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Editorial on the Research Topic 


Women in cancer immunity and immunotherapy


Marie Skłodowska-Curie was the first woman to receive a Nobel Prize, in 1903, and the only woman to receive two Nobel prizes, the second in 1911. She once said, “It is better to enrich oneself with knowledge than to adorn oneself with jewelry.” This sentiment undoubtedly resonates with women scientists around the world. 120 years later, Katalin Karikó, another science role model won the Nobel Prize in Physiology or Medicine 2023 for her discovery related to immunology. Katalin Karikó as well as Drew Weissman discovered that modifications of RNA prevented unwanted inflammatory reactions and increased the production of desired proteins. The discovery laid the foundation for effective mRNA vaccines.

Still, a lower percentage of women scientists globally have a successful career, particularly in medical research. Although progress has been made, significant steps are still needed to bridge the gender gap, especially in leadership roles. In the field of life sciences women are now at parity or even overrepresented at degree-granting stages. However, further along the line, balancing family responsibilities with demanding scientific careers, along with limited access to professional networks and mentorship, creates increasing barriers. The “leaky pipeline” phenomenon describes the disproportionate loss of women and other underrepresented groups as they advance through their careers.

A study published in 2020 (https://www.pnas.org/doi/10.1073/pnas.1914221117) reveals significant gender disparities in total productivity and impact among scientists since 1955, despite men and women having comparable annual publication rates and performance. Analyzing over 7 million scientists’ careers, the findings show that male scientists publish an average of 13.2 papers during their careers, compared to 9.6 papers for female scientists. High-impact male authors also receive 36% more citations than their female counterparts, highlighting substantial gender gaps in career-wide productivity and impact. These disparities are largely due to differences in career length and dropout rates, with female scientists facing a 19.5% higher risk of leaving academia each year compared to their male counterparts.

Historically, women have played a pivotal role in the field of immunology and immunotherapy, contributing important discoveries and challenging traditional scientific paradigms. Their achievements were recognized by such institutions as the American Association of Immunologists (AAI), which, unlike many scientific societies of the time, welcomed women from its inception in 1913. Martha Wollstein was one of the first female members in 1918. She conducted groundbreaking research in bacteriology particularly focusing on the study of antibodies and the immune response. Another member, Jessie Marmorston (AAI 1932), a professor of experimental medicine at the University of Southern California, made substantial contributions to immunology, endocrinology, and the study of aging. Her research focused on hormonal mechanisms and their implications for treating various diseases such as cancer and heart disease, as well as conditions associated with aging. She also leveraged her family connections with Hollywood in the 1950s to raise funds for research and likely served as a public role model for many aspiring female scientists.

Women pioneers notwithstanding, the gender gap in this field is still very wide. According to Research.com’s third edition ranking of top immunology scientists, based on the D-index (Discipline H-index) the first position occupied by a woman is at number 67, with Arlene H. Sharpe, from Harvard University. The second ranking woman is Laurence Zitvogel University of Paris-Saclay, France, at 82, and it is not until the hundreds that women appear more regularly.

It is therefore a great honor to contribute to this inaugural column dedicated to women scientists. We are deeply grateful to Frontiers in Immunology for their attention and support of our community. Following rigorous peer review by experts in the field, nine outstanding contributions have been accepted: five original research articles, three reviews, and one case report, 7 of those have first or last or both female authors and two with prominent women co-authorships. These contributions highlight the academic and research prowess of women scientists in the fields of cancer immunity and immunotherapy.

These original research articles on cancer immunity present highly valuable studies. Pancreatic ductal adenocarcinoma (PDAC) has a poor prognosis, often due to peritoneal dissemination. Exosomal ROR1 (exo-ROR1) in peritoneal fluid (PF) has emerged as a potential diagnostic and prognostic biomarker. Mittelstädt et al. analyzed exo-ROR1 in PF and plasma from various patient groups, finding the highest levels in PDAC patients with peritoneal dissemination (PER+). High exo-ROR1 levels in PF are linked to lower overall survival. Exo-ROR1 may help distinguish between non-cancerous conditions, localized PDAC (PER-), and peritoneal disseminated PDAC (PER+), offering insights for future PDAC treatment strategies.

Addressing the significant public health issue of high-risk HPV infections, Pagni et al. developed the gDE7 vaccine by combining HSV-1 glycoprotein D with HPV-16 E7 oncoprotein to treat HPV-related tumors. Despite promising results in mice, combined therapies may enhance antitumor responses by addressing immunosuppressive mechanisms involving IDO and IL-6. Studies showed that IDO inhibitors or IL-6 knockout mice improved the efficacy of gDE7 vaccines, leading to total tumor rejection in some cases. This study suggests that targeting IL-6 and IDO can enhance immune responses, offering new strategies for HPV-related tumor immunotherapy.

In addition to mechanistic studies and vaccine development, there were also studies focused on improving immunotherapy methodologies. Calcium electroporation (CaEP) facilitates cellular uptake of high Ca2+ concentrations, inducing cell death. While clinical trials have assessed CaEP’s efficacy, preclinical studies are needed to clarify its mechanisms. Lisec et al. compared CaEP’s efficiency with electrochemotherapy (ECT) and IL-12 gene electrotransfer (GET) in two tumor models, hypothesizing IL-12 enhances local therapies. They evaluated CaEP in vitro and in vivo using B16-F10 melanoma and 4T1 mammary carcinoma, alongside ECT. Different Ca2+ concentrations alone or with IL-12 GET were tested. They analyzed the tumor microenvironment via immunofluorescence, and reported that CaEP and ECT reduced cell viability dose-dependently in vitro, similarly effective across cell lines. In vivo, CaEP delayed 4T1 tumor growth by over 30 days with 250 mM Ca, comparable to ECT. IL-12 GET post-CaEP prolonged survival in B16-F10 mice but not 4T1. CaEP with IL-12 GET altered immune cells and vasculature, was more effective against 4T1 tumors in vivo, potentially due to immune system involvement. Combining CaEP or ECT with IL-12 GET enhanced antitumor effects, varying by tumor immunogenicity. Multimodal treatment approaches, such as radio-immunotherapy, require optimized regimens and understanding interactions between different modalities. The work presented by Remic et al. aimed to determine the optimal combination of radiation therapy with a tumor cell-based vaccine and explore the immune response to this treatment. Using B16F10 melanoma and CT26 colorectal carcinoma models, different radiation and vaccination regimens were compared. Local immune responses were assessed by evaluating immune cell infiltration at the vaccination site and within tumors. Systemic responses were evaluated by assessing tumor-specific effector cells in draining lymph nodes. The results identified that the most effective treatment was a combination of 5× 5 Gy radiation with single-dose vaccination (B16F10) or multi-dose vaccination (CT26). This approach induced local immune responses in both tumor models and significantly generated tumor-specific effector cells in draining lymph nodes of B16F10, albeit less so in CT26 models. Optimized multimodal treatment demonstrated that the vaccine induces immune responses and enhances the efficacy of tumor radiation therapy, influenced by tumor immunogenicity. James et al. highlighted the need for further research on chemotherapy’s impact on the tumor immune microenvironment (TIME) in ovarian cancer, focusing on recurrence and chemoresistance. They found that neoadjuvant chemotherapy (NACT) increases immune infiltrate and pro-tumorigenic pathways, particularly genes linked to ATF3 and EGR1, with notable upregulation in platinum-resistant cells. The study also revealed correlations between post-NACT immune parameters and platinum-free interval (PFI), suggesting potential biomarkers for chemotherapy response and resistance, which could aid in developing novel immunotherapies to combat chemoresistance.

The reviews by Ibis et al. and Li et al. both discuss the application of immune checkpoints in cancer therapy. The former explored mechanisms that immune checkpoint inhibitors (ICI) induce various types of immune-related adverse events (irAEs) by inhibiting receptors that maintain peripheral tolerance through preventing activation of autoimmune cells. They also highlighted recent research on ICI therapy in cancer and patients with pre-existing autoimmune diseases (AD). The latter reviewed the role of immunotherapy in HCC, noting limited response of HCC to monotherapy with ICIs, prompting increased research into potent anti-tumor immune strategies to potentially enhance efficacy in HCC immunotherapy. Carlini et al. analyzed and summarized the multifaceted nature of IL-10. IL-10 is a versatile cytokine central to inflammation regulation and cellular balance, primarily acting as an anti-inflammatory agent via Jak1/Tyk2 and STAT3 pathways. It also exhibits immunostimulatory properties in specific contexts, influencing conditions like cancer and infectious diseases uch as COVID-19. IL-10’s role extended to predicting severity in SARS-CoV-2 infections, where it served as an endogenous signal against hyperinflammation, suggesting potential for pharmacological strategies and natural compounds to modulate its effects beneficially.

The final case reported by Luo et al. showed us that ovarian cancer patients with multidrug-resistant might still derive the long-term benefit of the PD-1 inhibitor, even if PD-L1 is negative. HLA-B44 supertype might be the potential predictor for immunotherapy in OCCC.

Currently, women make up only about 30% of researchers worldwide. The platform created by Frontiers in Immunology specifically for women aims to encourage more women to pursue careers in scientific research and contribute to the advancement of humanity.
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Multimodal treatment approaches, such as radio-immunotherapy, necessitate regimen optimization and the investigation of the interactions of different modalities. The aim of this study was two-fold. Firstly, to select the most effective combination of irradiation and the previously developed tumor cell-based vaccine and then to provide insight into the immune response to the selected combinatorial treatment. The study was performed in immunologically different murine tumor models: B16F10 melanoma and CT26 colorectal carcinoma. The most effective combinatorial treatment was selected by comparing three different IR regimens and three different vaccination regimens. We determined the local immune response by investigating immune cell infiltration at the vaccination site and in tumors. Lastly, we determined the systemic immune response by investigating the amount of tumor-specific effector lymphocytes in draining lymph nodes. The selected most effective combinatorial treatment was 5× 5 Gy in combination with concomitant single-dose vaccination (B16F10) or with concomitant multi-dose vaccination (CT26). The combinatorial treatment successfully elicited a local immune response at the vaccination site and in tumors in both tumor models. It also resulted in the highest amount of tumor-specific effector lymphocytes in draining lymph nodes in the B16F10, but not in the CT26 tumor-bearing mice. However, the amount of tumor-specific effector lymphocytes was intrinsically higher in the CT26 than in the B16F10 tumor model. Upon the selection of the most effective combinatorial treatment, we demonstrated that the vaccine elicits an immune response and contributes to the antitumor efficacy of tumor irradiation. However, this interaction is multi-faceted and appears to be dependent on the tumor immunogenicity.
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1 Introduction

In recent years, it has become clear that a multimodal approach is a necessity for treatment of most tumors. One such multimodal approach is radio-immunotherapy (1). Ionizing radiation (IR) is one of key cancer treatment modalities. It is largely used for its ablative effects, namely genome instability driven cell death, while its immunological properties remain a controversial topic among scientists (2, 3). Aside from apoptosis, IR can lead to immunogenic cell death and consequently to activation of dendritic and T cells (1, 4, 5). Another immunological property of IR is immunogenic modulation, whereby IR causes phenotypical changes such as increase in tumor antigen presentation and diversity (6, 7). Reports of IR alone invoking a substantial immune response (abscopal effect) are rare; however, immunotherapy can and has been used to boost IR (1, 8).

The most extensively researched and currently most effective radio-immunotherapy is the combination of checkpoint inhibitors and IR (1, 8). Nonetheless, non-responding patients remain and it is important to investigate alternatives such as the combination of therapeutic vaccination and IR (9). Tumor cell-based vaccines, a type of therapeutic vaccines, use tumor cells taken from patients as the source of tumor antigens (10–12). These tumor cells are commonly genetically modified ex vivo and then inactivated with high-dose IR or lysed (10, 11). We have previously developed an effective alternative tumor cell-based vaccine, which consists of IR-killed non-viable tumor cells and plasmid DNA encoding murine interleukin-12 (IL-12) (13). The non-viable tumor cells in our vaccine were used as the source of tumor antigens and were not genetically modified ex vivo unlike in vaccines such as Algenpantucel-L or GVAX (11, 14). While, in vivo gene electrotransfer (GET) of the IL-12 plasmid contained within our vaccine was administrated as the immunological adjuvant (13).

GET is a non-viral form of gene therapy that can be used in situ (15–21). By applying set of electrical pulses we transiently permeabilize the targeted tissue, thus enabling the transfer of locally injected target plasmid DNA into the cells (15–21). Common immunological adjuvants are cytokines and chemokines such as granulocyte-macrophage colony stimulating factor, interleukin-2 and IL-12 (22). The latter is a proinflammatory cytokine that enhances effector T and NK cell maturation and their cytotoxicity as well as recruits macrophages and enhances the immune response of helper T cells (Th cells) (23, 24). IL-12 GET has been tested in numerous pre-clinical and clinical studies as local intratumoral treatment or as an adjuvant to vaccination or other therapeutic approaches such as electrochemotherapy (15–21).

In this study, we investigated some of the typical challenges of combining radio- and immunotherapy such as IR dose regimens, vaccination regimens and timing of the combinatorial treatment. Our aim was to select the most effective combination of IR and the previously developed tumor cell-based vaccine (13) as well as provide insight into the therapy-induced immune response. The study was performed in immunologically different murine tumor models: B16F10 melanoma and CT26 colorectal carcinoma (25, 26). We began with IR regimen selection followed by vaccine regimen selection and, lastly, we investigated the immune response at the site of vaccination, tumor and draining lymph nodes.



2 Materials and methods


2.1 Cell cultures

Murine cell lines B16F10 melanoma (CRL-6475, American Tissue Cell Culture (ATCC), Manassas, USA) and CT26 colon carcinoma (CRL-2638, ATCC) were cultured at standard conditions: 37°C, humidified atmosphere containing 5% CO2, in Advanced Modified Eagles Medium (A-MEM, Thermo Fisher Scientific, Waltham, USA) and Advanced Roswell Park Memorial Institute medium (A-RPMI, Thermo Fisher Scientific), respectively. Culture media were supplemented with 5% fetal bovine serum (FBS; Thermo Fisher Scientific), 10 mM L-glutamine (Thermo Fisher Scientific), 50 mg/mL gentamicin (Krka, Novo mesto, Slovenia) and 100 U/mL penicillin (Sandoz International GmbH, Holzkirchen, Germany). Both cell lines were used within 10 passages and were found negative during continuous testing every 3 months for mycoplasma with MycoAlert™ PLUS Mycoplasma Detection kit (Lonza, Basel, Switzerland).



2.2 Plasmid DNA

Plasmid DNA pORF-mIL-12-ORT encoding murine IL-12 without an antibiotic resistance gene (27) was isolated using the EndoFree Plasmid Mega Kit (Qiagen, Hilden, Germany). Plasmid purity and the concentration were determined using the Epoch Microplate Spectrophotometer, Take3™ Micro-Volume Plate (BioTek, Bad Friedrichshall, Germany). After confirming plasmid identity with restriction enzyme analysis on a 1% agarose electrophoretic gel, aliquots of 50 µg of IL-12 plasmid were vacuum dried using the Concentrator plus (60°C, VA-Q program, Eppendorf, Hamburg, Germany).



2.3 Vaccine preparation

B16F10 and CT26 vaccines containing non-viable tumor cells and IL-12 plasmid were prepared as described previously (13). Briefly, cells were irradiated at a dose rate of 1.728 Gy/min using the Darpac 3300 X ray unit (Gulmay Medical Ltd., Byfleet, UK) operating at 200 kV and 9.2 mA with a 0.55 mm Cu and 1.8 mm Al filtration. B16F10 cells were exposed to 3 fractions of 5 Gy and a single lethal fraction of 30 Gy, while the more radioresistant CT26 cells were exposed to 3 fractions of 5 Gy and 2 fractions of 30 Gy. Harvested non-viable B16F10 or CT26 tumor cells were resuspended in concentrated harvested media to a final protein concentration of 10 mg/mL, which was determined with the Pierce™ bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific). Finally, 50 µg of IL-12 plasmid were added to 100 µL of 1× 106 non-viable tumor cells to make 1 unit of B16-F10 and CT26 vaccines (1 mg/U).



2.4 Animals

Female 6-8 week-old C57BL/6NCrl and BALB/cAnNCrl mice (Charles Rivers, Calco, Italy) were maintained in an animal colony in a 12h light/dark cycle under specific pathogen-free conditions at constant room temperature and humidity. Food and water were provided ad libitum. Animals were subjected to a quarantine and adaptation period of 2 weeks before the in vivo experiments. All experimental procedures were performed in accordance with the EU directive (2010/63/EU) and with the guidelines of the Ministry of Agriculture, Forestry, and Food of the Republic of Slovenia (permission no. U34401–1/2015/43 and U34401-35/2020/8).



2.5 Tumor induction

B16F10 and CT26 tumors were induced with a subcutaneous injection of 0.5× 106 viable B16-F10 or CT26 tumor cells into the lower backs of respective syngeneic mice. The general well-being of mice was monitored by their weight, ease of movement and behavior.



2.6 Tumor treatment


2.6.1 Tumor irradiation

Induced tumors were irradiated at a dose rate of 1.92 Gy/min using the Darpac 3300 X ray unit (Gulmay Medical Ltd.) operating at 200 kV and 9.2 mA with a 0.55 mm Cu and 1.8 mm Al filtration. Mice were restrained in special lead tubes with fixed apertures during irradiation and were put sideways on a stand at a fixed distance from the X ray machine head. The tumors were exposed to ½ of the dose on each side to equalize dose distribution.



2.6.2 Vaccination

Vaccination was performed distantly from the tumor as described previously (13). Briefly, a unit of B16F10 or CT26 vaccine (1 mg/U) was injected subcutaneously in the upper back of mice. A contact hexagonal multi-electrode array with the central pin (MEA, Iskra Medical, Ljubljana, Slovenia) connected to a Cliniporator (IGEA s.r.l., Carpi, Italy) was positioned to encompass the injected vaccine containing IL-12 plasmid. Adjuvant GET was performed by administering 24 electrical low voltage pulses with an amplitude-over-distance ratio 170 V/cm, duration of 150 ms and frequency of 5.64 Hz.



2.6.3 Treatment regimens


2.6.3.1 Irradiation regimens

Three irradiation regimens: (a) 1× 5 Gy, (b) 3× 5 Gy and (c) 5× 5 Gy, in combination with single-dose vaccination were compared (Figure 1). Mice were randomly divided into treatment and control groups (n = 6 mice per group) when tumor size reached 35-40 mm3 (Day 0). Tumors were irradiated with a fraction per day. Mice in control groups did not receive any treatment. The most effective irradiation regimen was chosen for further experiments.




2.6.3.2 Vaccination regimens

Three vaccination regimens: (a) concomitant single-dose, (b) concomitant multi-dose and (c) pre-IR multi-dose vaccination, in combination with the selected tumor irradiation regimen were compared (Figure 2). Mice were randomly divided into treatment and control groups (n = 6 mice per group) when tumor size reached 18-23 mm3 (day -2). Concomitant single- and multi-dose vaccination started on day 0, while pre-IR multi-dose vaccination started on day -2. For multi-dose vaccinations, each vaccination dose (1 mg/U) was administered every 2 days for a total number of three vaccination doses. Tumor IR (5× 5 Gy) started on day 0 with a fraction per day. Mice in control groups did not receive any treatment. The most effective vaccination regimen was chosen for histological and FluoroSpot analysis of combinatorial treatment.






2.7 Tumor growth follow up

Every second day three orthogonal diameters of the tumor (a, b, c) were measured using a Vernier Caliper and tumor volumes were calculated using the following formula:

	

The doubling time (DT) of a tumor was determined as the time, when the tumor reached twice the starting volume, i.e. approximately 70-80 mm3. Tumor growth delay (GD) was then calculated by subtracting the average DT of untreated tumors from DT of treated tumors using the following formula:

	

Mice were sacrificed using a CO2 chamber or via cervical dislocation when they reached the humane end-point: tumor size of 300 mm3 or before harvesting tissues for further analysis. A complete response was defined as the absence of a detectable tumor for 100 days.



2.8 Histological analysis

Skin at the vaccination site and tumors in B16F10 and CT26 tumor-bearing mice (n = 3 mice per group) were aseptically harvested 6 days after the start of the selected combinatorial or control treatment. Zinc-fixed paraffin-embedded samples were cut in 2-5 µm sections and stained with hematoxylin and eosin (HE) or immunohistochemically. Immunohistochemical (IHC) staining was performed using the Rabbit Specific HRP/AEC IHC Detection Kit-Micro-polymer (ab236468; Abcam, Cambridge, UK) following the manufacturer protocol. The primary CD68 polyclonal antibody (PA5-78996; Invitrogen, Thermo Fisher Scientific) at dilutions 1:1000 for tumor samples and 1:1250 for skin samples was used, while the primary Anti-Granzyme B antibody (ab4059; Abcam, Cambridge, UK) at 1:1000 dilution and the primary Foxp3 Antibody (700914; Thermo Fisher Scientific) at 1:1200 dilution were used for both tissue samples. Hematoxylin was used as a counterstain.

Samples were observed at 40× magnification using a BX-51 microscope (Olympus, Düsseldorf, Germany). For immunohistochemical analysis of tumor-infiltrating immune cells, 10 images per sample were taken using the microscope-connected camera (DP72 CCD, Olympus). The average numbers of macrophages (CD68+), effector lymphocytes (GrB+) and regulatory T cells (FoxP3+) were assessed in a blind fashion by 3 examiners (28) and fold change was calculated using the following formula:

	

Data was presented as the fold change relative to control samples for each tumor model.



2.9 FluoroSpot analysis


2.9.1 Lymphocyte isolation

Peripheral skin-draining lymph nodes (inguinal, brachial and axillar) were aseptically harvested from B16-F10 and CT26 tumor-bearing mice (n = 3 mice per group) 6 days after the start of the selected combinatorial or control treatment. The lymph nodes were sheared using a 50 μm sterile strainer (Sysmex, Norderstedt, Germany) and the lymphocytes were suspended in 10 mL of cooled phosphate buffer solution (PBS, 4°C). The cell suspension was centrifuged at 470g, 4°C for 5 min and the pellet was washed with cooled PBS (4°C). After an additional centrifugation at 470g, 4°C for 5 min the pellet was resuspended in 1 mL of cooled Serum-Free Freezing Media (4°C, Biological Industries, Beit HaEmek, Israel). Isolated lymphocytes were stored at -80°C for future FluoroSpot analysis.



2.9.2 Sample thawing

The thawing process began with a short incubation of cryovials at 37°C. Under sterile conditions, 1 mL of warm RPMI HEPES media (37°C, Sigma-Aldrich, St. Louis, USA) was slowly added to the cell suspension, which was later transferred into 8 mL of warm RPMI HEPES media. To prevent cell clumping, the cell suspension was centrifuged at 500g for 10 min at room temperature. The pellet was resuspended in 2 mL of Hank’s Balanced Solution with calcium and magnesium (HBSS, Gibco, Thermo Fisher Scientific). DNaze I (2 U/mL, Invitrogen, Thermo Fisher Scientific) was added and the suspension was incubated with shaking (200 rpm) at 37°C for 45 min. Warm RPMI HEPES was added until the concentration reached 2× 106 cells/mL. Cells were allowed to recover overnight at standard cell culture conditions.



