Rice, A.; Del Río Hernández, A. Chemoresistance and the Self-Maintaining Tumor Microenvironment. Cancers 2018,
10, 471. [CrossRef] [PubMed]

64. Wang, L. Prognostic effect of programmed death-ligand 1 (PD-L1) in ovarian cancer: A systematic review, meta-analysis and
bioinformatics study. J. Ovarian Res. 2019, 12, 37. [CrossRef] [PubMed]

65. Zhu, J.; Yan, L.; Wang, Q. Efficacy of PD-1/PD-L1 inhibitors in ovarian cancer: A single-arm meta-analysis. J. Ovarian Res. 2021,
14, 112. [CrossRef]
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