2.9.3 FluoroSpot and data analysis

To determine the presence of tumor specific immune cells, Dual-Color FluoroSpot Mouse IFNγ/GrB kit (R&D Systems, Minneapolis, USA) was used according to manufacturer instructions. Isolated immune cells (1× 104 per well) were stimulated with tumor cells in a 10:1 ratio. The green (GrB+ spots) and red (IFNγ+ spots) fluorescent spots were captured at 488 nm and 588 nm, respectively, using the Zeiss SteREO Lumar.V12 equipped with Zeiss AxioCam (Zeiss, Oberkochen, Germany). The images were processed in ImageJ (29, 30) and the spots were counted manually. The fold change was calculated using the following formula:

	

The data was presented as the fold change relative to stimulated (tumor specific) GrB+/IFNγ+ immune cells in the control group.




2.10 Statistical analysis

Data analysis was performed using GraphPad Prism version 8.1.2. (GraphPad Software, US). The Shapiro-Wilk test was used to test the normal data distribution. Data were presented as the mean ± standard error (SE) and a One-way ANOVA followed by the Holm-Sidak test for multiple comparisons was performed for the determination of significant differences (p< 0.05) between experimental groups. Complete responses were not included in the statistical analysis of GD. To include complete responses, data was further analyzed by comparing the probability of reaching a doubling tumor volume using a log-rank test for trend. The event, marked as 1, was a tumor reaching double the starting size (doubling volume), while a censored event, marked as 0, was a tumor reaching a complete response. A log-rank (Mantel-cox) test was then used to determine statistical significance (p< 0.05) between treatment groups. Student’s T test was used to determine significant differences (p< 0.05) between the individual tumor growth curves by comparing the tumor volumes of different treatment groups at individual time points. Student’s T test was also used to determine significant differences (p< 0.05) between the two tumor models.




3 Results


3.1 Irradiation regimen selection

To select the most effective IR regimen in combination with single-dose vaccination, we compared three IR regimens: (a) 1× 5 Gy, (b) 3× 5 Gy and (c) 5× 5 Gy (Figure 1A). We observed a trend of IR dose-dependent antitumor efficacy of the combination therapy in both tumor models (Figure 1). In the B16F10 tumor model, single-dose vaccination significantly contributed only to antitumor efficacy of 5× 5 Gy (Figure 1B). Whilst a similar trend in tumor growth delay was observed in the CT26 tumor model, the contribution of vaccination to IR was not statistically significant (Figure 1B). However, the highest number of complete responses (CR) were observed in combinatorial treatment of single-dose vaccination and 5× 5 Gy (33%) (Figures 1B, D). Additionally, IR alone was more effective in the CT26 tumor model than in the B16F10 tumor model (Figures 1B, C). Based on these results, we selected the IR regimen of 5× 5 Gy for further studies in both tumor models.





Figure 1 | Irradiation regimen selection. (A) Treatment timelines: (a) single-dose vaccination combined with 1× 5 Gy, (b) single-dose vaccination combined with 3× 5 Gy and (c) single-dose vaccination combined with 5× 5 Gy. (B) Tumor growth delay in the B16F10 (left) and the CT26 (right) tumor model. The legend applies to both graphs. (C) Tumor growth over time in the B16F10 (left) and the CT26 tumor model. The legend applies to both graphs. (D) Individual growth curves for each tumor of each treatment (control) group in the B16F10 (top) and the CT26 (bottom) tumor model. Legend: *p < 0.05 versus control group; #p < 0.05 between the annotated treatment groups; CR, complete response; VAC, single-dose vaccination.






3.2 Vaccination regimen selection

To select the most effective vaccination regimen in combination with the selected 5× 5 Gy IR regimen, three vaccination regimens we compared: (a) concomitant single-dose, (b) concomitant multi-dose and (c) pre-IR multi-dose vaccination (Figure 2A). In the B16F10 tumor model, no differences between concomitant single- and multi-dose vaccination were observed, although a trend of a greater antitumor efficacy after single-dose vaccination concomitant with IR was observed (Figure 2). However, in the CT26 tumor model concomitant multi-dose vaccination and IR led to twice the amount of CR (66% versus 33%) and a statistically significant greater antitumor efficacy than IR alone (Figure 2B; Supplementary Figure 1), although individual tumor growth curves did not differ significantly at different time points. In both tumor models, the pre-IR multi-dose vaccination was the least effective (Figure 2). Since there was no additional benefit, neither in GD nor CR (Figure 2), of increasing the amount of vaccination doses in the B16F10 tumor model, we selected the simpler of the two most effective vaccination regimens for further studies, i.e. concomitant single-dose vaccination. In the CT26 tumor model, only concomitant multiple vaccination doses significantly contributed to IR alone and resulted in a greater amount of CR compared to IR alone (Figure 2; Supplementary Figure 1); thus, the concomitant multiple-dose vaccination regimen was chosen for further studies.





Figure 2 | Vaccination regimen selection. (A) Treatment timelines: (a) concomitant single-dose vaccination combined with IR, (b) concomitant multi-dose vaccination combined with IR and (c) pre-IR vaccination combined with IR. (B) Tumor growth delay in the B16F10 (left) and the CT26 (right) tumor model. The legend applies to both graphs. (C) Tumor growth over time in the B16F10 (left) and in the CT26 (right) tumor model. The legend applies to both graphs. (D) Individual growth curves for each tumor of each treatment (control) group in the B16F10 (top) and the CT26 (bottom) tumor model. Legend: *p < 0.05 versus control group; #p < 0.05 between the annotated treatment groups; CR, complete response; VAC, single-dose vaccination; IR, selected 5× 5 Gy IR regimen.






3.3 Local immune response at the vaccination site and in the irradiated tumor

To determine the local immune response to the selected combinatorial treatment, the infiltration of macrophages (CD68+ cells), effector lymphocytes (GrB+ cells), such as effector T and NK cells, and Treg (FoxP3+ cells) present at the site of vaccination and in tumors was determined on day 6.

In the B16F10 tumor-bearing mice, the highest infiltration of all above mentioned immune cells at the site of vaccination was detected after vaccination alone and after combinatorial treatment, while in tumors the highest infiltration of immune cells was observed after the combinatorial treatment (Figure 3A; Table 1). Similarly, in the CT26 tumor-bearing mice, the highest infiltration of macrophages at the site of vaccination was detected after vaccination alone and combinatorial treatment, while in tumors the highest infiltration of macrophages was after combinatorial treatment that was significantly different compared to the control and IR alone (Figure 3B; Table 1). Interestingly, no changes in infiltration of effector lymphocytes were observed at the site of vaccination, while in tumors the highest infiltration of effector lymphocytes was after IR alone. Lastly, a trend of increased infiltration of Treg cells was observed after combinatorial treatment at the site of vaccination, while in tumors the highest infiltration of Treg cells was determined after IR alone. Although, the infiltration of Tregs in tumors after combinatorial treatment was significantly higher than after control treatment it was also significantly lower than after IR alone.




Figure 3 | Histological analysis of skin at the site of vaccination and tumors on day 6. (A) Immune cell infiltration in the skin at the site of vaccination and in B16F10 tumors. Representative images of the control (untreated mice) and the combinatorial treatment (VAC + 5× 5 Gy) groups are shown underneath the graphs. (B) Immune cell infiltration in the skin at the site of vaccination and in CT26 tumors. Representative images of the control (untreated mice) and the combinatorial treatment (VAC + 5× 5 Gy) groups are shown underneath the graphs. Legend: the black arrows in the images indicate examples of cells positive for CD68, GrB or FoxP3 markers; the scale bar for all images is shown in the lower left corner image: 100 µm; *p < 0.05 versus the control group; #p < 0.05 between the annotated treatment groups: VAC, selected concomitant single- and multi-dose vaccinations for B16F10 and CT26 tumor models, respectively; IR, selected 5× 5 Gy IR regimen.




Table 1 | The amount of immune cells at the vaccination site and in tumor in both tumor models.





3.4 Tumor specific immune response in draining lymph nodes

To determine the systemic immune response to the selected combinatorial treatment, tumor-specific GrB+/IFNγ+ immune cells present in the draining lymph nodes were analyzed on day 6. In B16F10 tumor-bearing mice the highest amount of tumor specific GrB+/IFNγ+ immune cells was determined in mice receiving combinatorial treatment, while in CT26 tumor-bearing mice, no significant changes were observed in the amount of tumor specific GrB+/IFNγ+ immune cells regardless of the administered therapy (Figure 4). It is worth mentioning that the inherent amount of tumor specific GrB+/IFNγ+ immune cells in lymph nodes of CT26 tumor bearing mice was significantly higher (987.17 ± 83.88) than in lymph nodes of B16F10 tumor bearing mice model (58.33 ± 28.19) as evident from the representative image of the stimulated control FluoroSpot wells (Figure 4).




Figure 4 | FluoroSpot analysis of tumor specific GrB+/ IFNγ+ immune cells from lymph nodes on day 6. The amount of tumor specific GrB+/ IFNγ+ immune cells from lymph nodes of both tumor-type bearing mice. Representative images of FluoroSpot wells for both tumor models is shown on the right side of the graph. The orange/yellow spots represent double positive immune cells. Legend: fold-change relative to the absolute number of stimulated tumor specific GrB+/ IFNγ+ immune cells of the control group; *p < 0.05 versus the control group; #p < 0.05 between the annotated treatment groups: VAC = selected concomitant single- and multi-dose vaccinations for B16F10 and CT26 tumor models, respectively; IR = selected 5 × 5 Gy IR regimen.






4 Discussion

Multimodal treatment approaches, such as radio-immunotherapy, necessitate regimen optimization and the investigation of the interactions between different modalities. The aim of this study was to select the most effective combination of IR and the previously developed tumor cell-based vaccine (13) and then to provide insight into the immune response to the selected combinatorial treatment.

Our study showed an interdependence of our previously developed vaccine (13) and local tumor IR. By comparing different IR and vaccination regimens, we observed a significant benefit of the final selected combinatorial treatment, which differed based on the tumor model. Namely, the final selected combinatorial treatment was 5× 5 Gy with concomitant single-dose vaccination for B16F10 tumor model and 5× 5 Gy with concomitant multi-dose vaccination for the CT26 tumor model. In this study, we first compared different fractionated IR regimens with a dose of 5 Gy that falls into the reported immunostimulating range of IR doses (4, 6, 31–35). When considering the contribution of vaccination to IR, the effect of vaccination appeared greater when combined with a higher number of IR fractions than with single dose IR. This was statistically significant in the B16 F10 tumor model, where the difference in GD between 5 Gy + VAC and 5 Gy was 1.3 days while the difference in GD between 5× 5 Gy + VAC and 5× 5 Gy was 5 days. This finding coincides with studies that have found IR dose-dependent increase in not only the tumor control but also in the immune response (4, 34, 35). Golden et al. observed a dose-dependent increase in IR-induced immunogenic cell death, which elicits an immune response (4). IR also increases tumor antigen exposure (6, 31, 32). Therefore, it is possible that with increasing number of fractions of 5 Gy, we exposed an increasing amount of tumor cells as targets for the immune response elicited by single-dose vaccination.

During vaccine development we observed that CT26 cells were intrinsically more radioresistant than B16F10 cells in vitro due to the higher IR dose needed for vaccine preparation (13). However, we observed the opposite in vivo, where the CT26 tumor model was more radiosensitive than the B16F10 tumor model, i.e. 10 days of tumor GD and 17% CR in the CT26 tumor model versus 2 days and 0% CR in the B16F10 tumor model after single 5 Gy irradiation. Therefore, the difference in the intrinsic tumor immunogenicity (25, 26) may also affect the response to the combinatorial treatment as indicated by the greater efficacy of IR alone in the CT26 tumor model compared to the B16F10 tumor model. This resulted in a seemingly ‘lesser’ contribution of vaccination to the final antitumor efficacy in the CT26 tumor model. It has been shown that in the more immunogenic CT26 tumor models ablative therapies have a greater efficacy than in the less immunogenic tumor model B16F10, while the opposite can be said for the contribution of immunotherapy (20).

After comparing different irradiation regimens, we also compared different vaccination regimens. Qiu et al. showed that the immune response is dependent on the number of vaccination doses (36). Three applications of a vaccine resulted in the highest antitumor immune response in the murine lung cancer TC-1 tumor model, while five applications resulted in an immunosuppressive tumor environment (36). In our study, increased benefit of concomitant multiple-dose vaccination was observed only in the CT26 tumor model, while in the B16F10 tumor model, it resulted in comparable antitumor efficacy to concomitant single-dose vaccination. We believe that the observed plateau in the response to vaccination in B16F10 tumor model is due to the limited tumor antigen variety (mutational burden) and exposure (low MHC expression) compared to the CT26 tumor model (25, 26, 37).

Contrary to our expectations and literature, the pre-IR multiple-dose vaccination did not contribute to the antitumor effectiveness of IR in either tumor model. Several studies showed neoadjuvant vaccination, such as IL-2 or dendritic cell infusions, increased antitumor effectiveness of IR and resulted in an increased immune response in murine melanoma B78 tumor model or patients with soft tissue sarcoma (38, 39). Neoadjuvant vaccination with a recombinant Modified Vaccinia Ankara expressing Influenza HA antigen also resulted in increased survival after surgical removal of murine mesothelioma AB1 tumors (40). On the other hand, we observed that vaccination alone or pre-IR multi-dose vaccination in combination with IR were inefficient. This indicates that tumor IR is necessary for the developed vaccine to work. The argument for concomitant vaccination and IR may be three-fold: (1) IR leads to increased tumor antigen presentation (6, 31, 32), (2) it enhances cell stress signals (4, 33, 34), and (3) it delays tumor growth, thus sensitizing the tumor to concomitant vaccination and allowing time for immune response formation.

By investigating immune cell populations in tumors, vaccination sites, and lymph nodes, we further confirmed the necessity of tumor irradiation for the vaccination effects to be apparent in both tumor models. The increase in the infiltration of macrophages at the vaccination site and in tumors was expected due to the non-viable tumor cells present in the vaccine, IL-12 GET, and IR-induced tumor damage (41, 42). Although macrophages have a duplicitous nature (43, 44), we observed the highest infiltration of macrophages in tumors of both tumor models after the most effective combinatorial treatment. This indicates that vaccination successfully elicited the antigen presenting function of macrophages (41). Additionally, doses in the range of 1-10 Gy were found to increase differentiation into proinflammatory macrophages (42, 45, 46). Therefore, tumor IR may have further enhanced the beneficial macrophage response rather than the detrimental anti-inflammatory one (42–46).

Unlike macrophages, effector lymphocytes and Treg cells are generally associated with a positive or negative prognosis, respectively (44). Studies have shown that both vaccination alone and IR alone lead to increased tumor infiltration of both immune cell types (32, 47–49). Concordantly, we observed the highest amount of both immune cell types at the vaccination site and in tumors as well as tumor-specific effector lymphocytes in lymph nodes after combinatorial treatment in the B16F10 tumor model. Because the less immunogenic B16F10 tumor model has a low antigen variety and presentation (25, 26), our vaccine containing most if not all antigens allows for increased antigen presentation through phagocytic immune cells such as macrophages. However, the main tumor site remains ‘hidden’ from the immune system. Thus, we believe that tumor IR, which increases antigen presentation (6, 31, 32), is necessary for the vaccination-induced immune response to spread into the tumor. Additionally, the increased Treg infiltration may have occurred as the side effect of stimulating the immune system. This may lead to immunosuppression; therefore, it might be beneficial to combine this therapy with immune checkpoint inhibitors. On the other hand, the combinatorial treatment was more effective than IR alone despite the increased Treg infiltration, this may suggest that the Treg cells were nonfunctional (50); however, further studies are needed to determine the mechanism behind this immune response.

Unexpectedly, IR alone led to the highest infiltration of both effector lymphocytes, such as effector T and NK cells, and Treg cells in the more immunogenic CT26 tumor model. However, combinatorial treatment led to a significantly lower infiltration of Treg cells in tumors than IR alone. Thus, IR alone may have led to IR-induced immunosuppression (14, 51) in the CT26 tumor model, whereas vaccination potentially reduced it. Namely, our vaccine comprises most CT26 tumor model antigens as well as IL-12 GET (13, 17), which may lead to boosted antigen presentation to lymphocytes. Furthermore, the reduction of immunosuppression by the combinatorial treatment could enable the intrinsically high amount of tumor-specific effector lymphocytes in lymph nodes to elicit the observed antitumor efficacy.

Some advantages of this study are the systematic selection of the combinatorial treatment and the comparison of its therapeutic effect in immunologically different tumor models. These two well-characterized tumor models were used to mimic the expected diversity of the developed tumor cell-based vaccine. Furthermore, this study introduces a novel radio-immunotherapeutic approach, whereby the immunotherapy is a therapeutic vaccine comprising an array of intrinsic tumor antigens combined with a safe non-viral gene therapy to deliver the vaccine adjuvant. The study also has potential limitations. Due to the aggressive nature (fast growth, prone to ulceration) of the B16F10 tumor model, the immune response after 6 days could not be analyzed for this tumor model. Therefore, the comparison between the two immunologically different tumor models could not be performed at later time points. Additionally, this study compares only two tumor models as the vaccine has not yet been developed and tested in other tumor models with different immune profiles to further confirm the tumor immunogenicity-dependent therapeutic response.

In conclusion, the tumor cell-based vaccine using IL-12 GET as an immunological adjuvant is a new and viable immunotherapeutic approach in combination with IR that still needs refinement for translation into the clinic. Nevertheless, this study demonstrates that our developed vaccine can elicit an immune response distantly from the IR tumor, contributing to the response of tumor IR. This interaction was multifaceted and more expressed in less immunogenic B16F10 than more immunogenic CT26 tumor. Therefore, biomarkers to determine tumor immunogenicity and consequently the response to the combinatorial treatment are needed. Further studies into these interactions would be beneficial when designing future treatment regimens.
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The high rate of ovarian cancer recurrence and chemoresistance necessitates further research into how chemotherapy affects the tumor immune microenvironment (TIME). While studies have shown that immune infiltrate increases following neoadjuvant (NACT) chemotherapy, there lacks a comprehensive understanding of chemotherapy-induced effects on immunotranscriptomics and cancer-related pathways and their relationship with immune infiltrate and patient responses. In this study, we performed NanoString nCounter® PanCancer IO360 analysis of 31 high grade serous ovarian cancer (HGSOC) patients with matched pre-treatment biopsy and post-NACT tumor. We observed increases in pro-tumorigenic and immunoregulatory pathways and immune infiltrate following NACT, with striking increases in a cohort of genes centered on the transcription factors ATF3 and EGR1. Using quantitative PCR, we analyzed several of the top upregulated genes in HGSOC cell lines, noting that two of them, ATF3 and AREG, were consistently upregulated with chemotherapy exposure and significantly increased in platinum resistant cells compared to their sensitive counterparts. Furthermore, we observed that pre-NACT immune infiltrate and pathway scores were not strikingly related to platinum free interval (PFI), but post-NACT immune infiltrate, pathway scores, and gene expression were. Finally, we found that higher levels of a cohort of proliferative and DNA damage-related genes was related to shorter PFI. This study underscores the complex alterations in the ovarian TIME following chemotherapy exposure and begins to untangle how immunologic factors are involved in mediating chemotherapy response, which will allow for the future development of novel immunologic therapies to combat chemoresistance.
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Introduction

Ovarian cancer accounts for more deaths compared to any other female reproductive cancer, with 19,880 new cases and 12,810 deaths in 2022 in the United States alone (1). The high lethality of this malignancy is attributed to the fact that patients are frequently diagnosed at an advanced stage, and that patients often experience a recurrence within 12-18 months following an initial successful frontline chemotherapeutic regimen (2). Furthermore, while many other cancer subtypes have benefited from the advances made in immunotherapy research within the last decade, the majority of ovarian cancer patients have exhibited low response rates to currently studied immunotherapies (3). Nevertheless, it has been extensively reported that ovarian tumors demonstrate anti-tumor immune responses and that cytotoxic CD8+ T cells correlate with improved survival (4–9). Therefore, it is well established that the induction of a robust anti-tumor immune response is favorable to ovarian cancer prognosis.

In addition to intratumoral T cells, recent studies have shown that immune-related gene expression profiles serve as predictive markers of response to chemotherapy and clinical outcomes in solid tumors, including ovarian cancer. Our previous work uncovered a multi-dimensional immune signature that identified patients with a long progression free survival (PFS), and specifically found that higher mRNA levels for the T cell co-receptors ICOS and LAG-3 in naïve to treatment tumors were predictive of improved patient outcomes (10). Furthermore, a plethora of studies have employed computational analysis of tumors with publicly available gene expression data to better understand the relationship between tumor immune features and prognosis (11–15). Taken together, these studies clearly demonstrate that immune-related genes and cell subsets possess prognostic capabilities in ovarian cancer.

A handful of studies have begun to characterize the effect of chemotherapy exposure on the tumor immune microenvironment (TIME) in ovarian cancer, however these investigations have centered largely upon specific immune cell population changes examined by immunohistochemistry, with many groups reporting an increase in tumor infiltrating lymphocytes (TILs) following neoadjuvant chemotherapy (NACT) (16–24). Furthermore, a recent study by Lodewijk et al. employed immunogenomic sequencing in pre- and post-NACT ovarian tumors to determine how molecular heterogeneity and homologous recombination defects relate to immune infiltration and patient outcomes (17). While these studies are an important first step in defining how the landscape of the TIME is altered following NACT in ovarian cancer, underlying mechanisms driving immune signaling within the tumor and how chemotherapy-induced immunologic changes contribute to detrimental tumor adaptations and chemoresistance and recurrence remains poorly understood. In this current study we sought to gain an in-depth understanding of tumor immune signaling, immunotranscriptomic, and immune infiltrate changes in response to NACT in high grade serous ovarian cancer (HGSOC), and determine how these responses relate to platinum free interval (PFI), with the ultimate goal of revealing novel targetable immune-based genes and signaling networks following frontline chemotherapy.



Methods


Patient samples

A total of 31 HGSOC patients were included in this retrospective study. Patients were selected based on pathology and clinical diagnosis of HGSOC, which by definition refers to patients with serous pathology with grade 3 disease or greater. In order to target our investigation further, we focused only on stage III and IV disease, since HGSOC is most frequently diagnosed at a late stage. Matched formalin-fixed, paraffin-embedded (FFPE) tumor tissues from treatment naive biopsies and interval debulking surgery following exposure to NACT were obtained from each patient, with associated clinical information, for a total of 62 samples. All experiments were performed in accordance with the relevant guidelines and regulations of the Women and Infants Hospital Institutional Review Board committee. All patients received frontline carboplatin and paclitaxel, although some patients received additional therapies. Treatment regimens, along with complete patient clinical information is listed in Table 1.


Table 1 | Patient clinical characteristics.





RNA isolation and NanoString nCounter® PanCancer IO360

Pre-treatment and post-treatment cases were reviewed to select an optimal FFPE tissue block for each case. An optimal pre-treatment block contained maximum tumor cellularity (minimum of 20%) with no lymph node tissue present. An optimal post-treatment block contained maximum tumor cellularity (minimum of 20%) with no lymph node tissue present, and with evidence of a lymphocytic response. For each block, ten unstained sections of 4-5 µm thickness were cut and placed on Avantix uncharged slides. An eleventh slide was cut at 4-5 µm, stained with hematoxylin and eosin, cover-slipped and reviewed to confirm the appropriate tissue was still present. FFPE sections were scraped into tubes for RNA isolation using an RNeasy FFPE Kit (Qiagen, 73504) according to manufacturer’s instructions. RNA concentration and quality were measured by NanoDrop and 50 ng RNA was used for analysis with the nCounter PanCancer IO 360™ Panel (NanoString, XT-CSO-HIO360-12). The reporter code set and capture probe set tubes were removed from -80°C and thawed on ice prior to mixing by tapping and pulse centrifugation. 70 µl hybridization buffer was added to the tube containing the reporter probe set and mixed by tapping, followed by pulse centrifugation. 8 µl of the diluted reporter probe was added to a PCR tube. Each RNA sample was diluted in water to 25 ng/µl and 2 µl RNA was mixed with 3 µl water to 5 µl final volume for 50 ng total input per sample. 5 µl RNA sample was added to each tube containing the reporter probe set and mixed by tapping, followed by pulse centrifugation. 2 µl capture probe set was added to each tube, mixed by tapping, and the sample was collected by pulse centrifugation and then immediately placed in a pre-heated PCR machine, with the lid set to 70°C and the block set to 65°C. The hybridization was performed for 18 h at 65°C. Samples were cooled to 4°C and any condensation was collected by pulse centrifugation. Each sample was diluted with 18 µl hybridization buffer. An nCounter Sprint cartridge was calibrated to room temperature for 15 min prior to injection of 33 µl of each sample into one of the 12 injection ports of the cartridge, followed by the introduction of an air seal. The sample injection cartridge was sealed with provided tape and the reagent supply ports were unsealed prior to loading on the nCounter Sprint profiler. The analysis run was started immediately after loading. The resulting data file in RCC format was used for data analysis. RCC files were deposited in NCBI’s Gene Expression Omnibus (GEO) (25) and are accessible through GEO Series accession number GSE201600 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201600).



Cell culture

PEA1/PEA2 and PEO1/PEO4 cells were obtained from Millipore Sigma and cultured in RPMI 1640 supplemented with 2 mM Glutamine, 2 mM Sodium Pyruvate, and 10% Fetal Bovine Serum (FBS). OVCAR4 cells were also purchased from Millipore Sigma and cultured in RPMI 1640 supplemented with 2 mM Glutamine, 0.25 U/ml Insulin (Millipore Sigma, 407709), and 10% FBS. OVCAR8 cells were originally purchased from American Type Culture Collection (ATCC) and cultured in DMEM with 10% FBS. OV90 cells were obtained from ATCC and cultured in a 1:1 mixture of MCDB 105 medium containing a final concentration of 1.5 g/L sodium bicarbonate and Medium 199 containing a final concentration of 2.2 g/L sodium bicarbonate, supplemented with 15% FBS. All cells were cultured in 1% penicillin/streptomycin and kept in a 37 °C/5% CO2 humidified chamber. All cell lines were treated with 100 µM carboplatin (Santa Cruz Biotechnology, CAS 4157.5-94-4) and 10 nM paclitaxel (NIH Developmental Therapeutics Drug Cancer Panel) in combination, with control cells treated with DMSO (Sigma Aldrich, D54879) for 48 h. For chemotherapy treated cells, cells were spun down in order to retain detached and detaching cells.



RNA isolation and quantitative PCR

RNA was isolated using Trizol extraction/LiCl high salt precipitation. Total RNA (500 ng) was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, 1708890) according the manufacturer’s protocol. All quantitative PCR was performed in triplicate by loading 1 μl of cDNA reaction, 5 μM primers, 10 μl of SYBR Green (New England Biolabs, M3003E), and 5 μl of RNAse-free water to each well. For validated BioRad primers a final 1X concentration was used with 10 μl of SYBR green (New England Biolabs, M3003E), and 8 μl of RNAse-free water added to each well. All samples were run on an ABI 7500 Fast-Real Time PCR System, and data was analyzed using the ΔΔ Ct method, with relative expression levels normalized to 18s rRNA. Validated primers were purchased from realtimeprimers.com (ATF3, NFATC2, DUSP1) or Bio-Rad (AREG, SGK1). Custom primer sequences (Invitrogen) are as follows:

18S rRNA—F-CCGCGGTTCTATTTTGTTGG

18S rRNA—R-GGCGCTCCCTCTTAATCATG



Fluorescent immunohistochemistry

FFPE human ovarian cancer tissue slides were baked for 2 hours at 65°C. Slides were then washed in SafeClear xylene substitute, 100, 95, 70% ethanol, deoxygenated water, and FTA Hemagglutination Buffer. Antigen retrieval was performed using Antigen Retrieval Solution (1X) (Vector Laboratories, H-3300) and heated to 95°C for 20 min. Slides were then blocked with 5% horse serum in FTA Hemagglutination buffer and incubated overnight in primary antibody diluted in FTA buffer with 5% horse serum at 4°C. Anti-rabbit IgG Dylight 488 secondary antibody (Vector Laboratories, DI-488, 1:1000) was then applied to slides followed by incubation in the dark at room temperature for 1 hour. Slides were washed between each step using FTA Hemagglutination buffer and cover-slipped with DAPI containing mounting medium (Vector Laboratories, H-1200). For HGSOC cell lines, cells were cultured in chamber slides, fixed with 4% paraformaldehyde for 20 min, permeabilized in 0.1% Triton-X for 5 min, blocked in phosphate buffered saline-Tween 20 (PBS-T) with 5% horse serum for 30 min, then incubated overnight with primary antibody in the same blocking solution. Slides were washed the next day with PBS then incubated for 1 h with secondary antibody in PBS-T, washed again, and finally coverslipped with mounting media with DAPI.

Primary antibodies and dilutions used were as follows:

ATF3 (Novus Biologicals, NBP1-85816, [1:50])

AREG (Proteintech, 16036-1-AP, [1:50])

CD8 (Origene, TA802079, [1:50])



Microscopy

Images were obtained from a Zeiss Axio Imager M1 and were acquired using diode lasers 402, 488, and 561. To obtain images for CD8+ cell counting, five randomly selected fields per sample were selected based on DAPI staining and acquired using a 40x objective. For AREG and ATF3, three randomly selected fields per sample were selected based on DAPI staining and acquired using a 20x objective. Each wavelength was acquired separately and an RGB image was created.



Image analysis

Image processing and analysis was performed using Image J. Image analysis was performed on grayscale 8-bit images that were thresholded for specific staining, and mean and maximum intensity, along with integrated optical density was calculated. Representative images were taken using a 40x objective.



cBioPortal

The co-expression feature was utilized from U133 microarray (n=310) data obtained from the Ovarian Cancer, TCGA Firehose Legacy cohort at cBioPortal.org (26, 27).



Kaplan-Meier plotter

The ovarian cancer Kaplan-Meier plotter was accessed at https://kmplot.com/analysis/index.php?p=service&cancer=ovar (28) to determine the association of ATF3 and EGR1 with progression free survival (PFS) in stage III-IV, grade 3 serous ovarian cancer, using upper quartile as a cutoff. The probe sets were selected based on the recommended best probe set defined by Jetset algorithm.



Analysis and statistics

Data was analyzed in nSolver Advanced Analysis Software. Raw data was uploaded to nSolver for automated normalization, background subtraction, and quality control (QC) check. All samples passed QC. Paired pre- and post-NACT samples were used to construct two groups of patient data to which an unpaired t-test was run to generate the data in the volcano plot. By performing the analysis this way the variability seen in patient data is mitigated and more robust data surrounding differentially expressed genes linked to post treatment status can be visualized. Differential expression was determined with p-values and Benjamini-Yekutieli adjusted p-values. Pathway scores are generated in nSolver as a summarization of expression level changes of biologically related groups of genes. Pathway scores are derived from the first Principle Components Analysis (PCA) scores (1st eigenvectors) for each sample based on the individual gene expression levels for all the measured genes within a specific pathway. Expression levels of multiple genes comprise this first PC, with some genes having higher weight applied depending on their contribution to data variability. Cell type profiling scores are generated for immune cell types using expression levels of cell-type specific mRNAs as described in the literature (29). The cell type score itself is calculated as the mean of the log2 expression levels for all the probes included in the final calculation for that specific cell type. An additional level of quality control is by default performed, and markers that do not correlate with other cell type specific markers are discarded from the estimates of abundance. The software also utilizes a resampling technique to generate a significance level for confidence in the individual cell type scores, with lower p-values considered higher confidence. For our analysis, we excluded Tregs, NK cells, and Th1 cells since there was low confidence in the accuracy of those cell type scores.

Pathway scores, cell type scores, and log transformed, normalized mRNA expression data was exported and utilized for further analyses in GraphPad Prism. Significant differences in median pathway and cell type scores between matched pre- and post-NACT samples were determined using 2-tailed Wilcoxon matched-pairs signed rank test. Significant differences in median pathway and cell type scores between ≤12 mo PFI and >12 mo PFI were determined using unpaired Mann Whitney test. The relationship between PFI and cell types, pathways, or gene expression was determined in Prism using Cox proportional hazards regression, with hazard ratios, 95% confidence intervals, and p-values reported. Pearson r-values with 2-tailed p-values were also generated in GraphPad Prism. Pathway and cell type scores do not indicate abundance of one cell type/pathway relative to another, but changes in scores between comparison groups can be relatively compared.




Results


Patient clinical characteristics

Thirty-one HGSOC patients were analyzed in this study, with matched tissue pre- and post-NACT. All patients received frontline therapy with carboplatin and paclitaxel in the neoadjuvant setting, and some patients received additional therapies or were enrolled in clinical trials. Twenty-seven patients had recurred at time of analysis (4 non-recurrent), and 17 patients were deceased (14 living), with at least 12 months follow-up time (Table 1).



Analysis of immunoregulatory gene expression responses to NACT in HGSOC patient tissue

In order to determine immunologic changes resulting from NACT exposure, we performed NanoString PanCancer IO360 analysis on patient samples pre- and post-NACT. DUSP1, EGR1, ATF3, SGK1, NFATC2, NFIL3, DUSP5, CDKN1A, CCL4, and CCL3/L1 are among the top upregulated differentially expressed genes (DEGs) post-NACT relative to pre-NACT, while CEP55, TPI1, HMGA1, RRM2, ANLN, CENPF, MK167, HELLS, H2AFX, and TNFSF12 are among the top downregulated DEGs post-NACT relative to pre-NACT (Figures 1A, B; Supplementary Tables 1, 2). Furthermore, we examined NanoString pathway changes following NACT, finding significant decreases in “Cell Proliferation”, “DNA Damage Repair”, and “Epigenetics”, and significant increases in all other pathways except for “Cytotoxicity” and “Interferon Signaling” (Figure 1C; Supplementary Table 3).




Figure 1 | Chemotherapy promotes anti-proliferative and immunostimulatory responses but also upregulates genes that may impede the efficacy of chemotherapy. (A) Volcano plot illustrating differential expression of genes post-NACT relative to pre-NACT exposure in matched HGSOC tumor samples, measured by NanoString Human PanCancer IO360. Genes in red indicate Benjamini-Yekutieli (BY) adjusted p-value <0.05. (B) Top 40 differentially expressed genes post-NACT relative to pre-NACT, with Benjamini-Yekutieli adjusted p-value shown to the right. Heat map represents log2 fold-change. (C) NanoString pathway scores pre-NACT versus post-NACT, with symbols representing median scores. Significance was determined by 2-tailed Wilcoxon matched-pairs signed rank test. **p<0.005; ***p<0.0005; ****p<5e-5; #p<5e-6; ##p<5e-7; ns = not significant.



We next examined gene changes associated with these individual pathways, which we grouped into three categories: 1) Proliferation and Stress Response (Figure 2A); 2) Pro-tumorigenic Signaling Pathways (Figure 2B); and 3) Immunoregulatory Pathways (Figure 2C). Pathways with fewer gene changes can be seen in Supplementary Figure 1. Each of these pathways displayed some overlap with other pathways. Of note, CDKN1A gene, which codes for the tumor suppressor protein p21, was the top upregulated gene in the “Cell Proliferation” pathway, while most other proliferation related genes were downregulated. In addition, mitogen-activated protein kinase (MAPK) signaling genes such as DUSP1/2/5, and KIT were strongly upregulated, as were Phosphoinositide 3-kinase (PI3K) signaling genes SGK1 and IL6. Finally, in the Immunoregulatory Pathways category, robust increases were observed in cytokines such as CCL4, CCL3L1, and IL8, as well as transcription factors ATF3 and EGR1.




Figure 2 | Chemotherapy downregulates proliferation and enhances immunoregulatory pathways while also upregulating pro-tumorigenic pathways. (A) Genes involved in proliferation and DNA damage repair pathways are generally reduced while genes involved in metabolic stress and apoptosis are generally increased following NACT. (B) Genes involved in pro-tumorigenic pathways such as PI3K, MAPK, JAK-STAT, NFκB, and Wnt are increased following NACT. (C) Genes involved in immunoregulatory pathways including cytokine and chemokine signaling, costimulatory signaling, antigen presentation, and immune cell migration and adhesion, as well as lymphoid and myeloid compartment genes, are generally increased following NACT. Heat map represents log2 fold-change of the indicated genes, with Benjamini-Yekutieli (BY) p-value listed adjacent. The heat map scale bar refers to all plots in figure.



These findings suggest that chemotherapy may introduce changes that have both immunostimulatory and immunosuppressive effects. Our data demonstrate that chemotherapy regulates genes and pathways important for mediating its cytotoxic effects, such as through regulation of proliferation and DNA damage, but also demonstrates upregulation of genes and pathways that may impede its efficacy or contribute to the development of chemoresistance, such as through regulation of pro-tumorigenic pathways. In addition, we observed that two of the top regulated genes are EGR1 and ATF3, which are both master regulating transcription factors that may play a key role in mediating many chemotherapy-induced effects. Interestingly, while both EGR1 and ATF3 are well studied as stress-responsive transcription factors, ATF3 emerged as a gene of interest since it is a master transcription factor that regulates immunity and inflammation, but little is known about its role in ovarian cancer.



In vitro validation of chemotherapy-induced changes observed in human tumors

We examined a subset of top DEGs (ATF3, AREG, DUSP1, SGK1, and NFATC2) using HGSOC cell lines treated with carboplatin and paclitaxel chemotherapy for 48 h (Figure 3). Cell lines examined included the matched platinum-sensitive/resistant pairs PEA1/PEA2 and PEO1/PEO4, as well as OVCAR8, OVCAR4, and OV90 cells. Quantitative PCR revealed consistent increases in ATF3 and AREG mRNA levels with chemotherapy exposure in all cell lines, except OV90 cells for AREG. Moreover, PEA2 chemoresistant cells displayed significantly higher ATF3 and AREG levels than their chemosensitive counterpart PEA1. DUSP1 and SGK1 also displayed increases with chemotherapy exposure in certain cell lines, although these genes were less consistent than ATF3 and AREG. Finally, NFATC2 levels were relatively low in all cell lines except OV90, and the increase in NFATC2 levels observed in human tumors with chemotherapy exposure was not observed in cell lines, which is consistent with its role as a T cell transcription factor.




Figure 3 | Chemotherapy-induced changes observed in human tumors are also evident in HGSOC cell lines and are associated with the chemoresistant phenotype. ATF3, AREG, DUSP1, SGK1, and NFATC2 gene expression in (A) matched platinum-sensitive/resistant PEA1/PEA2 and cells, (B) matched platinum-sensitive/resistant PEO1/PEO4 cells, (C) OVCAR8 cells, (D) OVCAR4 cells, and (E) OV90 cells treated with 100 μM carboplatin and 10 nM paclitaxel for 48 h, measured by qPCR. Significance was determined by 1-tailed, unpaired student t test. *p<0.05; **p<0.005; ***p<0.0005; #p<5e-6; ns=not significant.





ATF3 and AREG protein levels following NACT exposure

We next validated the increase in ATF3 and AREG genes at the protein level using fluorescent immunohistochemistry (IHC) in a subset of patients from our NanoString cohort. Interestingly, we observed a robust increase in cytoplasmic and nuclear ATF3 in patients’ post-NACT, which was highly regional in occurrence (Figure 4A). Mean and maximum ATF3 intensity were significantly increased with NACT exposure (Figures 4B, C). Maximum ATF3 intensity was furthermore significantly correlated to NanoString mRNA levels for each patient, indicating the robustness of the NanoString data (r = 0.49, p = 0.002)(Figure 4D). The regional occurrence of ATF3 upregulation strongly suggests a highly heterogeneous chemotherapy response, which should be further examined using spatial profiling approaches to understand the localized responses and correlates of chemotherapy response. To further query the unexpected cytoplasmic staining observed, we performed fluorescent IHC in PEA1 and PEA2 HGSOC cell lines. In PEA1 cells, we observed the expected nuclear localization of ATF3, indicating the specificity of the antibody. However, in PEA2 cells, we observed more strong cytoplasmic expression, indicating that ATF3 can be found in the cytoplasm in addition to the nucleus, although the significance of this finding is not yet known (Supplementary Figure 2).




Figure 4 | ATF3 protein displays distinct regional nuclear and cytoplasmic upregulation in human HGSOC tissue post-NACT. (A) Representative IHC images of ATF3 protein in three different patients pre-NACT and post-NACT. ATF3 = green; DAPI (nuclear) = blue. 2° alone = secondary antibody control. (B) Quantification of ATF3 maximum intensity pre-NACT and post-NACT. (C) Quantification of ATF3 mean intensity pre-NACT and post-NACT. Significance was calculated using 1-tailed, unpaired student t test (n=20 patients). ***p<0.0005; ****p<5e-5 (D) Pearson correlation of ATF3 maximum intensity levels with NanoString RNA values.



We also validated the increase in AREG gene expression with NACT exposure at the protein level using IHC. AREG integrated optical density (IOD) was significantly increased following NACT, however this appeared less robust than for ATF3 (Figures 5A, B). AREG mRNA levels and AREG IOD were also significantly correlated, although the correlation was weaker and did not reach the level of significance, with an r-value of 0.2805 (p = 0.09) , which could be due to the fact that it is a secreted protein (Figure 5C), which could be due to the fact that it is a secreted protein.




Figure 5 | Intratumoral AREG is increased post-NACT. (A) Representative IHC images of AREG protein pre-NACT and post-NACT. AREG = green; DAPI (nuclear) = blue. 2° alone = secondary antibody control. (B) Quantification of AREG integrated optical density pre-NACT and post-NACT. Significance was calculated using 1-tailed, unpaired student t test (n=20 patients). *p<0.05. (C) Pearson correlation of ATF3 maximum intensity levels with NanoString RNA values.





The cancer genome atlas and Kaplan-Meier analysis of ATF3 and EGR1

We next went on to examine ATF3 in the context of other top DEGs. We utilized The Cancer Genome Atlas (TCGA) Firehose Legacy ovarian cancer cohort to determine which genes ATF3 is correlated with in a large HGSOC cohort. Interestingly, many of the top ATF3 correlated genes in TCGA were among the top upregulated genes following NACT in our cohort of human HGSOC, suggesting that ATF3 is coregulated with these genes or plays a critical role in their transcriptional regulation. These genes included DUSP1, EGR1, SGK1, CDKN1A, NFIL3, AREG, DUSP2, DUSP5, CXCL2, IL6, and THBD (Figure 6A). Nonetheless, despite their strong correlations and concordant upregulation with NACT, it is important to note their potential differing functions, even among the two top upregulated transcription factors, ATF3 and EGR1. As a point of comparison, we observed the relationship of gene expression levels of these two transcription factors with patient PFS using Gene Expression Omnibus (GEO) Series (GSE) and TCGA ovarian cancer data in the KMplotter (28). While ATF3 was significantly associated with worse PFS in naïve to treatment HGSOC tumors, EGR1 had no relationship with PFS (Figure 6B). While the role of these transcription factors in a stress-inducible state likely differs from their role in untreated tumors, this result demonstrates that NACT-induced ATF3 and EGR1 may also have very different, unique roles within the tumor microenvironment in a post-NACT setting as well.




Figure 6 | Top differentially expressed genes are associated with each other in The Cancer Genome Atlas (TCGA) but have differential relationships with patient progression free survival (PFS). (A) Pearson correlation between ATF3 and DUSP1, EGR1, SGK1, CDKN1A, NFIL3, AREG, DUSP2, DUSP5, CXCL2, IL6, and THBD in cBioPortal TCGA Firehose Legacy ovarian cancer dataset (microarray U133 data, n=310). (B) Kaplan-Meier curves for ATF3 and EGR1 and PFS in Stage III-IV, grade 3 HGSOC, using top quartile cutoff (all datasets at kmplot.com).





Analysis of immune cell infiltration responses to NACT in HGSOC patient tissue

Next, we went on to examine immune cell infiltration changes with NACT exposure. NanoString cell type scores for all immune cell types were significantly increased following NACT, except for natural killer (NK) CD56dim cells (Figure 7A, Supplementary Table 4). An examination of individual patient scores pre- and post-NACT also revealed increases for all immune cell subsets in most patients (Figure 7B). A correlation analysis of top DEGs with immune cell scores revealed that the cytokines CCL4 and CCL3L1 were strongly and significantly correlated with cytotoxic cells, CD8+ cells, exhausted CD8+ cells, macrophages, and mast cells, suggesting that these cytokines may be key mediators of immune cell infiltration post-NACT (Figure 7C). Finally, we validated increases in CD8+ T cells by fluorescent IHC and found significant increases in CD8+ T cell counts post-NACT (Figures 7D, E). We also noted a strong positive correlation between CD8+ T cell counts by IHC and NanoString CD8 cell type scores (Figure 7F). In sum, there is a net increase in immune cell infiltration with chemotherapy, as others have previously reported, and CCL3L1 and CCL4 could play a role in this immune cell recruitment.




Figure 7 | Immune cell infiltration increases post-NACT. (A) NanoString immune cell score changes pre- and post-NACT. Red line illustrates median. Scores do not indicate abundance of one cell type relative to another. Significance determined using 2-tailed Wilcoxon matched-pairs signed rank test. **p<0.005; ***p<0.0005; ns, not significant. DC, dendritic cells. (B) Individual patient changes of immune cell populations. (C) Pearson correlation of top differentially expressed genes post- vs. pre- NACT with immune cell population scores. *p<0.05; **p<0.005; ***p<0.0005; ****p<5e-5. (D) Representative image of IHC showing CD8+ T cells pre- and post-NACT. CD8 = red; DAPI (nuclear) = blue. Arrows indicate CD8+ cells. 2° alone = secondary antibody control. (E) Quantification of CD8+ T cell numbers pre- and post-NACT. Significance was calculated using 1-tailed, unpaired student t test (n=20 patients). **p<0.005. (F) Pearson correlation of CD8+ T cell counts with NanoString RNA values.





Association of immune cell infiltrate and pathway scores with platinum free interval

Next, we performed Cox proportional hazards regression analysis of immune cell subsets with PFI, using pre- and post-NACT scores. There were no significant results with pre-NACT scores, but there was a significantly lower risk of earlier recurrence in patients with higher levels of post-NACT exhausted CD8+ cells, dendritic cells, and mast cells, while NK CD56dim cells trended toward significance (Figures 8A, B).




Figure 8 | Post-NACT gene expression, pathway, and immune cell changes correlate with platinum free interval (PFI). Forest plot showing Cox proportional hazards regression of pre-NACT immune cell types (A), post-NACT immune cell types (B), pre-NACT pathway scores (C), and post-NACT pathway scores (D) using PFI as the response variable. Log10 hazard ratios are indicated on the x-axis. Bars indicate 95% confidence interval. *p<0.05; **p<0.005.



When examining pre-NACT pathway scores, only the pathway “Cytotoxicity” was significantly related to lower risk of earlier recurrence. In addition, “Interferon Signaling” almost reached significance for lower risk of recurrence. On the other hand, several post-NACT pathways were significantly related to PFI. Higher scores in the categories “Angiogenesis”, “Autophagy”, Hedgehog Signaling”, “Hypoxia”, “JAK-STAT Signaling”, “MAPK Signaling”, “Matrix Remodeling and Metastasis”, “Metabolic Stress”, “Notch Signaling”, “PI3K-Akt Signaling”, “Transforming growth factor-beta (TGF-β) Signaling”, and “Wnt Signaling” were significantly associated with lower risk of recurrence. Conversely, higher scores in the pathways “Cell Proliferation” and “Epigenetic Regulation” were associated with a greater risk of earlier recurrence (Figure 8C).

When we stratified pre- and post-NACT samples by 12-mo PFI, we found no significant differences in median immune cell type scores (Figures 9A, B; Supplementary Figures 3A, B), despite the relationship between PFI and certain immune cell subsets observed in Figure 8B. Only post-NACT mast cells showed a trend toward increased levels in patients with PFI >12 mo (p = 0.07). Likewise, pre-NACT pathway scores were not significantly different between patients with ≤12 mo PFI versus >12 mo PFI (Figure 9C; Supplementary Figure 3C). However, post-NACT pathway scores were significantly different between patients with ≤12 mo and >12 mo PFI, namely for “Angiogenesis”, “Autophagy”, “Cell Proliferation”, “Epigenetic Regulation”, “Metabolic Stress”, “TGF-β Signaling”, and “Wnt Signaling”, which agrees with the results of the Cox proportional hazards regression analysis in Figure 8D (Figure 9D; Supplementary Figure 3D).




Figure 9 | Post-NACT pathway scores are associated with platinum free interval (PFI) greater than 12 months. (A, B) Pre-NACT and post-NACT median cell type scores stratified by ≤12 mo PFI and >12 mo PFI. (C, D) Pre-NACT and post-NACT median pathway scores stratified by ≤12 mo PFI and >12 mo PFI. Significance determined by unpaired Mann-Whitney test. *p<0.05; **p<0.005; ns = not significant. Scores do not indicate abundance of one cell type/pathway relative to another.





Differential expression of genes post-NACT in patients with longer platinum free interval

Finally, we performed differential expression analysis for post-NACT samples stratified by 12-mo PFI (Figures 10A, B; Supplementary Table 5). While this analysis did not reveal any changes that met false discovery rate correction, the genes that were differentially expressed according to p-value < 0.05 revealed a trend toward higher levels of proliferation and DNA damage repair genes in patients with PFI ≤12 mo (UBE2C, CCNE1, CCNB1, BIRC5, CENPF, RRM2, ANLN, MK167, CEP55, RAD51, and FANCA), and lower levels of expression of genes related to adhesion, angiogenesis, and epithelial-to-mesenchymal transition (ANGPT1, ZEB1, ITGA1, SNAI1, FLT1, CDH5, PDGFRB, ICAM2, PRR5, COL17A1, VEGFC, PTGS2) in patients with ≤12 mo PFI. Most of the genes identified through differential expression were also found to be related to PFI according to Cox proportional hazards regression (Figure 10C).




Figure 10 | Differential expression of genes post-NACT in patients with longer platinum free interval (PFI). (A) Volcano plot showing differential expression of genes between patients with ≤12 mo PFI versus >12 mo PFI. (B) Top 40 differentially expressed genes between patients with ≤12 mo PFI versus >12 mo PFI. Heat map shows log2 fold-change, with p-value shown adjacent. No genes met Benjamini-Yekutieli adjusted p-value threshold. (C) Forest plot showing Cox proportional hazards regression of post-NACT gene expression and PFI. Log10 hazard ratios are indicated on the x-axis. Bars indicate 95% confidence interval. *p<0.05; **p<0.005; ***p<0.0005.



Together, the analysis of patient immune genes/pathways and cell types with PFI shows that patients with shorter PFI may have less robust immune infiltration of certain subsets post-NACT, although the differences are not very striking. More strikingly, post-NACT pathway scores for several typically pro-tumorigenic and immunoregulatory pathways were significantly associated with longer PFI, suggesting that these pathways may actually play a role in tumor responsiveness to chemotherapy. Finally, the trend toward higher expression of a cluster of proliferative genes, in particular UBE2C, CCNE1, and CCNB1, in patients with shorter PFI demonstrates the importance of chemotherapy-induced regulation of these genes in mediating responses.




Discussion

In this study, we set out to comprehensively examine immunotranscriptomic and immune infiltrate changes resulting from NACT exposure in a large cohort of HGSOC patients. Our findings are mostly consistent with previous studies examining smaller cohorts of matched pre- and post-NACT tumors that reported increases in immune cell infiltration and upregulation of specific immunoreactive genes (30, 31). Our data revealed that in addition to the regulation of genes known for mediating cytotoxic effects of chemotherapy, chemotherapy exposure was also accompanied by an upregulation of genes that could impede its efficacy and/or promote chemoresistance.

Two major genes, ATF3 and AREG, regulating transcription and signaling, respectively, were among the top upregulated DEGs following NACT, a finding that was validated both at the protein level and in vitro. Activating transcription factor 3 (ATF3) is induced by a variety of stress signals and regulates apoptosis as well as controls immune responses and inflammation in cancer. Our analysis derived from the ovarian TCGA cohort revealed that ATF3 strongly correlated with many of the top upregulated DEGs from our NACT cohort, including DUSP1, EGR1, SGK1, CDKN1A, and AREG, suggesting that ATF3 may play a role in many of these genes’ transcriptional upregulation or be coordinately regulated with these genes. Intriguingly, several studies support ATF3’s direct regulation of SGK1, EGR1, IL6, and CDKN1A (32–38). SGK1 and another top upregulated DEG, DUSP1, have both been implicated in chemoresistance and apoptosis inhibition in ovarian cancer (39–41), with our own research showing that a dual inhibitor of DUSP1 and DUSP6 reversed chemoresistance in ovarian cancer cells (42). These results suggest that ATF3 could regulate the balance of apoptosis and survival following NACT through transcriptional regulation of its target genes, which may include some of these top DEGs regulated by chemotherapy, although this speculation will need to be tested experimentally.

ATF3 is known to exhibit dichotomous functions both as an oncogene and tumor suppressor, depending upon cancer subtype or context of its upregulation (43). Furthermore, it has been reported that the differential usage of alternative ATF3 promoters can lead to these dualistic roles (44). While our results from TCGA and GSE datasets show that higher ATF3 expression in treatment naive samples is associated with worse survival, its expression in post-NACT tumors from our dataset revealed no significant association with PFI, further suggesting that ATF3’s function is highly contingent upon stress response activation. Moreover, our data uncovered specific regional upregulation of ATF3 in HGSOC patient tissue following NACT exposure, warranting further exploration into how this unique expression pattern correlates to tumor heterogeneity in chemotherapy response. Remarkably, there have been very few studies that have specifically investigated the mechanistic role of ATF3 in ovarian cancer. One bioinformatic study found that upregulation of ATF3 was related to enhanced cell mitotic and heme-related processes (45). Interestingly, protein-protein interaction network analysis of ATF3 DEGs identified UBE2C as a central hub gene (45), which we identified from our NACT dataset as a top DEG in post-NACT patient tumors stratified by ≤12 mo and > 12 mo PFI. Overall, in order to precisely understand implications of chemotherapy-induced ATF3 expression on the ovarian TIME, future in vitro and in vivo mechanistic studies must be conducted.

In contrast to ATF3, the role of Amphiregulin (AREG), which is a low affinity ligand for epidermal growth factor receptor (EGFR), has been more established in ovarian cancer. It has been previously reported that AREG overexpression leads to enhanced cell proliferation, migration, invasion, cancer stemness, and drug resistance in ovarian cancer (46, 47), further supporting the idea that chemotherapy results in the upregulation of genes with pro-tumorigenic implications. Furthermore, it is well known that AREG possesses a functional role in immunity and inflammation. Specifically, AREG in Treg cells acts to mitigate harmful inflammation, but simultaneously results in the promotion of tumor growth by creating an immunosuppressive TIME (48). Taken together, while AREG’s role in ovarian pathogenesis and chemoresistance has been established, AREG’s specific effects in the context of the ovarian TIME need to be elucidated, as unraveling its role in HGSOC tumor immunity could lead to novel therapeutic insights.

To further characterize immunogenomic changes resulting from NACT, pathway analysis was employed, revealing that genes involved in pro-tumorigenic PI3K, MAPK, JAK-STAT, Nuclear Factor-kappa B (NFκB), and Wnt signaling, as well as genes involved in immunostimulatory pathways such as cytokine and chemokine signaling, costimulatory signaling, antigen presentation, immune cell migration and adhesion, and lymphoid and myeloid compartment genes, were are all increased following NACT. Overall, these findings highlight the multifaceted effects that chemotherapy exerts on the ovarian TIME, as it can simultaneously produce immunostimulatory and immunosuppressive consequences. These results highlight the crucial need to study how the delicate balance of numerous pathways affect chemotherapy efficacy, and how ultimately the adaptations made by the TIME may lead to tumor recurrence. A review by Liu et al. (2020) cited studies that pointed to the potential role of the Wnt, Notch, Hedgehog, and PI3K pathways in promoting ovarian cancer stem cells, which could be key drivers of recurrence following NACT (49).

In addition to specific gene and pathway changes, we also observed significant increases in immune infiltration following NACT, which is well corroborated by previous studies (16, 17, 19, 20, 31, 50). Furthermore, we validated the finding at the protein level that CD8+ T cells were significantly increased in post-NACT tumors. Interestingly, mast cells were most strikingly increased following NACT exposure. In cancer, mast cells play a vital role in regulating the TIME through their modulation of cellular proliferation, invasiveness, metastasis, survival, and angiogenesis (51). Furthermore, a recent study in HGSOC reported that an increase in stromal tumor infiltrating mast cells (sTIMs) was correlative to an immunosuppressive subtype of HGSOC that was characterized by higher levels of Tregs, M2 macrophages, and neutrophils and was linked to poor prognosis. Furthermore, using an organoid-patient derived model, they showed that low sTIMs were significantly associated with an increased response to anti-PD-1 treatment, indicating that mast cells could represent a novel immune target in HGSOC (52). As previously mentioned, one limitation of our study is that not all immune cell subsets could be included in the analysis, due to low confidence in accuracy of NK cell quantification and Tregs, and the fact that the IO360 panel does not account for differences in M1/M2 macrophages. Therefore, follow-up investigations that include the analysis of these pertinent immune-cell subsets following chemotherapy exposure would be valuable.

Upon comparison of all top DEGs with immune infiltration, we discovered that CCL4 (Chemokine (C-C motif) ligand 4) and CCL3L1 (Chemokine (C-C motif) ligand 3-like 1) were strongly and significantly correlated with cytotoxic cells, CD8+ cells, exhausted CD8+ cells, macrophages, and mast cells. CCL4 has been reported to be involved in the metastasis, angiogenesis, and leukocyte trafficking of many tumor subtypes, including ovarian cancer (53). Corroborating our study, an investigation by Zsiros et al. similarly found a correlation between increased intratumoral CCL4 and CD8+ T cells in ovarian cancer (54). Moreover, a study in esophageal cancer reported that CCL4 recruits cytotoxic tumor infiltrating lymphocytes (55). Finally, a study by Mlynska et al. showed that circulating levels of CCL4 could accurately identify ovarian cancer patients with shorter recurrence-free and overall survival, but found no significant association with tumor immune infiltrate (56). However, levels of CCL4 were only measured in treatment naive serum and not following chemotherapy exposure, an important distinction from our study. CCL3L1 is a key proinflammatory mediator involved in activation of leukocytes, lymphocytes, and macrophages that has been specifically implicated in glioblastoma and breast cancer tumorigenesis (57, 58) and found to be upregulated in renal cell carcinoma derived monocytes (59). Furthermore, a pan-cancer study identified CCL3L1 as one of 20 genes indicative of Treg enrichment, however this investigation only included bladder, lung, pancreatic, stomach cancer and melanoma TCGA cohorts (60). Interestingly, there has been one study in HGSOC that similarly employed a NanoString PanCancer Immune Profiling Panel to identify CCL3L1 as being highly overexpressed in patients with chemosensitive disease (61). To the best of our knowledge, there have been no studies that have previously reported on CCL3L1’s potential relationship with tumor immune infiltration. Ultimately, further investigation into both CCL4 and CCL3L1’s roles in mediating tumor immune infiltration following NACT exposure is warranted, as it could potentially lead to original approaches to combat the immunosuppressive ovarian TIME.

In our analysis of how intratumoral immunotranscriptomics, pathways, and immune cell types are related to PFI in pre- and post-NACT tumors, we found significant relationships between PFI and post-NACT levels of exhausted CD8+ T cells, NK CD56dim cells, dendritic cells, and mast cells. Interestingly, we observed no significant relationships between pre-NACT levels with PFI, which contradicts previous studies that demonstrate a beneficial prognostic relationship between CD8+ T cells and survival (4–7). Other studies have also identified stronger relationships between immune infiltration and chemotherapy response than we did here. For example, Sun et al. observed enrichment of specific subsets of immune cells and greater cytolytic activity in patients with chemosensitive disease when analyzing publicly available datasets (31). Likewise, Hao et al. reported better responses in patients with higher immunoscores in TCGA and OV.AU datasets, although this was not as striking for TCGA patients (30). However, our results here are in agreement with several other studies, including one from our own lab, that demonstrated no prognostic significance of TILs alone in pre- and/or post-NACT samples (10, 18, 23, 24). Reasons for these discrepancies could be related to detection method, examination of localization and specific effector subsets of TILs in different studies, number of samples analyzed, or biological variability in patient cohorts. Moreover, despite the importance of specifically understanding the TIME in ovarian cancer, one caveat to all of these studies is that they exclude the importance of other chemotherapy-responsive genes in mediating chemotherapy resistance, which has been more thoroughly analyzed by Sun et al. in a large-scale analysis of multiple cell line and tumor databases, leading to development of a 16-gene expression signature to predict chemotherapy response (62).

When we examined pathway scores pre- and post-NACT in relationship with PFI by Cox proportional hazards regression, we again observed no relationship of pre-NACT pathways with PFI, but many post-NACT pathway scores were significantly related to PFI, and many of these were also significantly different when post-NACT samples were stratified by 12-mo PFI. Of note, while some of these pathways were logically related to chemotherapy response, such as the downregulation of “Cell Proliferation”, we also observed that activation of multiple typically “oncogenic” pathways such as Hedgehog, MAPK, Notch, PI3K, TGF-β, and Wnt signaling were associated with longer PFI. These results suggest that the role of these pathways in ovarian cancer is context dependent and may be required for mediating chemotherapy response in an acute context but could have deleterious effects that also contribute to recurrence and chemotherapy resistance. In addition to these oncogenic pathways, we also observed a relationship between “Angiogenesis” and “Matrix Remodeling and Metastasis” with PFI, suggesting that these components of the TIME are also important for mediating responses, perhaps affecting how well chemotherapy is able to perfuse the tumor.

Finally, our examination of differential gene expression between ≤12 mo and >12 mo PFI in post-NACT samples revealed no DEGs that met false discovery rate correction, which could likely be attributed to biological and treatment variability among our patient cohort and lack of power to detect such differences. Importantly, the stratification by 12-mo PFI is imperfect, as there may be patients in each group at the threshold cutoff who are more biologically similar to each other than to either group. Nonetheless, the trends observed by examining genes with p-value <0.05 were illuminating. Most prominently, the genes that emerged as more highly expressed in patients with shorter PFI were involved with cell proliferation and DNA damage (UBE2C, CCNE1, CCNB1, BIRC5, CENPF, RRM2, ANLN, MK167, CEP55, RAD51, FANCA, MTOR). Notably, UBE2C depletion has been reported to reduce platinum resistance in ovarian cancer (63). Furthermore, as mentioned above, UBE2C was reported as a central hub gene for ATF3 expression in TCGA (45), suggesting that while chemotherapy-induced ATF3 itself does not appear to be related to PFI, it may control a delicate balance of gene expression post-NACT that could negatively affect patient outcomes. Further research will be needed to identify transcriptional targets of ATF3 following chemotherapy exposure in ovarian cancer.

On the other hand, genes that were more highly expressed in the longer PFI group were dominated by genes involved in regulating adhesion, angiogenesis and epithelial-to-mesenchymal transition (ANGPT1, ZEB1, ITGA1, SNAI1, FLT1, CDH5, PDGFRB, ICAM2, PRR5, COL17A1, VEGFC, PTGS2). It is unclear what the specific role of many of these genes are in ovarian cancer in the post-NACT setting, as some of them have been reported to be pro-tumorigenic in ovarian or other cancers (64–68), however these results could point to the benefit of angiogenic factors in order to promote increased drug delivery to the tumor (69). Furthermore, we noted that EGR1 was also related to longer PFI, which indicates the importance of EGR1 upregulation in mediating successful chemotherapy response and aligns with the role of this transcription factor as a promoter of apoptosis (70). Our own previous research found that HE4-mediated suppression of EGR1 in ovarian cancer cells led to chemoresistance (71). Overall, these results could provide a starting point for further research into the role of many of these genes in ovarian cancer, particularly in the post-NACT setting.

In conclusion, this current study underscores the complex alterations in the ovarian TIME following chemotherapy exposure, as both immunostimulatory and pro-tumorigenic genes, pathways, and cell subsets were enriched in post-NACT patient tumors. Results derived from this investigation will require many further mechanistic studies in order to determine the role of these identified chemotherapy-induced transcriptomic and cell population changes in HGSOC, as well as to elucidate how these changes contribute to TIME adaptations that result in recurrence. Ultimately, this study begins to untangle how immunologic factors are involved in mediating chemotherapy response, which will allow for the development of novel immunologic therapies to combat HGSOC chemoresistance in the future.
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Supplementary Figure 1 | NACT induces gene changes in NanoString pathways. Heat map represents log2 fold-change of the indicated genes, with Benjamini-Yekutieli (BY) p-value listed adjacent. The heat map scale bar refers to all plots.

Supplementary Figure 2 | ATF3 fluorescent immunohistochemistry in PEA1 and PEA2 cells. PEA1 and PEA 2 cells were stained for ATF3 (green). PEA1 cells were treated with DMSO control or 100 µM carboplatin plus 10 nM paclitaxel for 24 h prior to fixation and staining. DAPI (blue) was used as a nuclear stain. Images were taken at 20x and 40x magnification. PEA2 cells were also utilized for a secondary antibody (2°) alone control.

Supplementary Figure 3 | Individual patient values for pre- and post-NACT cell types (A, B) and pathways (C, D) stratified by 12-mo PFI. Median shown with red line. Significance calculated using unpaired Mann-Whitney test. *p<0.05; **p<0.005; ns = not significant.

Supplementary Table 1 | All differentially expressed genes post-NACT vs. pre-NACT.

Supplementary Table 2 | Log2 transformed normalized mRNA counts, with clinical annotations.

Supplementary Table 3 | Pathway scores for all samples, with clinical annotations.

Supplementary Table 4 | NanoString raw cell type scores, with clinical annotations.

Supplementary Table 5 | All post-NACT differentially expressed genes between patients with ≤12 mo PFI versus those with >12 mo PFI.
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Relapsed/refractory ovarian cancer, especially platinum resistance recurrence, remains a major therapeutic challenge. Here, we present the case of a patient with recurrent ovarian clear cell carcinoma (OCCC) who failed to respond to multiline chemotherapy and target therapy but achieved an immune complete response (iCR) with programmed cell death 1 (PD-1) inhibitor treatment. The overall survival (OS) was 59 months, and the recurrence-free survival (RFS) was 34 months after immunotherapy, which was counting. Meantime, molecular testing results revealed that traditional biomarkers for immunotherapy, including PD-L1 expression, microsatellite instability (MSI), and tumor mutational burden (TMB), were negative. HLA-B44 (B*18:01) supertype was confirmed by sequence-based HLA typing. This case raises the possibility that ovarian cancer patients with multidrug resistance may still benefit from PD-1 inhibitor therapy, even if PD-L1 pathology is negative.
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Introduction

Epithelial ovarian cancer (EOC) is one of the most lethal malignancies in the female reproductive system (1). The various subtypes of EOC exhibit histological and genomic heterogeneity. Ovarian clear cell carcinoma (OCCC), accounting for 5–25% of EOC, is an aggressive malignancy with a poor prognosis and often demonstrates resistance to chemotherapy (2). The median survival of platinum-resistant ovarian cancer is 12 months (3). Multidrug resistance is incurable and a major challenge to cancer therapy.

Immune checkpoint inhibitor (ICI) therapies have made striking progress and revolutionized the treatment of cancer, such as melanoma and renal cell carcinomas (4, 5). However, ovarian cancer has demonstrated limited activity (objective response rate [ORR] of ~8–9%) (6, 7) and, currently, has no FDA-approved indication. Although the effect of ICI therapy in OCCC seemed better than in other EOC types, the ORR is still less than 20% (8). Meantime, programmed death-ligand 1 (PD-L1) expression as a predictor of immunotherapy response is imperfect and improved biomarkers of response are needed (9).

As an independent factor in tumor antigen presentation, human leukocyte antigen class I (HLA-I) plays a central role in antigen recognition and adaptive immune responses (10). Most recently, the HLA-I genotype has been linked with immunotherapy efficacy in melanoma (11). However, the functions of the HLA-I genotype in ovarian cancer are rarely reported.

In this study, we present a case study on an OCCC patient who had relapsed after multiline chemotherapy but achieved immune complete response (iCR) with programmed cell death 1 (PD-1) inhibitor treatment. At the time of submission of this manuscript, the patient has survived for more than 34 months after immunotherapy. Her traditional biomarkers for immunotherapy, including PD-L1 expression, microsatellite instability (MSI), and tumor mutational burden (TMB), were negative. This case raises the possibility that the HLA-B44 supertype may be the potential predictor for immunotherapy in OCCC.



Case presentation

A 49-year-old Chinese female was admitted to our hospital due to a sudden persistent abdominal pain in August 2017. The ultrasound revealed a left adnexal complex mass with a moderate amount of ascites and carbohydrate antigen 125 (CA125) value was 29 U/ml (normal level < 35). She underwent comprehensive staging surgery without residual tumor (R0), including hysterectomy, bilateral salpingo-oophorectomy, and systematic lymphadenectomy. The postoperative pathology was diagnosed with OCCC at stage IC2 (T1c2N0M0) (Figure 1A). Six cycles of adjuvant platinum-based chemotherapy were given according to the TC (paclitaxel [175 mg/m2] and carboplatin [AUC = 5], q21d) schedule. She achieved complete response (CR) and kept on regular follow-up with serum CA125 and pelvic-abdominal magnetic resonance imaging (MRI) every 3 months.




Figure 1 | Case presentation during treatment. (A) H&E staining of ovarian clear cell carcinoma. (B) Scheme of molecular testing strategy. (C) Change of serum CA125 levels during the treatment.



Standard subsequent follow-ups were all negative until May 2018, when there was a rise in CA125 to 39.75 U/ml (normal level < 35). PET/CT revealed tumor metastasis at the pelvic and multiple lymph nodes involving the abdominal and thoracic cavities. Considering the disease recurrence just 4 months after the last platinum-containing regimen (platinum-resistant relapse), the patient received four cycles of gemcitabine (1000mg/m2, on days 1, 8, 15, q28d). However, her disease did not get controlled. In October 2018, the patient found palpable lumps around her neck of approximately 2 cm in diameter. A biopsy proved metastasis to neck lymph nodes. Given the disease progression, four cycles of pegylated liposomal doxorubicin (PLD) (40 mg/m2, q28d) and bevacizumab (10 mg/kg, q28d) were received from October 2018 to Feberuary 2019. During this period, the CA125 levels were below normal (Figure 1C).

To investigate more effective treatment, tumor tissue and blood samples were tested for the feasibility of target therapies (Figure 1B). Whole exon sequencing (WES) revealed negative for BRCA1/2 mutations, a microsatellite-stable (MSS) status, KRAS (p.Q61H) mutation, and HLA-B44 (B*18:01) supertype. The tumor mutation burden (TMB) was 1.24 mut/Mb (Figure 1B). Less than 1% of the tumor cells was expressed PD-L1 by Immunohistochemistry (IHC). Considering the patient with KRASp.Q61H mutation, trametinib (a MEK inhibitor) (2 mg, qd) was used for 4 months.

However, during this treatment period, CA125 gradually increased to 63.31 U/ml. Meantime, MRI revealed lymph node metastases located in front of the inferior vena cava (the biggest mass was 4.5*2.0 cm) and other enlarged peripancreatic nodes, which suggested progressive disease (PD) (Figure 2B).




Figure 2 | Timeline of the case and MRI findings. (A) Timeline of patient diagnosis, prior therapies, and immunotherapy. (B) MRI scans demonstrating activity (i.e., complete response) to Camrelizumab. The lymph node metastases were located in front of the inferior vena cava (red arrows) in column 1, anterior to the tail of the pancreas (red arrows) in column 3, and around the head of the pancreas (red arrows) in column 3.



Luckily, considering that the patient had HLA-B44 supertype, which has been reported in melanoma, that immunotherapy has the potential to be effective (11). After discussion, the patient and her family agreed to treatment with Camrelizumab (an anti–PD-1 inhibitor). The patient was administered Camrelizumab (200 mg) every 2 weeks (Figure 2A). Strikingly, the patient serum CA-125 level dramatically decreased from 63.31 to 9.44 U/ml after one cycle of treatment. The results showed reduced lymph node metastases (short axis < 10 mm) and normal tumor markers, which were suggested as iCR by iRECIST criteria (Figure 2A). Considering the inspiring response, anti–PD-1 therapy was conducted from September 2019 until now and the efficacy was assessed as sustained iCR. The radiologic results were recorded over time (Supplemental Table 1).

At time of manuscript submission, the patient has had an overall survival (OS) of over 59 months and had no discomfort. The recurrence-free survival (RFS) was 34 months after immunotherapy, and this is a continuing response. The timeline of patient treatment and change of tumor markers is shown in Figure 2A. Moreover, the toxicity associated with Camrelizumab treatment was tolerable throughout the whole course of immunotherapy.



Discussion

This case study provides a description of a PD-L1 negative, MSS, and TMB-L recurrent and multidrug-resistant OCCC patient who was highly sensitive to immunotherapy and had a long and impressive response. Before immunotherapy, the patient suffered the failures of multi-line chemotherapies frequently. When we faced a dilemma in treatment, HLA-B44 (B*18:01) supertype was identified in WES data. In light of this, immunotherapy was considered. After the first cycle of single Camrelizumab administration, the CA125 marker dropped significantly (an approximately 85.09% decrease). The patient luckily benefited from immunotherapy. The PFS was 34 months and the OS was 59 months; this is a continuing response. Importantly, Camrelizumab is an anti–PD-1 monoclonal antibody and monotherapy for this patient, which confirmed the effectiveness of immunotherapy. It is worthwhile to figure out the reasons for the success of the treatment and to reveal potential predictors.

As we know, more than 80% of patients with advanced ovarian cancer will experience a recurrence within 2 years and eventually develop resistance to multiple lines of chemotherapy, which is considered incurable (12). Ovarian cancer patients treated with ICIs did not benefit from the significant response rates seen in other cancers (6, 7). The first study of anti-PD1 nivolumab in platinum-resistant ovarian cancer (n = 20) demonstrated an ORR of 15% (13). In the EOC cohort of phase Ib JAVELIN solid tumor study, the response rate to anti–PD-L1 avelumab was similar, estimated at 13.6% in the platinum-resistant sub-group (n = 22) (7). In the JAVELIN 200 study, 188 platinum-resistant patients received avelumab alone, with an estimated ORR of 3.7% (14). In a recent phase II clinical trial of pembrolizumab in recurrent ovarian cancer (KEYNOTE-100), the anti–PD-1 antibody pembrolizumab in recurrent ovarian cancer (369 patients) had a low overall response rate across all cohorts (~8%), but the response rate for OCCC (15 patients) was 15.8% (8). There was an agreement that ICIs appear to be a powerful new therapeutic agent for patients with OCCC, which was confirmed by our case. Most of the time, multidrug-resistant recurrence would decrease the confidence of the patients and families, including physicians. Therefore, our case suggested that OCCC patients, even with multiline chemotherapies resistance, may still derive the long-term benefit of immunotherapy.

Several studies have identified several positive predictive markers for ICI therapy, such as PD-L1 overexpression, TMB, and MSI-high (15). However, the positive rates of these biomarkers are very low in ovarian cancer, such as PD-L1 positivity expressions of 30–80% (16, 17), TMB-high of 1.47% (18), and MSI-H of 1.37% (19). Consistently, our case was PD-L1 negative, MSS, and TMB-Low, but the response to immunotherapy showed impressive survival benefits. Therefore, our study suggested that even if these frequently mentioned biomarkers were negative, the patients may still benefit from ICI therapy.

According to previous research, the impact of HLA-B44 on ICIs survival seemed to be disease specific. B44 was associated with better OS in melanoma (11), but it could be a risk factor in non-small cell lung cancer (NSCLC) (20). Mutation signature can explain the discrepancy. Motif neoepitopes with radical glutamic acid substitutions in the anchor position were associated with improved ICI therapy survival, which was more common in melanoma than in NSCLC (21). However, the role of the HLA type in ovarian cancer immunotherapy is unclear. To our knowledge, only one study in ovarian cancer reported that HLA-B44 was associated with a worse prognosis and more frequent spontaneous antibody responses (22), but its relationship with immunotherapy had never been reported. In this case report, the patient luckily benefited from immunotherapy, and HLA-B44 (B*18:01) supertype was identified using WES. Therefore, we sought to draw a schematic to explain the mechanism (Figure 3). In most immunotherapies, CD8+ T cells are the main players in killing cancer cells. There are two requirements for CD8+ T cell killing tumor cells: First, CD8+ T cells recognize tumor-associated antigens through the HLA-I/T cell receptor (TCR) complex; Second, blocking of the PD-1/PD-L1 interaction enhances the direct CD8+ T cell killing of tumor cells (23). Therefore, the mechanism for the ICIs response is to activate the immune system, which depends on the antigenicity of the tumor and the efficiency of antigen presentation. Theoretically, greater HLA diversity leads to a greater variety of tumor neoantigens being presented, which could increase the efficacy of treatment with ICIs (24). HLA-B44 is a supertype of HLA-I, which could cross-present new antigens presented by other subtypes of HLA, thus increasing the diversity of HLAs and activating T cells to kill tumor cells (24, 25). Recently, over 50 clinical trials for ovarian cancer were related to immunotherapy. OCCC-focused clinical trials with immunotherapies included durvalumab and nivolumab (NCT03602586, 05026606). However, no HLA genotype-based immunotherapy in ovarian cancer has been reported so far. Further research is needed to figure out the mutation landscape of HLA-B44 and its ability as a predictive marker for response to immunotherapy in ovarian cancer.




Figure 3 | Schematic figure to explain the mechanism of the HLA-B44 supertype influences cancer response to PD-1 inhibitors immunotherapy. (A) CD8+ T cells recognize a tumor-associated antigen through the HLA-I/T cell receptor (TCR) complex, but PD-L1 binding to PD-1, which promotes immune evasion; (B) CD8+ T cells could not recognize tumor-associated antigens through the HLA-I/TCR complex and PD-L1 binding to PD-1, which promotes immune evasion; (C) PD-1 inhibitors overcome immune evasions, but CD8+ T cells could not recognize tumor-associated antigens through the HLA-I/TCR complex, which promotes immune evasion; (D) CD8+ T cells recognize many tumor-associated antigens through the HLA—B44/TCR complex, meantime PD-1 inhibitors Inhibit PD-1/PD-L1 interaction, which promotes immune attack.



Mutational analysis by whole exome sequencing revealed the mutation profile of OCCC, such as ARID1A (40–60%), PIK3C (33–51%), ARID1B (10%), PIK3R1 (7–8%), KRAS (9–17%), TP53 (5–15%), and CTNNB1 (5–10%) (26). KRAS (p.Q61H) mutation was identified in our patient’s samples, which agrees with previous reports. In recent early clinical trials, MET inhibitors had shown preliminary antitumor activity in KRAS-mutation NSCLC (27) and low-grade serous ovarian cancer (28). However, we did not observe this effect in this case. The trametinib, a MET inhibitor, failed to prevent disease progression.

Lynch syndrome-associated ovarian cancer includes OCCC, which was considered a good candidate for treatment with checkpoint inhibitors (29). The patient’s father was diagnosed with rectal cancer. Therefore, Lynch syndrome should be considered. In a previous study, 43% of OCCC tumors expressed PD-L1 and 67% had mismatch repair deficiency, which was the reason why ICI therapy was more sensitive in OCCC (30). However, our patient was PD-L1 negative and MSS. Meanwhile, we re-analyzed the data; neither germline pathogenic/likely pathogenic mutation nor loss of MMR proteins was detected. Therefore, our patient had not Lynch syndrome.

To my knowledge, this is the first report of HLA-B44 supertype-based immunotherapy in ovarian cancer. However, this study, like any case study, has notable limitations. It involves only one patient, and more research is needed to determine whether the principles found here apply to other patients.



Conclusions

We report a PD-L1 negative, MSS, and TMB-L recurrent ovarian cancer patient with multiline chemotherapy who was highly sensitive to immunotherapy and had a long response. Our study suggests that the HLA-B44 supertype may be a potential biomarker for immunotherapy in ovarian cancer and immunotherapy is still attemptable in multidrug-resistant ovarian cancer. Although all traditional predictive factors of immunotherapy are negative, HLA-typing testing is also recommended. This hypothesis will need to be tested in larger randomized controlled trials, and there is a need to explore underlying cellular and molecular mechanisms.
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High-risk Human papillomavirus (HPV) infections represent an important public health issue. Nearly all cervical malignancies are associated with HPV, and a range of other female and male cancers, such as anogenital and oropharyngeal. Aiming to treat HPV-related tumors, our group developed vaccines based on the genetic fusion of the HSV-1 glycoprotein D (gD) with the HPV-16 E7 oncoprotein (gDE7 vaccines). Despite the promising antitumor results reached by gDE7 vaccines in mice, combined therapies may increase the therapeutic effects by improving antitumor responses and halting immune suppressive mechanisms elicited by tumor cells. Considering cancer immunosuppressive mechanisms, indoleamine-2,3-dioxygenase (IDO) enzyme and interleukin-6 (IL-6) stand out in HPV-related tumors. Since IL-6 sustained the constitutive IDO expression, here we evaluated the therapeutic outcomes achieved by the combination of active immunotherapy based on a gDE7 protein-based vaccine with adjuvant treatments involving blocking IDO, either by use of IDO inhibitors or IL-6 knockout mice. C57BL/6 wild-type (WT) and transgenic IL-6-/- mice were engrafted with HPV16-E6/E7-expressing TC-1 cells and treated with 1-methyl-tryptophan isoforms (D-1MT and DL-1MT), capable to inhibit IDO. In vitro, the 1MT isoforms reduced IL-6 gene expression and IL-6 secretion in TC-1 cells. In vivo, the multi-targeted treatment improved the antitumor efficacy of the gDE7-based protein vaccine. Although the gDE7 immunization achieves partial tumor mass control in combination with D-1MT or DL-1MT in WT mice or when administered in IL-6-/- mice, the combination of gDE7 and 1MT in IL-6-/- mice further enhanced the antitumor effects, reaching total tumor rejection. The outcome of the combined therapy was associated with an increased frequency of activated dendritic cells and decreased frequencies of intratumoral polymorphonuclear myeloid-derived suppressor cells and T regulatory cells. In conclusion, the present study demonstrated that IL-6 and IDO negatively contribute to the activation of immune cells, particularly dendritic cells, reducing gDE7 vaccine-induced protective immune responses and, therefore, opening perspectives for the use of combined strategies based on inhibition of IL-6 and IDO as immunometabolic adjuvants for immunotherapies against HPV-related tumors.
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Introduction

Human papillomavirus (HPV) is the most common cause of sexually transmitted illnesses worldwide (1). Nearly all cervical malignancies and a range of other female and male cancers, such as anogenital and oropharyngeal, are associated with high-risk HPV, especially HPV-16 and HPV-18. Despite the preventability of HPV-related malignancies by prophylactic vaccines, there is still a high global incidence, particularly in low- and lower-middle-income countries. In this scenario, cervical cancer is the ninth most prevalent cancer worldwide and the fourth in terms of incidence and mortality in women (2). The conventional treatment of cervical cancer depends on the extent of the disease and fertility-sparing, which may include surgery, radiotherapy, and/or chemotherapy (3–5). However, even following usual treatments, recurrence of cervical cancer is still prevalent (3, 6), emphasizing the need for novel curative antitumor approaches.

Therapeutic failure is mainly attributed to the systemic and local immunosuppression induced by the oncological disease, which depends on tumor and host factors and involves different inflammatory molecules (7). Interleukin-6 (IL-6) is one such inflammatory molecule produced by many cell types, including tumor cells. IL-6 plays a crucial role in the proliferation and differentiation of malignant cells and it is known to be implicated in the pathogenesis of HPV+ cervical cancer (8). Compared to the normal cervix and cervical intraepithelial neoplasia (CIN), the expression of IL-6 in cervical cancer was considerably higher (9). Furthermore, circulating IL-6 was found to be a risk indicator since elevated serum IL-6 levels correlate with advanced stages of cervical cancer (10, 11). Regarding immunomodulation, while IL-6 promotes the recruitment of myeloid-derived suppressor cells (MDSC) into the tumor microenvironment, it hampers Th1 lymphocytes infiltration (12, 13), and dendritic cells activation (14).

The autocrine activation of IL-6 is responsible for STAT3 phosphorylation in HPV-related malignancies, particularly in cervical cancer (15). Interestingly, the IL-6 signal loop on a self-sustaining IL-6/STAT3/AHR axis is one of the mechanisms that maintain the constitutive expression of the indoleamine 2,3-dioxygenase (IDO) enzyme in tumor cells (16). IDO has gotten attention as one of the many mediators of tumor immune escape (17), since it degrades the essential amino acid tryptophan, creating a tryptophan-deficient microenvironment with critical immunological outcomes. IDO-expressing dendritic cells mediate T-cell suppression and/or tolerance, while low tryptophan concentration reduces T-cell-mediated responses by inhibiting T-cell proliferation and activation (18, 19). Importantly, cervical cancer expresses one of the highest amounts of IDO (20–22), and both IL-6 and IDO are negative prognostic markers in patients diagnosed with this neoplasm (8, 23), highlighting the IDO/IL6 axis as an important self-immunoregulatory network in cervical cancer. Consequently, blocking or inhibiting IL-6 signaling pathways may provide an interestingly therapeutic target to re-sensitize cancer cells to immunotherapies.

Regarding biotechnology breakthroughs, immunotherapy either based on passive administration of monoclonal antibodies or active immunization with vaccines has become a powerful ally to fight cancer. Immuno-oncological treatments aim to boost the immune system to recognize and attack cancer cells, as well as target immunosuppressive checkpoints to restore an immunological effector milieu (24). Over the last years, our group developed vaccines based on genetic fusions of HSV-1 glycoprotein D (gD) and HPV-16 oncoproteins aiming to treat HPV-related tumors and demonstrated the promising antitumor effects associated with combined adjuvant therapies in tumor-bearing mice (25–27). Our present study reports the testing of therapeutic adjuvant strategies focusing on IL-6 and IDO in combination with a protein-based (gDE7) antitumor vaccine.



Material and methods


Tumor cell line and culture conditions

The TC-1 cell line (28) was kindly provided by Dr. T.C. Wu from John Hopkins University in Baltimore, MD, USA. The TC-1 cells were cultured as previously described (27) and harvested at 90% confluency for subculture procedures, in vitro experiments, and in vivo assays. As a quality control, the expression of the oncoprotein E7 was confirmed by RT-PCR (data not shown), and cells were frequently tested for the absence of Mycoplasma spp.



IL-6 secretion and gene expression assays

The TC-1 cells were seeded in 6-well cell dishes (1,5x105/well) and cultured in RPMI 1640 medium supplemented with 10% of fetal bovine serum (FBS) (R10) until reaching 50-60% confluency. Next, cells were treated with a fresh R10 medium containing 1mM of 1-methyl-D-tryptophan (D-1MT), 1-methyl-L-tryptophan (L-1MT), or 1-methyl-DL-tryptophan (DL-1MT) and incubated for 24 hours at 37°C and 5% CO2. In the control group, only R10 medium was added. Cell culture supernatant was collected for cytokine measurement by BD™ Cytometric Bead Array (CBA) kit (#560485, BD Biosciences). Stained samples were acquired by LSR Fortessa™ (BD Biosciences) flow cytometer and data were analyzed using FlowJo software (TreeStar).



Mice strains and tumor cell line implantation

Female wild-type (WT) C57BL/6 mice (6-8 weeks old) were purchased from the Faculty of Veterinary Medicine and Zootechnics of the University of São Paulo (USP). Male or female (on demand) IL-6 gene knocked mice (IL-6-/-) were supplied by the animal facility unit of the Department of Immunology of the University of São Paulo. Animals were allowed free access to water and food and provided with a 12h light/dark cycle, at 20-26°C temperature. Mice experiments were performed under approved protocols by the ethics committee for animal experimentation (protocol number CEUA 8572030918) and followed the standard rules approved by the National Council for Control of Animal Experimentation (CONCEA). The TC-1 cells were harvested at 90% confluency and transplanted into mice as previously described (27), at a concentration of 1x105 cells/100µL/animal on day 0 (D0). Mice were considered tumor-bearing when tumors became palpable (7-10 days) and were euthanized when tumors reached 15mm in diameter or if they showed signs of distress (grimace scales).



Mice gDE7-based immunotherapy and IDO inhibitors (1MT) treatment

The therapeutic gDE7-based vaccine was administered following a regimen of two subcutaneous immunizations at a week interval, as previously described (27). Each dose contained 30 µg of the gDE7 protein, diluted in PBS, in a total volume of 100 µL, and inoculated at the right rear flank region of mice. Animals were immunized with gDE7 seven (D7) and fourteen (D14) days after TC-1 cell engraftment (D0). Treatment with oral administered D-1MT or DL-1MT began two days (day 9 - D9) after the first gDE7 immunization and lasted four weeks until day 36 (D36) for mice treated every day with 1MT (Figure 1A) or until day 37 (D37) for mice treated every other day with 1MT (Figure 1B). The D-1MT and the DL-1MT were administered to the animals at 8mg animal-1 every day or 10 mg animal-1 every other day, dissolved in a mixture of 0.5% tween-80, 0.5% methylcellulose in sterile Milli-Q water, being administered 100µL/animal per gavage.




Figure 1 | The administration regimen of 1MT isoforms affects the therapeutic antitumor effects of gDE7. Female WT mice were inoculated with TC-1 (D0) cells. Seven (D7) and fourteen (D14) days after the tumor engraftment, the animals were immunized with gDE7 (30μg, subcutaneously). Two days after the first dose (D9), mice were treated with 1MT isoforms (A, B), either daily with 8mg/animal (A) (n = 10) or 10 mg/animal every other day (B) (n = 10) for four weeks, until day 36 (D36) or day 37 (D37), respectively. The experimental groups were followed for 60 days. Tumor volumes were followed up to 44 days in mice treated with the different treatments using (C) D-1MT or (D) DL-1MT. The tumor growth “endpoint data” for each group was plotted up to the date when at least 80% of the mice were alive. The data represent the average of two independent experiments and were analyzed by ANOVA. (&) p <0.05, statistical significance of control group concerning all the others; (#) p <0.05, statistical significance of gDE7 + 1MT every day group concerning all the others; (*) p <0.05, statistical significance of gDE7 + 1MT every other day group concerning all the others. The results were confirmed through multiple comparisons by Turkey’s test (three or four groups) or Sidak’s test (two groups), comparing each group mean with the other group mean at the same time point. D0 - day zero; D7 - day 7; D9 - day 9; D14 - day 14; D36 - day 36; D37 - day 37; D44 - day 44.





The antitumor effect assessment

The single or combined treatment outcome was evaluated by tumor mass volume, mice survival, and tumor-free mice. Tumor volume was plotted up to day 44 (D44). The “monitoring endpoint” of each group could be different since we chose as the “endpoint data” a survival rate of at least 80% of each mice group. Both survival and tumor-free mice were assessed up to day 60 (D60). The formula 1/2 [(length)^2 × width] was used to determine tumor volume.



Intracellular cytokine staining

Intracellular IFN-γ staining was performed in peripheral blood samples collected in heparin-containing vials 7 days (day 21 – D21) or 14 days (day 28 – D28) after the last gDE7 immunization (D14). Cells were treated with ACK lysing buffer to remove red blood cells. The lysis was quenched by adding an R10 medium to the samples. Immunological cells were incubated overnight at 37°C and 5% CO2 in 96-well U-bottom plates (Corning) in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate (Gibco), 1% non-essential and essential amino acid solution (v/v) (Gibco), 1% vitamin solution (v/v), in the presence of brefeldin A 10 μg mL-1 (GolgiPlug BD Biosciences), IL-2 (5 ng mL-1; Sigma), with or without the stimulation of the CD8-specific E7 peptide (49RAHYNIVTF57; GeneScript; 1,5μg/mL (29). After the incubation period (10 to 12 hours), cells were stained with anti-CD8-APC mAb (#553035, Biolegend), fixed, and permeabilized using Cytofix/Cytoperm kit (#555028, BD Biosciences), and stained with anti-IFN-γ-PE mAb (#5058808, Biolegend). Finally, samples were acquired on an LSR Fortessa flow cytometer (BD Biosciences) and analyzed using the forward scatter (FSC)/side scatter (SSC) parameters for the doublet exclusion gate, following the percentage of CD8+ IFN-γ+ T lymphocytes. The data were analyzed by FlowJo software (Tree Star).



Tumor microenvironment immune cells analyses

For WT and IL-6-/- tumor-bearing mice, tumors were collected 21 post tumor cell transplantation (D21), and cells were recovered by digesting the tumor mass with 22 U mL-1 of collagenase D (#11088866001, Roche Diagnostics) for 1h at 37°C, gently stirring every 10 min. After the incubation period, the collagenase was inactivated with 5 mM EDTA at room temperature for 5 min. The samples were gently resuspended in R10 and filtered through 70 μm cell strainers (Easy Strainer Greiner Bio-One). After centrifugation (300 g for 10 min), the pellet was resuspended in R10, filtered through 40 μm cell strainers, pelleted once again, resuspended in PBS containing 2% FBS, and distributed in 96 well U-bottom plates for further staining. The following mAbs were used to discriminate different subtypes of immune cells: anti-CD45-PerCP-Cyanine 5.5 (#103131, BioLegend), anti-CD4-FITC (#130308, BioLegend), anti-CD4-BV605 (#100451, BioLegend), anti-CD8-APC (#100712, BioLegend), anti-CD11b-Alexa Fluor 700 (#101222, BioLegend), anti-Ly6C-FITC (#128006, BioLegend), anti-Ly6G-PE (#127608, BioLegend), anti-Gr1-PE (# 553128, BD Pharmingen), anti-CD11c-PE (#553802, BD Pharmingen), anti-CD25 (#12-0251-82, eBioscience), anti-FoxP3-PE (#560414, BD Pharmingen), and anti-MHC-II-FITC (#107606, BioLegend). For the analysis of immune cell activation, anti-CD86-BV605 (#105037, BioLegend) was used. Cells were characterized according to the following parameters: T cells (CD45+, CD4+ or CD8+), dendritic cells (CD45+, CD11chigh, MHC-IIhigh), inflammatory monocytes (CD45+, CD11bint, Ly6Chigh, Ly6G-), resident monocytes (CD45+, CD11bint, Ly6Cint, Ly6G-), polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) (CD45+, CD11bhigh, Ly6Cint, Ly6G+ or Gr1high CD11b+), T regulatory cells (Treg) (CD4+, CD25+, FoxP3+), and E7-specific CD8+ IFN-+ T cells (CD8+, IFN-γ+). Cells were acquired by LSR Fortessa™ (BD Biosciences) flow cytometer and data were analyzed using FlowJo software (TreeStar).



Statistical analysis

Statistical analyses were performed using GraphPad-Prism software. The analysis was performed using the unpaired T-test, One-Way ANOVA, or Two-Way ANOVA and the results were confirmed through multiple comparisons by Turkey’s test or Sidak’s test, according to the GraphPad-Prism software recommendation. Survival curves were compared using the log-rank (Mantel-Cox) test. Appropriate methods were indicated in the legends. Values of p < 0.05 were considered significant.




Results


Mice treated with gDE7 and 1MT isoforms promote partial tumor mass control according to the administration regimen

In previous work, we showed that the combination of gDE7 with 1MT partially controls the growth of TC-1 cells in mice (27). Since gDE7 conferred complete antitumor protection in IDO-/- knocked mice (27), here we compare two therapeutic regimens in wild-type mice with administration of 1MT isoforms every day (Figure 1A), and every other day (Figure 1B). Notably, administration of 1MT isoforms every day did not improve treatment outcomes (Figures 1C, D). On the other hand, administration of D-1MT or DL-1MT every other day improved the therapeutic antitumor effects of the gDE7-based immunotherapy (Figures 1C, D). Regarding mice survival (Figures 2A, B) and tumor-free outcome (Figures 2C, D), mice submitted to vaccination and treated with 1MT every other day (Figures 2B, D) outperformed the group that was treated every day (Figures 2A, C). Mice treated with DL-1MT showed higher survival rates (Figure 2B) and tumor-free conditions (Figure 2D). Importantly, when 1MT therapy (D-1MT or DL-1MT) is interrupted, there was a decline in tumor growth control (Figures 1C, D), as also indicated by the mice survival rate after day 40 (Figures 2A, B). Given that every other day treatment with IDO inhibitors had a better outcome, we proceeded the experiments using solely this treatment strategy. Therefore, we next investigate the tumor-infiltrating immune cells population (time point analyzed - D21) to evaluate the immunological mechanism triggered by the chosen therapeutic approach (Figure 2E). Mice immunized with gDE7 and those also treated with IDO inhibitors (D-1MT or DL-1MT) showed similar frequencies of CD45+ cells, PMN-MDSC and dendritic cells (Figures 2F-H). Regarding T cell population, although only gDE7 immunization induced higher rates of intratumoral CD8+ T cells (Figure 2I), immunization with gDE7 with or without IDO inhibitors leads to increased frequency of E7-specific CD8+ IFN-+ T cells (Figure 2J). Interestingly, higher rates of intratumoral CD4+ T cells were found in mice immunized with gDE7 (Figure 2K), but only the combined therapy was able to decrease Treg population (Figure 2L). These findings suggest that the antitumor effects of IDO inhibitors, when employed as immunometabolic adjuvants, depend on the administration regimen. Moreover, when combined with immunotherapy, IDO inhibitors have a beneficial effect on Treg tumor-infiltration.




Figure 2 | The combination of gDE7 and 1MT improves mice survival depending on their administration regimen. (A–D) The data represent the average of two independent experiments (n=5, total n=10). (A, B) Survival curves. Data were analyzed by Kaplan-Meyer test. (A) Two mice from gDE7 group and from gDE7 + DL-1MT survived until day 60. (B) Two, one, and four mice from gDE7, gDE7 + D-1MT, and gDE7 + DL-1MT groups survived until day 60, respectively. (C, D) Tumor-free mouse curves. Data were analyzed by ANOVA test* p <0.05. (E) Gating strategy for immune cell analyses in the tumor microenvironment, evaluated at day 21 after the tumor engraftment. Doublets were initially excluded by FSC-H versus FSC-W parameters, followed by SSC-H versus SSC-W parameters. Cells were gated by the expression of CD45+ and successively analyzed for: CD8+, followed by CD8+ IFN-g+; CD4+, followed by CD25+ and FoxP3+ CD25+ (T regulatory cells); CD11chigh MCH-IIhigh (dendritic cells); and Gr1high CD11b+. (F) Frequency of CD45+ cells. (G) Frequency of Gr1high CD11b+ cells. (H) Frequency of CD11chigh MCH-IIhigh cells. (I) Frequency of CD8+ T cells. (J) Frequency of E7-specific CD8+ IFN-g+/CD8+ cells. (#) p<0.05 represent the statistical significance of stimulated (red dots) versus non-stimulated (white dots) cells inside each experimental group. (K) Frequency of CD4+ T cells. (L) Frequency of FoxP3+ CD25+ CD4+ cells. Data representative of two independently performed experiments (n=6). Statistical significance: (*) p<0.05, (**) p<0.01 by ANOVA. (#) p<0.05 (###) p<0.001 represents the ANOVA statistical significance of stimulated (red dots) versus non-stimulated (white dots) cells inside each experimental group.





IL-6 expression promotes tumor growth and negatively impacts gDE7 vaccine efficacy

Next, we assessed how IL-6 affects tumor development (Figure 3A) and tumor-infiltrating immune cells (Figures 3B-F) (see Figure 2E for gate strategy) in IL-6-/- mice engrafted with TC-1 cells. Tumor growth was significantly reduced in IL-6-/- mice when compared to WT mice (Figure 3A). Furthermore, the frequency of immune cells (CD45+ cells) in the tumor microenvironment was increased in IL-6-/- animals with a higher rate of intratumoral dendritic cells (DCs) compared to WT mice (Figures 3B, C), but no significant differences were observed in the frequencies of intratumoral CD8+ and CD4+ T lymphocytes, and Treg (Figures 3D-F). Notably, the transplanted TC-1 cells were capable of producing IL-6 (Figures 3G, H), underlining the importance of endogenous IL-6 on immune and stromal cells in the promotion of tumor growth. Following that, we investigated the influence of IL-6 on the antitumor effects of the gDE7 vaccination (Figure 3I). Immunotherapy reduces tumor development in IL-6-/- mice (Figure 3J) with a significant improvement in survival but does not induce tumor remission (Figures 3K, L). Furthermore, no increase in the frequency of circulating E7-specific CD8+ IFN-+ T cells (Figure 3M) was seen at the time point analyzed (D21). These findings show that IL-6 promotes the growth of TC-1 cell proliferation and negatively impacts the efficacy of gDE7-based immunotherapy.




Figure 3 | Expression of IL-6 affects immune cells and negatively impacts gDE7 antitumor effects. (A) Wild-type (WT) and IL-6-/-mice were subcutaneously inoculated with 1 x 105 TC-1 cells and tumor growth was monitored until day 30 (D30) when at least 80% of the mice from each group were alive. Immune cell analyses of the tumor microenvironment were evaluated at day 21 after the tumor engraftment. (B) Frequency of CD45+ cells. (C) Frequency of CD11chigh MCH-IIhigh cells. (D) Frequency of CD8+ T cells. (E) Frequency of CD4+ T cells. (F) Frequency of FoxP3+ CD25+ T cells. Data from one experiment (n=9) were pooled and analyzed by unpaired t-test. (G, H) Effects of 1MT isoforms on the expression IL-6 by TC-1 cells. (G) Real-time PCR assay - Relative gene expression of IL-6 in TC-1 cells with or without 1mM D-1MT or DL-1MT treatment for 24h (n=3). (H) CBA assay - IL-6 release by TC-1 cells with or without exposure to 1mM D-1MT or DL-1MT for 24h (n=3). I Wild-type (WT) and IL-6-/- mice were subcutaneously inoculated with 1 x 105 TC-1 cells and vaccinated with two doses (D7 and D14) of gDE7 (30µg per animal). The experimental groups were followed for 60 days, but the “endpoint data” for each group was plotted up to the date when at least 80% of the mice were alive. (J-L) The antitumor effects of gDE7 in WT IL-6-/-mice were measured by (J) tumor volume (mm3), (K) percentage of mice survival and (L) percentage of tumor-free mice. (M) Frequency of circulating E7-specific CD8+ IFN-γ+/CD8+ T cells on day 21 (D21) after overnight ex-vivo stimulation of cells with the HPV-16 E7 Kb MHC class I-restricted immunodominant epitope peptide. (B-F) Data from one experiment (n=9) were pooled and analyzed by unpaired t-test. (A, J-M) data represent means ± SD from two independently performed experiments (n = 12) with comparable results and analyzed by ANOVA or by Kaplan-Meyer test (exclusively for survival assay). (K) One and four mice from WT + gDE7 and IL-6-/-+ gDE7 groups survived until day 60, respectively. (&) p <0.05, statistical significance of wild type (WT) group concerning all the others; (#) p <0.05, statistical significance of IL-6-/-+ gDE7 group concerning all the others; (*) p<0.05, (***) p<0.001, statistical significance of one experimental group concerning the other group. Regarding tumor volume graphs, the results were confirmed through multiple comparisons by Turkey’s test (three or four groups) or Sidak’s test (two groups), comparing each group mean with the other group mean at the same time point.





IDO inhibition boosts the antitumor effects of gDE7 in IL-6-/-mice

To further understand the interplay of IL-6 and tryptophan metabolism in HPV-related tumors, we next evaluated the in vitro impact of IDO inhibitors on IL-6 expression in TC-1 cells. As indicated in Figure 3, culturing TC-1 cells in the presence of D-1MT or DL-1MT significantly reduced IL-6 gene expression and cytokine release (Figures 3G, H). IL-6-/- tumor-bearing mice were immunized with gDE7 and treated with IDO inhibitors following the “every other day” regimen (Figure 4A). In comparison to the gDE7-treated group, IL-6-/- mice vaccinated with gDE7 and treated with D-1MT or DL-1MT showed significantly decreased tumor mass (Figures 4B-D). IL-6-/- mice treated with gDE7 and D-1MT had a 73% survival rate and 52% remained tumor-free till the end of the observation period (D60), whereas animals treated with gDE7 and DL-1MT had a 52% survival rate and 47% were tumor-free. In contrast, IL6-/- mice treated only with gDE7 showed a 33% survival rate and 10% remained tumor-free at D60. Importantly, comparing WT mice with IL-6 KO mice, both treated with the combination of gDE7 + IDO inhibitors, we observed a significantly decreased in tumor growth in IL-6 defective mice, especially when treated with D-1MT (Supplementary Figure S1). Furthermore, at D28, higher numbers of circulatory E7-specific CD8+ IFN-γ+ T cells were observed in mice that received the combined therapy (Figures 4E, F). Importantly, we opted to assess CD8+-specific T cells on D28 because when we previously evaluated this cell population in the mice blood on D21, we found no changes between the control and the gDE7-vaccinated groups (Figure 3M). Taken together, the current findings show that, in IL-6-/-mice, the combination of gDE7 with 1MT isoforms boosts the antitumor immunity and highlights the role of IDO and IL-6 on the growth of TC-1 cells.




Figure 4 | Lack of IL-6 combined with IDO inhibition augment immunotherapy control mediated by gDE7 on TC-1 cells engrafted in mice. (A) IL-6-/-mice were subcutaneously inoculated with 1 x 105 TC-1 cells and vaccinated with two doses (D7 and D14) of gDE7 (30µg per animal). Two days after the first dose (D9), mice were treated with 1MT at a concentration of 10 mg/animal every other day for four weeks, until D37. The experimental groups were followed for 60 days, but the “endpoint data” for each group was plotted up to the date when at least 80% of the mice were alive. (B-D) Data represent means ± SD from two (groups IL-6-/- and IL-6-/- + gDE7) (n=6, total n=12) or three (groups IL-6-/- + gDE7 + 1MT) (n=6 or 7, total n=19) independently performed experiments with comparable results and analyzed by ANOVA or by Kaplan-Meyer test (exclusively for survival assay). The antitumor effects of gDE7 combined with 1MT isoforms were followed by (B) tumor volume (mm3), (C) mice survival, and (D) presence of tumor-free mice. (C) Four, fourteen, and nine mice from IL-6-/- + gDE7, IL-6-/- + gDE7 + D-1MT, and IL-6-/- + gDE7 + DL-1MT groups survived until day 60, respectively. (E) Frequency of circulating E7-specific CD8+ IFN-γ+/total CD8+ T cells on D28 after overnight ex-vivo stimulation of cells with the HPV-16 E7 Kb MHC class I-restricted immunodominant epitope peptide (n=12). (F) Gate strategy of circulating IFN-γ producing CD8+ T cells by flow cytometry. (&) p <0.05, statistical significance of IL-6-/- control group concerning all the others; (Φ) p <0.05, statistical significance IL-6-/-+ gDE7 group concerning all the others; (δ) p <0.05, statistical significance of IL-6-/-+ gDE7 + DL-1MT group concerning all the others. (*) p<0.05, (**) p<0.01, statistical significance of one experimental group in comparison with the other groups. (#) p<0.05 represents the statistical significance of stimulated (red dots) versus non-stimulated (white dots) cells inside each experimental group. Regarding tumor volume graphs, the results were confirmed through multiple comparisons by Turkey’s test (three or four groups), comparing each group mean with the other group mean at the same time point.





Lack of IL-6 expression and IDO inhibition enhances activation of intratumoral effector immune cells and reduces immune suppressive cells in gDE7 vaccinated mice

We next investigate the tumor-infiltrating immune cells population (time point analyzed - D21) to determine the immunological mechanism behind the tumor rejection outcome obtained in IL-6 deficient mice by our therapeutic approach (Figure 5A). Mice immunized with gDE7 and those also treated with IDO inhibitors (D-1MT or DL-1MT) had higher rates of intratumoral CD45+ (Figure 5B) and CD8+ T cells (Figure 5C) than non-immunized mice. Interestingly, despite CD4+ T-cell population was similar in all experimental groups (Figure 5D), immunization with gDE7 with or without IDO inhibitors decreased the frequency of intratumoral Treg cells (Figure 5E). Regarding myeloid cells, immunization of IL-6-/- mice with gDE7 enhanced DC migration into the tumor microenvironment (Figure 5F). In addition, the adjuvant treatments with D-1MT or DL-1MT increased the frequencies of activated DCs in the tumor microenvironment (Figures 5F, G). Moreover, mice treated with gDE7 and 1MT isoforms showed increased activation of resident and inflammatory monocytes (Figures 5H, I). Notably, the combined treatment of gDE7 and D-1MT or DL-1MT substantially reduced the frequency of intratumoral PMN-MDSC when compared to mice treated only with gDE7 (Figure 5H). Furthermore, the combination treatment with D-1MT or DL-1MT promoted upregulating of CD86 of PMN-MDSC (Figure 5I). Unfortunately, due to the small tumor volume, it was not possible to assess the E7-specific CD8+ IFN-γ+ T cells population in the tumor microenvironment. These findings further support the role of IL-6 and IDO in the immunomodulation promoted by gDE7 and underline the relevance of multi-target therapeutic strategies for successful antitumor immunotherapy.




Figure 5 | IDO inhibition increases activation of intratumoral DCs and decreases immune suppressive PMN-MDSC in tumor microenvironment of IL-6-/- mice immunized with gDE7. (A) Gating strategy for immune cell analyses of the tumor microenvironment, evaluated at day 21 after the tumor engraftment. Cells were gated by the expression of CD45+ and successively analyzed according to the expression of CD8+ (CD8+ T lymphocytes), CD4+ (CD4+ T lymphocytes) followed by CD25+ and FoxP3+ CD25+ (T regulatory cells); CD11chigh MCH-IIhigh (dendritic cells), CD11bint Ly6Cint Gr1- (resident monocytes), CD11bint Ly6Chigh Ly6G- (inflammatory monocytes) or CD11bhigh Ly6Cint Ly6G+ (PMN-MDSC). Antigen-presenting cells were considered activated by the expression of the co-stimulatory molecule CD86, analyzed by the median of fluorescence intensity (MFI) in the gated subsets cells. (B) Frequencies of CD45+ cells. (C) Frequencies of CD8+ cells. (D) Frequencies of CD4+ cells. (E) Frequency of FoxP3+ CD25+ CD4+ cells. (F) Frequencies of CD11chigh MCH-IIhigh cells. (G) CD86 MFI in CD11chigh MCH-IIhigh cells. (H) Frequencies of Gr1+ (Ly6C+/Ly6G- or Ly6C-/Ly6G+) CD11b+ cells. (I) CD86 MFI in Gr1+ CD11b+ subsets cells. Data representative of two independently performed experiments (n=6). Statistical significance: (*) p<0.05, (**) p<0.01, (***) p<0.001 by ANOVA. (#) p<0.05 and (##) p<0.01 represent the statistical significance of control group versus other groups.






Discussion

Our research explored the possible association between IL-6 and IDO1 in the progress of HPV-related tumors, as well as their influence on a specific cancer immunotherapy strategy. The experimental approach aimed to circumvent three major concerns in HPV-related tumors: systemic and local high expression of IL-6 and IDO as well as activation of effector immune cells. To address this goal, we employed the well-known HPV-16 TC-1 tumor mouse model, which expresses IL-6 (30) and IDO (27), to understand the impact of these factors during gDE7-based immunotherapy. The main findings of the study were: 1) IL-6 impacts the in vivo TC-1 cell tumor development and this feature depends on IL-6 expression by leukocytes and stromal cells, not by tumor cells; 2) in IL-6-/- mice, gDE7 treatment enables partial tumor mass control, nonetheless, only with IDO inhibition gDE7-immunized mice could boost immune responses and more efficiently eradicate tumor cells; 3) in the absence of IL-6, the adjuvanticity of 1MT isoforms were essential to increase the efficacy of the gDE7 vaccine leading to increased frequencies and activation of antigen-presenting cells in the tumor microenvironment and control of intratumoral PMN-MDSC and Treg expansion.

The vaccines based on the fusion of HPV-16 E7 oncoprotein and the HSV-1 glycoprotein D, either protein- or DNA-based, have been shown to potentiate immune responses capable of blocking inhibitory signals mediated by the B and T lymphocyte attenuator (BTLA) co-signaling protein by competitive binding inhibition with herpesvirus entry mediator (HVEM) receptor (31, 32). In addition, HSV-1 gD protein delivers target antigen and promotes direct activation of a specific DCs subset specialized in cross-presentation leading to efficient activation of CD8+ T cell-dependent antitumor responses (25). The therapeutic antitumor efficacy of gDE7-based vaccines could be enhanced by combination with different adjuvant procedures, including administration by electroporation (33), combined treatments with gemcitabine (34) and cisplatin (26), the addition of poly(I:C) (25, 35), co-expression of IL-2 (36) or IL-10 receptor (37), adsorption to Bacillus subtilis spores (38), and combination with metabolic adjuvants such as IDO inhibitors and melatonin (27). Recently, a novel antibody-based vaccine platform was designed to deliver E7 oncoprotein to DEC205+ dendritic cells (αDEC205-E7 mAb) (39). Although gDE7-based vaccines showed outstanding anticancer effects, the effectiveness decreased when tumors achieved an advanced growth stage due to immunosuppressive mechanisms elicited by tumor cells (27, 34, 37). Indeed coadministration of DNA vaccines encoding gDE7 and IL-10 receptors has been shown to halt tumor-induced immune suppressive cells (MDSC) and enhance strong tumor-specific CD8+ T-cell response leading to better control of tumors at advanced growth stages (37). Notably, IL-10-/- mice develop TC-1 cell-derived tumors at faster rates with a significant enhancement of IL-6 and numbers of intratumoral MDSC concerning WT mice. Indeed, previous experimental evidence demonstrated that the use of an anti-IL-6 receptor monoclonal antibody controlled tumor growth and expansion of intratumoral MDSC (40).

Among the oncology biomarkers explored in HPV-related cancers, IL-6 stands out as a predictor of tumor development and immunosuppression. (9, 41–43). High expression of IL-6 in both tumor cells and surrounding tissues has been found in patients with HPV-16 and 18 infections (8, 42, 44). It is widely assumed that the positive regulation of IL-6 in HPV-related pathologies relies on STAT3 signaling (15, 43). Interestingly, the STAT3/IL-6 axis is assumed to regulate the constitutive expression of IDO1 in tumor cells (16), leading to the hypothesis that this axis could regulate the high-level expression of IDO1 in the tumor microenvironment and adjacent tissues of HPV-related tumors (27, 45–48), since both molecules are co-expressed in TC-1 cell mouse model or cervical cancer patients. Indeed, IL-6 and IDO have been linked to poor treatment outcomes, tumor recurrence, and aggressive tumor progression in breast cancer (49), nasopharyngeal carcinoma (50), and prostate cancer (51) patients. Therefore, the study of these two immunosuppressive molecules is important not only for HPV-related tumor, but also for other tumor types. Considering that immunometabolism has emerged as a central element in cancer therapy (52, 53), we previously explored the combination of gDE7 with IDO inhibitors and melatonin, which promoted synergic antitumor effects drawing attention to the relevance of multi-target therapeutic approaches (27). Focusing on continuing this study and further understanding the IDO/IL6 axis in HPV-related tumors, in the present study we investigated the outcomes of gDE7 immunization in IL-6-/- mice, treated or not with 1MT isoforms, based on the hypothesis that targeting IDO and IL-6 could augment the immunotherapeutic effects. Aligning with our findings, the impact of IL-6 in HPV-related tumors has been previously demonstrated with IL-6-/- mice and by blocking of IL-6 with specific inhibitors (43). Here we saw a considerable reduction in tumor development when the IL-6-/- mice were immunized with gDE7. This phenomenon could be related to the specific tumor signature since IL-6 deficiency did not affect esophageal tumorigenesis (54).

IL-6 signaling can be targeted in a variety of ways, including the use of anti-IL-6 (siltuximab) or IL-6R (tocilizumab) monoclonal antibodies, which have both been extensively studied in different experimental tumor models as well as in clinical trials (55). IL-6 inhibition combined with other chemotherapeutic drugs, radiation, and targeted therapies significantly increased the clinical therapeutic gain in various cancer types (56, 57). In this concern, the inhibition of IDO1 can trigger an IL-6-dependent toxic inflammation in mice, which can be reduced by anti-IL-6 antibodies (58). Indeed, the combination of different treatments with multifactorial target mechanisms may pave the way for the generation of new and more effective cancer therapies. Focusing on cancer metabolism, we previously observed the impact of IDO1 on the efficacy of gDE7 immunization, with the complete rejection of TC-1 tumors in IDO1-deficient mice (27). Taking this finding into account, and knowing that giving oral IDO inhibitors every other day partially protects WT mice immunized with gDE7 (27), we sought to find out if oral administration of 1MT isoforms to WT mice every day would enable tumor clearance in response to gDE7 treatment. This approach leads to toxic side effects that impaired the antitumor responses conferred by gDE7. Similar findings were obtained in an experimental HPV-related head and neck tumor model using tumor cells derived from murine oropharyngeal epithelial cells expressing HPV16 E6/E7 (59). However, in a glioblastoma mouse model (60) and a lung mouse model (61), daily oral administration of 1MT isoforms improved therapeutic outcomes.

Targeting IDO1-induced immunosuppressive mechanisms could represent a double-edged sword, since inhibiting IDO1 as a monotherapy could also lead to increased tumor development (27, 62). Clinical development efforts now encompass the combination of IDO inhibitors with immunotherapies. Positive clinical outcomes were achieved when IDO inhibitors were used in combination with sipuleucel-T (NCT01560923), DC-based vaccine (NCT01042535), and pembrolizumab (63), implying that IDO inhibition has a significant therapeutic value when combined with other therapeutic procedures. Regarding gDE7 immunotherapy, we observed a similar adjuvanticity performance of DL-1MT and D-1MT, worth mentioning that D-1MT is presently undergoing 17 clinical trials. Both 1MT isomers lead to increased gDE7-mediated antitumor protection in WT mice, but only the combination of gDE7 with IDO inhibitors in the absence of IL-6 afforded more efficient tumor cell eradication. Importantly, TC-1 cells were the exclusive IL-6 source in the model suggesting that the therapeutic efficacy is selective when targeting IL-6 on immune and stromal cells rather than on the tumor cells. The immunotherapeutic efficacy of the proposed vaccine approach (gDE7 + IL6-/- + 1MT) relied on the immune-cellular profile of the tumor microenvironment, including activation of myeloid cells and reduction of PMN-MDSC and Treg. Supporting our data, IL-6 is involved in the differentiation and expansion of MDSCs, which can inhibit T-cell via multiple molecular mechanisms (64), and 1MT effectively reverses the recruitment of tumor-infiltrating MDSCs induced by IDO1 (65). Similarly, as previously noted, CD11b+Ly6G+ myeloid cells represent a major source of IDO in the tumor microenvironment (58). Treg cells are also involved in the role of IDO1-induced immunosuppressive mechanisms that promotes cancer cell survival (20). Indeed, higher frequency of CD4+CD25+FoxP3+ T cells are associated with IDO expression in immunological and stromal cells (66, 67). In this concern and corrobotarting or data, the inhibition of IDO by 1MT attenuates Treg cells differentiation and expansion (67, 68).

Concerning the therapeutic effectiveness, DCs are required for immunotherapy-driven tumor relapse control (25, 26, 38). Our current data with the IL6-/- mouse model demonstrated the relevance of 1MT adjuvanticity in boosting DCs in the tumor microenvironment. Indeed, cooperativity between orally-delivered 1MT and subcutaneous administration of gDE7 in IL-6-/- mice induced tumor rejection and DC activation. Interestingly, we observed an increased frequency of DCs in the tumor microenvironment of IL-6-/- mice, but not CD4+ T cells or CD8+ T cells at the time point assessed. Corroborating our data, an increased percentage of DCs was observed in IL-6-/- mice implies that IL-6 hinders DC maturation in vivo with negative outcomes for DC-mediated T cell activation (14). Notably, IL-6-/- DCs retained the ability to generate functional CD8+ T effectors and memory cells (69). In this concern, the IL-6 signaling cascade was shown to inhibit the expression of major MHC-II and CD86 molecules on the surfaces of DCs in vivo, resulting in the delay of cancer-related antigen presentation (70, 71). Moreover, the dysfunction of DC also attenuates CD4+ T-cell-mediated antitumor immunity responses, and inhibition of IL-6 reduces tumor growth by restoring T-cell activity in tumor-bearing mice (72, 73). The tumor-driven immunosuppression of DCs could also rely on IDO expression (74). Remarkably, in the TC-1 tumor mouse model, there is a substantial increase in tumor-infiltration of IDO-expressing DCs, macrophages, and monocytes during tumor development, which contributes to the immunosuppressive cellular microenvironment (27). Although IDO inhibitors did not increase intratumoral CD8+ T cells in vaccinated mice, concomitant targeting of IL-6 and IDO promoted efficient induction of tumor-infiltrating DCs. Notably, cellular analyses indicated that only gDE7 combined with 1MT increased tumor infiltration of monocytic and myeloid antigen-presenting cells expressing higher levels of CD86, an important T-cell costimulatory molecule. Therefore, one possible hypothesis of the observed antitumor effects may rely on the fact that 1MT can reverse the T cell suppressive phenotype induced by IDO-expressing murine DCs promoting efficient antigen presentation and T cell proliferation (62).

In the era of immuno-oncology, the search for prognostic markers to expand the use of the immunotherapeutic approach may be a key step to improving the outcome of presently available cancer treatments. The contextual study presented here has allowed us to demonstrate how anti-IDO/IL-6 therapies may contribute to future successful treatments and open perspectives for the development of alternative options for the treatment of HPV-related tumors.
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Due to its widespread occurrence and high mortality rate, hepatocellular carcinoma (HCC) is an abhorrent kind of cancer. Immunotherapy is a hot spot in the field of cancer treatment, represented by immune checkpoint inhibitors (ICIs), which aim to improve the immune system’s ability to recognize, target and eliminate cancer cells. The composition of the HCC immune microenvironment is the result of the interaction of immunosuppressive cells, immune effector cells, cytokine environment, and tumor cell intrinsic signaling pathway, and immunotherapy with strong anti-tumor immunity has received more and more research attention due to the limited responsiveness of HCC to ICI monotherapy. There is evidence of an organic combination of radiotherapy, chemotherapy, anti-angiogenic agents and ICI catering to the unmet medical needs of HCC. Moreover, immunotherapies such as adoptive cellular therapy (ACT), cancer vaccines and cytokines also show encouraging efficacy. It can significantly improve the ability of the immune system to eradicate tumor cells. This article reviews the role of immunotherapy in HCC, hoping to improve the effect of immunotherapy and develop personalized treatment regimens.
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1 Introduction

The liver is the sixth most common site of primary cancer in humans, and as one of the most common malignant tumors, liver cancer has the fourth most lethal rate in the world (1). It is estimated that by 2025, more than 1 million people will develop liver cancer each year (2). Among them, the incidence of hepatocellular carcinoma (HCC) accounts for 80–90% of primary liver cancer (3), with a dismal prognosis and a relative five-year survival rate of 18% (4), placing a huge load on healthcare. HCC occurs predominantly in men between the ages of 60 and 70 years (5, 6), and person with hepatitis B virus (HBV) and/or hepatitis C virus (HCV) infection, excessive alcohol use, nonalcoholic steatohepatitis (NAFLD), and a family history of liver cancer is at high risk for HCC (7–10). Although anti-HBV and anti-HCV therapy can significantly reduce the risk of HCC, it still cannot completely avoid the occurrence of HCC (11, 12). Serum alpha-fetoprotein (AFP) is a commonly used and important indicator for the diagnosis of early HCC and the monitoring of curative effect (13). However, HCC is typically detected at a level that is intermediate to advanced (14). The overall survival (OS) rate after liver resection for patients with advanced HCC has been unsatisfactory on the basis of large data (15).

Antitumor therapies combining liver transplantation, percutaneous ablation, transarterial chemoembolization (TACE), and radiation embolization have made great strides, but the choice is largely dependent on tumor load, location, and comorbidities (16). Indeed, systemic molecular therapies have been a mainstay of treatment for advanced HCC for more than a decade, with first-line agents, including the oral multityrosine kinase inhibitors (TKIs) sorafenib, lenvatinib, and donafinib, and second-line agents, including the antiangiogenic agents regorafenib and apatinib (17). The clinical prognosis of cancer patients will be impacted by immune infiltration in the tumor microenvironment (TME), which has been proven to have a profound influence in tumor formation. An effective immune response can eradicate malignant cells or impair their phenotype and function. However, cancer cells have evolved mechanisms such as defective antigen presentation and recruitment of immunosuppressive cell populations to evade immune surveillance (18), and antitumor immune responses are suppressed. In recent years, immunotherapy, including immune checkpoint inhibitors (ICIs), adoptive cell therapy (ACT), cancer vaccines and cytokines, has shown exciting efficacy in melanoma and non-small cell lung cancer, and is revolutionizing the treatment of HCC (Figure 1).




Figure 1 | Applications of immunotherapy in HCC.



This review emphasizes challenges and options to effectively treat HCC patients by describing the fundamental processes of immunotherapy and its therapeutic benefits in HCC. In addition, we suggested innovations and techniques to improve the performance of immunotherapy based on the characteristics of HCC.




2 Immune checkpoint inhibitors

Elimination of co-inhibitory signals is an effective way to regulate autoimmune responses. Immune checkpoint molecules are inhibitory regulatory molecules of the immune system that are critical for maintaining self-tolerance, preventing autoimmune responses, and minimizing tissue damage by controlling the timing and intensity of the immune response (19, 20). ICIs with PD-1, PD-L1, CTLA-4, TIM-3 and LAG-3 as representative targets have shown surprising safety and efficacy in the treatment of HCC (Table 1).


Table 1 | Protocols to improve the efficacy of immune checkpoint inhibitors in HCC.



Inhibitors of PD-1, PDL-1, and CTLA-4 are the backbone of clinical practice or of systemic therapies in development for hepatocellular carcinoma. The CTLA-4 blocker tremelimumab’s anti-tumor and antiviral effects in HCC patients were first investigated by Bruno et al. (34). Finally, patients showed a median time to progression (TTP) of 6.48 months and a disease control rate (DCR) of 76%, revealing for the first time the transformative function of ICIs in the treatment of HCC. A phase I/II study published 4 years later by Anthony et al. first evaluated the efficacy of anti-PD-1 monoclonal antibody nabuliumab in patients with advanced HCC (35), showing an objective response rate (ORR) of 20%, a DCR of 64%, a median OS of 13.2 months as well as a median duration of response of 9.9 months, which further confirmed the potential of ICIs for HCC. In 2018, another single-arm phase II trial conducted by Colombo et al. tested the clinical efficacy and safety of pembrolizumab in 104 patients with advanced hepatocellular carcinoma who had been previously treated with sorafenib (36). The results showed an ORR rate of 17% and 44% of patients had stable disease. 77% of patients had a sustained response for ≥ 9 months, median PFS of 4.9 months, and median OS of 12.9 months, indicating that the safety and toxicity of pembrolizumab in HCC patients are manageable.

In addition to the above three types of immune checkpoints, TIM-3 and LAG-3 can also target and stimulate anti-tumor immune responses. Liu et al. (37) studied the expression, function, and regulation of the Tim-3/galectin-9 pathway in patients with HBV-related HCC, founding that the interaction of Tim-3 and galectin-9 impaired T cell effector function in HCC, and Tim-3 expression was negatively correlated with clinical outcome in patients with HBV-related HCC. LAG3 binds MHC class II molecules with high affinity, is upregulated upon T cell activation, and provides a negative signal to T cells (38). Guo et al. (39) found that serum LAG-3 levels significantly increased in HCC patients compared with healthy controls, and patients with higher LAG-3 levels had a poor prognosis after TACE. These preclinical studies demonstrated the potential of TIM-3 with LAG-3 and provided support for the subsequent combination therapy of multiple ICIs.



2.1 Combination of two ICIs

Single ICI may have limited efficacy in the treatment of HCC, but combinations of ICIs, such as anti-PD-1, anti-PD-L1, and anti-CTLA-4, have shown excellent efficacy in tumors such as non-small-cell lung cancer (40), melanoma (41), and colorectal cancer (42). Yau et al. (21) tested the safety of combination therapy with nivolumab (NIVO) and ipilimumab (IPI) in patients with advanced HCC and found that the ORR in the combination group was twice as high as that in the NIVO monotherapy group, with a DCR of 49% and 24-mo OS rate of 40%. This encouraging result led to accelerated FDA approval of this combination for the treatment of HCC patients after sorafenib. Single-agent pembrolizumab and nivolumab plus ipilimumab are now approved as second-line treatments for patients with disease progression from first-line TKIs (43). Liu et al. (37) found that the up-regulation of TIM-3 and/or PD-1 expression on tumor infiltrating lymphocytes (TILs) weakened their functions and was closely related to the disease progression of HBV-related HCC. The anti-tumor effect of TILs was restored after blocking TIM-3 and PD-1, which provided new ideas for the combination of immune checkpoint inhibitors. Currently, dual blockade of LAG-3 with anti-PD-1 treatment is being tested in a Phase I trial (NCT01968109) (44).




2.2 Combination with chemotherapy

Hepatic arterial infusion chemotherapy (HAIC) is an emerging therapy that has attracted much attention due to its high response rate and favorable survival for advanced liver cancer. In the Asian region, HAIC has been used as a sorafenib replacement therapy for patients with advanced HCC (45, 46). As a locoregional interventional therapy, HAIC not only maximizes tumor cell killing but also reduces systemic toxicity of chemotherapy agents through first-pass effects in the liver (47). Despite the promising efficacy of HAIC against unresectable tumors, its ability to inhibit extrahepatic metastasis remains unsatisfactory.

Mei et al. (22) investigated the effect of HAIC combined with anti-PD-1 immunotherapy (HAICAP) in advanced HCC and showed that patients in the HAICAP group had significantly better survival outcomes than those in the HAIC group. Muscular steatosis refers to the abnormal distribution of adipose tissue between and within muscle cells, which leads to excessive fat deposition in muscle, resulting in the decline of muscle mass, limb function and physical fitness. Yi et al. (23) evaluated the effects of anti-PD-1 immunotherapy and HAIC in HCC patients with varying degrees of muscular steatosis. The median PFS was 7.1 months and OS was 15.6 months. It was also found that patients with muscular steatosis had accelerated disease progression, increased levels of complications, prolonged hospital stay and poor prognosis after receiving treatment. A phase II study (24) focused on the clinical benefit of combining the anti-PD-L1 antibody camrelizumab with oxaliplatin-based chemotherapy (FOLFOX or GEMOX) in HCC patients and found an ORR of 26.5%, a DCR of 79.4%, a median TTR of 2.0 months, and a median PFS of 5.5 months. Camrelizumab plus FOLFOX or GEMOX chemotherapy is well tolerated and may provide a new option for patients with advanced HCC.




2.3 Combination with anti-angiogenic agents

HCC is a highly vascularized tumor (48), and clinical trials have successfully shown the critical role of targeting VEGF-driven angiogenesis in HCC (49). Anti-angiogenic agents inhibits tumor growth by normalizing tumor vasculature and disrupting the hypoxic tumor microenvironment (50). In 2020, atezolizumab-bevacizumab combination became the standard first-line systemic treatment for advanced HCC for its significant efficacy (43) and other combinations are being explored. Shigeta et al. (25) used orthotopic transplantation or induced mouse models of HCC to examine the effect of anti-PD-1/VEGFR-2 combination therapy on survival. VEGFR-2/PD-1 dual blockade can promote the normalization of blood vessels, reprogram the immune microenvironment, and promote the anti-tumor immunity of HCC. A nonrandomized, open-label, phase II trial by Xu et al. (28) evaluated the efficacy of camrelizumab plus apatinib in patients with advanced HCC who were naive or refractory/intolerant to first-line targeted therapy. The results showed that the combination of camrelizumab and apatinib achieved effective efficacy in terms of ORR and OS and met the primary endpoint in both the first- and second-line cohorts.

Deng et al. (26) explored the optimal combination of anti-PD-1 antibody and TKIs in patients with unresectable HCC and the possible mechanism of combined therapy. They found that lenvatinib can reduce the expression of PD-1, CTLA-4 and Tim-3 on T cells promoted by VEGFA and basic fibroblast growth factor, and improve the cytotoxicity of T cells. The combination of anti-PD-1 antibody and lenvatinib has a more effective anti-tumor effect than sorafenib or BGJ398. An Ib multicenter open-label study of 100 patients was designed to assess the tolerability, safety, and efficacy of lenvatinib plus pembrolizumab in the treatment of unresectable HCC (27). In this study, lenvatinib plus pembrolizumab produced a definitive response rate, with a PFS of 9.3 months and a median OS of 22.0 months. This suggests that lenvatinib plus PD-1 inhibition and pembrolizumab have promising antitumor effects.




2.4 Triple therapy

Anti-angiogenic agents combined with PD-1 or PD-L1 inhibitors have shown promising survival results in the treatment of unresectable HCC tumors. HAIC has also attracted attention for its high response rate and favorable survival in patients with advanced HCC. The combination of these three factors provides a new option for personalized treatment of different HCC patients.

A retrospective study was designed to compare survival among patients with advanced HCC who received HAIC plus lenvatinib plus a PD-1 inhibitor (HPL) with survival among patients who received lenvatinib plus a PD-1 inhibitor (PL) (29). The results showed that the survival outcome of patients in the HPL group was significantly better than that in the PL group, with a median OS of 15.9 months and a median PFS of 8.8 months, which were almost twice of PL group. All adverse events were assessed as mild and manageable, and no toxicity-related deaths occurred during follow-up. Liu et al. (30) investigated the efficacy and safety of HAIC combined with anti-PD-1 immunotherapy versus TKIs. Finally, the median PFS was 10.6 months, ORR was 63.0%, and DCR was 92.6% in the patients who received triple therapy, which was satisfying. Song et al. (31) evaluated the efficacy and safety of pembrolizumab, lenvatinib plus HAIC (PLH) versus pembrolizumab and lenvatinib (PL) in selected treat-naive uHCC patients. At the final follow-up, the median OS was 17.7 months in PLH group and 12.6 months in PL group. And the median PFS in the PLH group (10.9 months) was also significantly higher than that in the PL group (6.8 months), confirming that the combination of PD-L1 inhibitor, HAIC and lenvatinib can also improve survival rate.




2.5 Combination of radiotherapy

Recent studies have found that the use of local radiotherapy may stimulate antitumor immune responses by increasing apoptosis and necrosis of tumor cells and subsequently increasing the expression of antigen presentation and immunomodulatory genes (51). This may improve the response to immunotherapy, increase efficiency and reduce adverse effects. The strategy of combining immunotherapy with radiotherapy has shown promising results in clinical and basic studies. PD-L1 circulating tumor cells (CTCs) can be used as a predictive biomarker in patients with HCC who receive PD-1 inhibitors in combination with intensive radiation therapy (IMRT) and antiangiogenic therapy (32). Zhong et al. (33) explored the safety and clinical efficacy of PD-1/PD-L1 inhibitors combined with palliative radiotherapy and antiangiogenic agents in the treatment of BCLC stage C HCC. The final ORR was 40.0%, the median PFS was 140 days, and the median OS was 637 days, which proved that PD-1/PD-L1 inhibitors combined with palliative radiotherapy and anti-angiogenesis therapy were reliable without unexpected adverse events. Additional studies exploring clinical benefit are needed.





3 Adoptive cellular therapy

ACT is also an emerging type of immunotherapy that involves harvesting human T cells, growing them in vitro, increasing their number or targeted killing, and then injecting them back into the patient to kill cancer cells in the blood or tissue (52). Compared with traditional methods, ACT has the characteristics of high specificity, short onset and less interference from internal factors. Four classes of ACT that have made progress include chimeric antigen receptor T-cell (CAR-T), genetically engineered T-cell receptor (TCR), tumor-infiltrating lymphocytes (TILs) and natural killer (NK) cells. ACT has shown remarkable results in hematologic tumors, such as B-cell leukemia (53) and multiple myeloma (54).



3.1 Tumor-infiltrating lymphocytes and natural killer cells

TILs are lymphocytes that leave the blood and enter the tumor, and have a wide range of antigen recognition roles in tumor cells. Among them, T cell populations such as CD8 and CD4 play a key role in tumor control through mechanisms such as production of proinflammatory cytokines and promotion of plasma cell production (55, 56).

Ding et al. (57) conducted a meta-analysis of 7905 patients from 46 studies to evaluate the prognostic impact of TILs in HCC patients. The results showed that for TILs subsets, the density of CD8+, FOXP3+, CD3+ and granzyme B+ lymphocytes was significantly associated with improved survival, and the density of FOXP3+ TILs in the intratumoral (IT) was the most important prognostic marker. Higher CD8+ TIL and granzyme B+ T lymphocyte infiltration rate in the IT of patients are associated with better OS, and high CD3+ density predicts worse OS. This indicates that some TIL subsets can be used as prognostic biomarkers for HCC. Huang et al. (58) evaluated the expression of FoxP3 regulatory T cells (Tregs), CD4, CD8, and CD34 in tumor and surrounding tissues of 54 HCC patients by immunohistochemistry. It was found that the density of Tregs within the tumor was significantly elevated, whereas the density of CD8+T cells was lower. Tumor-infiltrating Tregs may promote HCC progression by promoting angiogenesis and decreasing CD8 + T cells, and are considered to be poor prognostic indicators for HCC. Whether ILs can exert normal anti-tumor activity depends on the expression level of inhibitory receptors on their surface. Pfister et al. (59) reported the progressive accumulation of depleted CD8+ PD-1 T cells in NASH-affected livers, and elimination of enriched CD8+ PD-1 T cells reduced liver injury and HCC incidence. Overall, TIL has been shown to exhibit complex anti-tumor and pro-tumor properties in HCC. As a therapeutic strategy, TILs expand immune cells from the immunosuppressive tumor microenvironment and infuse them back into the patient. However, clinical studies on the therapeutic effect of TILs in HCC are still limited.

NK cells are unique cytotoxic lymphocytes that play a crucial role in fighting tumors and infections. The importance of NK cells and their activated receptor-ligand axis in the immune surveillance of HCC has been extensively studied. Major histocompatibility complex class I chain-related protein A (MICA) is the human ligand for the NKG2D receptor on NK cells, and binding of MICA triggers NK cells and enhances antigen-specific tumor immunity (60). Reduced MICA expression in HCC tissues is associated with lower PFS and OS in patients 53 (61).

A in vitro study conducted by Kim et al. (62) showed that HI CD56bright NK cells could produce significant killing effects on the human HCC cell line SNU398, a result that supports the next step in the investigation of the immunotherapy potential of NK cells. The clinical efficacy of immunotherapy with irreversible electroporation (IRE) in combination with allogeneic NK cells for stage IV HCC was evaluated in 40 patients (63). The results showed a synergistic effect of IRE and NK cell therapy, which not only enhanced the immune function, but also reduced the expression of AFP, showing good clinical efficacy. Weng et al. (64) randomized 85 patients with HCC after TACE and radiofrequency ablation to immunotherapy or no adjuvant therapy. Autologous cytokine-induced killer (CIK) cells were infused through the hepatic artery. CD3+, CD4+, CD56+ cells and CD4+/CD8+ ratio were increased in the CIK treatment group, while the recurrence rates at 1 year and 18 months were significantly decreased, indicating the important role of CIK in the treatment of HCC.




3.2 Chimeric antigen receptor T-cell and genetically engineered T-cell receptor

The major advantage of CAR-T cells, which are genetically modified lymphocytes, is the ability to recognize extracellular antigens that are presented independently of HLA without the need for antigen presentation to the surface by MHC, making more cancer cells vulnerable to attack (65). The application of CAR-T in HCC has also received extensive attention in recent years.

Secretion of IL-7 and CCL19 (7×19) improves the infiltration and survival of mouse CAR-T cells in vivo (66). Pang et al. (67) co-transduced T cells with CAR vector and 7×19 lentivirus to further verify the anti-HCC efficacy of 7× 19-secreting CAR-T cells. It was found that the liver tumor lesions significantly shrank on day 10 after receiving CAR-T cell injection and completely disappeared after one month. However, the number of patients enrolled in this study is small, and larger studies are still needed to prove the safety and efficacy of CAR-T cells. While HCC tumor organoids and CD39 HBV-CAR-T cells were co-cultured, Zou et al. (68) discovered that the anti-tumor effects of the CD39 HBV-CAR-T cells were enhanced when the PD-1, TIM-3, and LAG-3 checkpoints were down-regulated. Glypican-3 (GPC3) is a cell membrane cancer fetoprotein that is highly expressed in various solid tumors (69). A large body of evidence has shown that CAR-T cells targeting GPC3 can inhibit the growth of HCC cells. In a preclinical study, CAR-T cells were generated on the basis of humanized YP7 (hYP7) and HN3 antibodies (70). They found that CAR (hYP7) T cells suppressed GPC3-positive HCC in a mouse model of HCC, possibly by inducing perforin and granzyme mediated apoptosis or reducing Wnt signaling in tumor cells. Expanded and modified peripheral blood V1 T cells were employed by KAkkouk et al. (71) to produce GPC3-specific CAR and sIL-15. The generated CAR/sIL-15 V1 T cells demonstrated improved antitumor activity and successfully slowed the development of the HCC tumor. Patients with HCC may benefit from treatment with CAR-T cells that target GPC3.

The α and β chains of the TCR are key components that determine T-cell antigen specificity, and the TCR recognizes antigens through enzymatically cleaved peptides that are presented on the cell surface by MHC molecules (72). In TCR-T therapy, T cells are edited to express the TCRα and β chains, giving them tumor-targeting specificity (73).

Zhu et al. (74) identified AFP-specific TCR genes in mice and transduced human T cells with mouse TCR genes to bind HLA-A2/AFP158 tetamers. TCR-T cells specifically killed HLA-A2AFP HepG2 HCC tumor cells but had no obvious toxicity to normal primary hepatocytes in vitro. Meng et al. (75) studied the safety of HBV-TCR-T cell immunotherapy in eight patients with advanced HBV-HCC who did not qualify for liver transplantation. None of the patients showed acute adverse effects during or immediately after the injection, and they were subsequently well tolerated. The final median OS was 33.1 months, and the median TTP was 6.18 months. HBV-TCR T cells have the potential to treat HCC recurrence after liver transplantation, but their efficacy may be hindered by the immunosuppressive therapy required to prevent graft rejection. Hafezi et al. (76) engineered TCR-T cells molecularly to preserve their versatility in these patients while minimizing the risk associated with organ rejection. The results showed that patients with HBV-HCC after liver transplantation who received different immunosuppressive drugs showed different degrees of peripheral blood monocytes activation after HBV-TCR T cell infusion, and the disease progression was controlled.





4 Cancer vaccines

One of the key factors that needs to be addressed to achieve clinical benefit in HCC is to trigger an immune response, and cancer vaccines are an ideal immunotherapy strategy. As a key part of tumor vaccine design, tumor antigens can be traditionally divided into tumor-associated antigen (TAA) and tumor-specific antigen (TSA). There is yet little research on TSA. A preclinical experiment has demonstrated that lentinan-induced tumor-specific antigens have a significant impact on the anti-tumor immune response and immune system activation (77). Currently, the rationale for most therapeutic cancer vaccines is based on TAA to elicit an antitumor immune response to eliminate tumor cells that express these antigens (78).

A study by Mizukoshi et al. have identified some TAA in HCC and observed the activation of directed T cell responses, including Cyclophilin B, SART2, SART3, p53, MRP3, AFP and hTERT, among others (79). HepaVac-101 is a first single-arm human phase I/II multicenter cancer vaccine trial against HCC (80). 22 HCC patients were injected with the peptide antigen IMA970A and the TLR7/8/RIG I agonist CV8102, and the results showed that vaccination had a good safety profile and elicited TAA-specific immune responses in the general population of patients. Chen et al. (81) linked the XCL1 chemokine to GPC3, which is overexpressed in HCC, to construct the XCL3-GPC3 fusion molecule as a liver cancer vaccine. dendritic cells (DCS) targeted by the vaccine enhance the infiltration of antigen-specific CD8 T cells and NK cells and inhibit tumor formation and growth, with antitumor effects further enhanced by the administration of anti-PD-1. The effectiveness of cancer vaccines is limited by immunosuppressive TME, indicating the need for improvements. The effectiveness of a novel combinatorial approach based on metronomic chemotherapy and vaccination is examined in a mouse model (82). Comparing the combinatorial treatment to the vaccination alone results in a more specific T cell response, which correlates to a lower prevalence of Tregs. Such results are very encouraging and may open the door to useful advancements in immunotherapeutic approaches for HCC.

New tumor-selective vectors, key components that enhance antigen-specific immune response, can improve anticancer efficacy and circumvent systemic toxicity (83). Huang et al. (84) designed tumor-targeting lipid dendrimeric calcium phosphate (TT-LDCP) nanoparticles (NPs) using thymitine-functionalized dendrimeric polymers to efficiently deliver siRNA and pDNA into HCC cells, increase tumor invasion and CD8 T cell activation, and enhance the efficacy of cancer vaccines. And inhibit the progression of HCC. The Oxford 40 ligand (OX40L), a tumor necrosis factor receptor, is also a promising target for mRNA cancer vaccines (85). One study evaluated the anti-HCC effect and immune activation mechanism of a lipid nanoparticle-encapsulated OX40L mRNA cancer vaccine in vitro and in vivo. The results showed that the OX40L mRNA vaccine effectively induced T cell activation in vivo and inhibited tumor progression (86).




5 Cytokines

Cytokines are a class of small molecule proteins with a wide range of biological activities that are synthesized and secreted by immune cells and some non-immune cells in response to stimulation (87, 88). Cytokines mediate cell-to-cell communication and have diverse functions, including regulation of innate and adaptive immunity, cell growth, and repair of injured tissues (89). With the comprehensive development of tumor immunotherapy, cytokine therapy has entered a new era, with cytokines such as interferon (IFN) and interleukin (IL) becoming an important circuit in tumor immunotherapy (88, 90). Since HCC is characterized by a low degree of immune infiltration, the use of cytokines to expand the proliferation of immune cells and induce the recruitment of immune cells is a feasible method to improve anti-tumor immunity (Table 2).


Table 2 | Different applications of cytokine in HCC.





5.1 Interferons

The discovery of IFN provided the greatest impetus for research in all cytokine studies (100). IFN can be divided into three classes: I, II and III. IFN-I is mainly expressed by innate immune cells (101), IFN-II is produced mainly by T cells and NK cells (102), whereas IFN-III expression varies according to tissue (103).

IFN-I, represented by IFN-α and IFN-β, not only affects tumor cell development through cytotoxic, cytosuppressive and antiangiogenic effects (104), but also enhances TAA expression by up-regulating MHC class I proteins (105). A frequent hallmark of noninvasive cancers is loss of IFN-I signaling. Thus, the application of IFN-I is being widely explored. Wang et al. (91) investigated the combined effects of IFN-α and sorafenib on HCC and found that the combination therapy synergistically inhibited HCC cell viability, arrested cell cycle proliferation and induced apoptosis of HCC cells by regulating the expression levels of cyclin A and cyclin B as well as pro-survival Bcl-2 family proteins. Hagiwara et al. (92) investigated the anti-HCC effect of combination therapy with pegylated interferon (PEG-IFN)-α and 5-fluorouracil (5-FU), and found that the combination group had a reduction in tumor volume and a significant increase in tumor cell apoptosis compared with the monotherapy group. This is related to the increased expression of p53 protein and mRNA induced by PEG-IFN. Noguchi et al. (93) elucidated the combined effects of the clinically used angiotensin I converting enzyme (ACE) inhibitor perindopril (PE) and IFN-β on HCC development and angiogenesis in mice. It was found that both PE and IFN-β significantly inhibited HCC occurrence and tumor neovascularization, but the effect of low-dose IFN was weaker than that of PE. Additional preclinical and clinical research is required to examine more potent combo therapies.

IFN-γ, the only member of IFN-II, also plays an important role in tumor immune regulation. Patients with HCC have been found to have fewer mucosa-associated invariant T (MAIT) cells in the peripheral blood and liver than healthy controls, and these cells produce a corresponding reduction in IFN-γ (106). Evidence suggests that interferon signaling plays a key role in regulating the efficacy and sensitivity of ICIs against a variety of tumor types. Wu et al. (107) used Kaplan-Meier survival analysis based on HCC database and found that among the nine interferon regulatory factors (IRFs) that regulate interferon signaling, decreased expression of IRF8 was associated with poor prognosis in HCC patients. However, IFN-γ and PD-1 signaling pathways were significantly inhibited in HCC patients with low IRF8, which indirectly revealed the relationship between IFN-γ and HCC prognosis. Li et al. (94) found that the natural flavonoid pentamethylquercetin (PMQ) could partially inhibit HCC progression in obese mice by down-regulating adipocyte induced PD-L1 expression through IFN-γ signaling. However, some studies have shown that IFN-γ shows a pro-tumor effect in HCC mice model. The complex role of IFN-γ in TME needs to be investigated urgently to exert its antitumor effect.




5.2 Interleukins

ILs are key elements for orchestrating the TME and controlling tumor-immune-cell crosstalk, enabling both a conducive environment for cancer growth and critical for an effective tumor-directed immune response (90). Therefore, these properties of ILs can be exploited to improve immunotherapy to increase effectiveness and limit side effects.

IL-6 is a multifunctional inflammatory cytokine with very low expression in normal human cells and increased concentrations in the serum of patients with hepatitis and HCC (108). The mechanism of action of IL-6 in HCC has been extensively studied. The IL-6/STAT3 signaling pathway is involved in various physiological processes, including cell growth, differentiation, and immune regulation. Aberrant activation of the IL-6/STAT3 signaling pathway has been detected in HCC (109), with an impact on the proliferation, invasion, metastasis, immune escape, and drug resistance of HCC cells (110). IL-6/STAT3 signaling upregulates HNRNPC expression in HCC cells, and knockdown of HNRNPC significantly inhibits IL-6/STAT3-enhanced HCC metastasis (111). Yang et al. (95) explored the effect of IL-6 on the sensitivity of HCC cells treated with sorafenib and its mechanism, and found that siIL-6 further promoted sorafenib to impede proliferation and induce apoptosis, suggesting that blocking IL-6 could be used as a potential therapeutic approach for sorafenib sensitivity of HCC cells. Liu et al. (96) observed that IL-6 impaired anti-tumor immunity by suppressing TNF- and IFN-expression on tumor-infiltrating CD6 cells after the co-treatment of HCC with IL-6 inhibition and anti-PD-L1 checkpoint inhibitors. Anti-PD-L1 medication had a stronger effect on tumors when paired with anti-IL-6, and mice survived noticeably longer as a result.

The possible treatment of other types of ILs for HCC has also been discussed. Deng et al. (97) constructed a recombinant oncolytic virus vaccinia based on a vaccinia virus carrying the IL-24 gene (VG9-IL-24). Evaluation showed that VG9-IL-24 effectively infected HCC cell lines but not normal hepatocytes in vitro. In vivo, tumor growth was significantly inhibited and VG9-IL-24-treated mice lived longer. Interleukin-2 (IL-2) is an anticancer cytokine that triggers human innate and adaptive immunity by stimulating T cell proliferation and lymphocyte infiltration into tumor sites. Sun et al. (98) investigated the ability of recombinant adenovirus injection expressing IL-2 (rAd-IL-2) to inhibit tumor cell growth in HCC in HCC tumor model. The results showed that rAd-IL-2 significantly stimulated tumor-specific cytotoxic T lymphocyte responses by inducing the recruitment of CD4+ and CD8+ T cells to tumors, leading to tumor regression and long-term survival of mice during the 120-day treatment period. The study by El-Shemi et al. (99) examined the therapeutic efficacy of two armed oncolytic adenoviruses encoding the human TRAIL gene (Ad-ΔB/TRAIL) and the IL-12 gene (Ad-ΔB/IL-12) in a preclinical model of human HCC. It was found that the combination therapy exhibited profound anti-proliferative and cytopathic effects on human HCC cells and exerted potent tumor killing effect in vivo. More clinical trials are still in urgent need to apply ILs to broader usage.





6 Conclusions

Immunotherapy is expected to achieve a new breakthrough in the radical treatment of tumors and become the mainstream method of tumor treatment because of its specificity and high efficiency, which can free the body from harmful treatment. However, due to the low degree of immune infiltration in HCC, the response to immunotherapy is limited. Although the efficacy of ICIs alone has been confirmed in dozens of clinical trials, multiple ICIs or ICIs combined with chemotherapy, anti-angiogenesis drugs, and radiotherapy are still better choices to improve ORR. In addition, immunotherapy such as ACT, tumor vaccines and cytokines are gradually being studied. However, most research has focused on the preclinical phase, and there is an urgent need to find additional therapies that are safe enough to proceed to clinical trials or to combine several classes of immunotherapies to develop personalized treatment regimens. With all the research activity in the HCC field advancing, we will undoubtedly continue to see exciting advances in immunotherapy for HCC.
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Introduction

In calcium electroporation (CaEP), electroporation enables the cellular uptake of supraphysiological concentrations of Ca2+, causing the induction of cell death. The effectiveness of CaEP has already been evaluated in clinical trials; however, confirmatory preclinical studies are still needed to further elucidate its effectiveness and underlying mechanisms. Here, we tested and compared its efficiency on two different tumor models to electrochemotherapy (ECT) and in combination with gene electrotransfer (GET) of a plasmid encoding interleukin-12 (IL-12). We hypothesized that IL-12 potentiates the antitumor effect of local ablative therapies as CaEP and ECT.





Methods

The effect of CaEP was tested in vitro as well as in vivo in murine melanoma B16-F10 and murine mammary carcinoma 4T1 in comparison to ECT with bleomycin. Specifically, the treatment efficacy of CaEP with increasing calcium concentrations alone or in combination with IL-12 GET in different treatment protocols was investigated. We closely examined the tumor microenvironment by immunofluorescence staining of immune cells, as well as blood vessels and proliferating cells.





Results

In vitro, CaEP and ECT with bleomycin reduced cell viability in a dose-dependent manner. We observed no differences in sensitivity between the two cell lines. A dose-dependent response was also observed in vivo; however, the efficacy was better in 4T1 tumors than in B16-F10 tumors. In 4T1 tumors, CaEP with 250 mM Ca resulted in more than 30 days of growth delay, which was comparable to ECT with bleomycin. In contrast, adjuvant peritumoral application of IL-12 GET after CaEP prolonged the survival of B16-F10, but not 4T1-bearing mice. Moreover, CaEP with peritumoral IL-12 GET modified tumor immune cell populations and tumor vasculature.





Conclusions

Mice bearing 4T1 tumors responded better to CaEP in vivo than mice bearing B16-F10 tumors, even though a similar response was observed in vitro. Namely, one of the most important factors might be involvement of the immune system. This was confirmed by the combination of CaEP or ECT with IL-12 GET, which further enhanced antitumor effectiveness. However, the potentiation of CaEP effectiveness was also highly dependent on tumor type; it was more pronounced in poorly immunogenic B16-F10 tumors compared to moderately immunogenic 4T1 tumors.
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1 Introduction

The involvement of the immune system in the development of tumors as well as in the outcome of treatment is the main focus of cancer research (1). The efficacy of monotherapies, such as chemotherapy or radiotherapy, is often hindered due to the development of resistance to drugs or radiation. Novel treatment strategies use combinatorial therapy that consists of a complementary combination of two or more different therapies, for example, local ablative therapy in combination with immunotherapy. Ablative therapies have a direct cytotoxic effect on tumor cells and have the potential to cause immunogenic cell death by releasing damage-associated patterns (DAMPs), thus priming the immune system to tumor antigens (2–6). However, additional blocking of the negative regulators of immune activation by immune checkpoint inhibitors or stimulating the immune response is also essential in many cases to obtain pronounced antitumor effect (7).

Calcium electroporation (CaEP) is a novel local ablation therapy that arose from the principles of electrochemotherapy (ECT), where supraphysiological concentrations of calcium ions (Ca2+) are used to induce cell death instead of toxic cytostatic drugs, such as bleomycin and cisplatin (8–14). As Ca2+ is a ubiquitous second messenger involved in many essential cellular processes, its intracellular homeostasis is highly regulated and maintained at low levels (15). When cells are exposed to pulsed electric fields (electroporation (EP)), the cell membrane is transiently permeabilized, allowing the increased entry of Ca2+ ions, thus perturbing Ca2+ homeostasis and causing cell death (16, 17). This treatment method has already been tested in several clinical trials and veterinary studies on different tumor types and has a similar response rate to ECT with bleomycin (18–24). In addition, it was demonstrated that CaEP can induce high mobility group box 1 (HMGB1) and ATP release indicating immunogenic cell death, therefore it could be used as in situ vaccination for combination with immunomodulatory therapies (25).

One of the most prominent and investigated immunostimulators in cancer therapy is interleukin 12 (IL-12), a cytokine that has potent adjuvant activity in cancer, as it utilizes effectors of both innate and adaptive immunity (26). Endogenous IL-12 is mainly produced by activated antigen-presenting cells, such as dendritic cells, monocytes, and macrophages, while its main role is in the induction of proliferation and lytic function of T cells and natural killer (NK) cells. Furthermore, IL-12 stimulates cytokine secretion, especially IFN-γ secretion, which in turn profoundly alters the tumor microenvironment, favoring antitumor phenotype (26, 27). Nevertheless, IFN-γ is also the main mediator of IL-12 systemic toxicity, as seen during clinical testing of recombinant IL-12 (28). Gene electrotransfer (GET) of plasmids encoding IL-12 has been shown to be an effective treatment approach, with controlled release and greater safety, as shown in preclinical settings in mouse models (29–32) and veterinary clinical studies in dogs (33–37). In addition, GET of plasmids encoding IL-12 is currently also in clinical trials, showing promising results (38–40).

In this study, we investigated the effect of CaEP on two different tumor models, murine melanoma B16-F10 and murine mammary carcinoma 4T1. We investigated a difference in treatment efficacy regarding increasing calcium concentrations. Finally, we studied the response of CaEP with GET of plasmids encoding IL-12 in different treatment protocols, which have not yet been elucidated.




2 Methods



2.1 Cell lines and animals

B16-F10 murine melanoma cells (ATCC) were cultured in Advanced MEM medium (AMEM, Gibco), and 4T1 mammary carcinoma cells were cultured in Advanced RPMI 1640 medium (Gibco). Both media were supplemented with 5% fetal bovine serum (FBS, Gibco), 10 mM L-glutamine (GlutaMAX, Thermo Fisher Scientific), penicillin-streptomycin (100x, Sigma-Aldrich) and held in a 5% CO2 humidified atmosphere at 37°C. All cells were routinely tested to be mycoplasma-free (MycoAlert™ Plus Mycoplasma Detection Kit, Lonza).

In experiments, eight- to nine-week-old (18-21 g) female C57Bl/6NCrl (C57Bl/6) and BALB/cAnNCrl (BALB/c) mice (Charles River Laboratories) were housed under specific pathogen-free conditions at a temperature of 20–24°C, a relative humidity of 55 ± 10%, a 12-h light–dark cycle and ad libitum food and water. All experimental procedures were performed in compliance with the guidelines for animal experiments of the EU directives (2010/63/EU), ARRIVE Guidelines, and the permission of the Ministry of Agriculture, Forestry, and Food of the Republic of Slovenia (Permission No. U34401-1/2015/43). Mice were randomly assigned to experimental groups (Table 1; Supplementary Table 1), and the number of animals in each group is indicated in the Supplementary Tables 3, 4.


Table 1 | List and description of treatment groups with 250 mM calcium or ECT/BLM and IL-12 GET.






2.2 Solutions and plasmid

Electroporation buffer (EPB) consisted of 136 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM HEPES, and 10 mM glucose (pH 7.2, 300-310 mOsm/kg) (41). The calcium solution was prepared as CaCl2×6H2O in distilled water to 500 mM in the stock solution. For in vitro experiments, calcium solutions diluted in EPB to 5×10-3 M, 4×10-3 M, 3×10-3 M, 2×10-3 M, and 1×10-3 M concentration in a final cell suspension were used. Bleomycin was diluted in EPB to 1.4×10-6 M, 1.4×10-7 M, 1.4×10-8 M, 1.4×10-9 M, and 1.4×10-10 M concentration in a final cell suspension. For in vivo experiments, 50 mM, 168 mM, and 250 mM calcium solutions diluted in distilled water were used. Bleomycin was diluted in saline solution to a final concentration of 0.177 mM (10 μg/40 μl) for in vivo experiments.

The therapeutic plasmid encoding mouse IL-12 (pORF-mIL-12-ORT; pIL-12) (42) was isolated and purified using the EndoFree Plasmid Mega Kit (Qiagen) and diluted in endotoxin-free Milli-Q water. Plasmid quality and concentration were assessed by the 260/280 ratio (Epoch microplate spectrophotometer) and by agarose gel electrophoresis. For the experiments, the plasmid was diluted in saline to a final concentration of 0.25 μg/µl (p.t. application) and 0.5 μg/µl (i.t. application).




2.3 In vitro electroporation and viability assay

Cells were trypsinized and collected by centrifugation, washed in ice-cold EPB, and prepared for electroporation. Briefly, 50 μl of cell suspension (1×106 cells) served as the treatment control, while the other 50 μl, containing calcium solution or bleomycin (concentrations described in 2.2), was pipetted between two custom-made stainless-steel parallel-plate electrodes (1.9 mm apart), and EP were applied (8 square-wave pulses, 1300 V/cm, 100 μs, 1 Hz) with an electric pulse generator GT-01 (Faculty of Electrical Engineering, University of Ljubljana, Ljubljana, Slovenia). Then, the cells were transferred to a 24-well ultralow attachment plate and incubated for 5 min at room temperature, followed by the addition of 1 ml of culture medium. To determine cell viability after treatment with calcium or bleomycin, alone or in combination with EP, a viability assay with Presto Blue (Thermo Fisher Scientific) was performed. Cells were diluted to 1×104 cells/ml (control groups) or 2×104 cells/ml (EP groups) and transferred to 96-well plates, with each well containing 1×103 cells (exposed to the drug alone) or 2×103 cells (exposed to combined treatment with EP). The plates were then incubated for 72 h in a 5% CO2 humidified atmosphere at 37°C. Presto Blue reagent (10 μl/well) was added to cells, followed by 1 h incubation in a humidified incubator at 5% CO2 and 37°C. The fluorescence emission was measured using a microplate reader Cytation 1 (BioTek) with a 530/590 nm excitation/emission filter. The measured fluorescence intensity of the treated groups was normalized to the control group or control EP group.




2.4 Tumor induction and treatment

For induction of tumors, a suspension of 1×106 B16-F10 and 0.5×106 4T1 cells in 100 μl of 0.9% NaCl was injected subcutaneously into the right flanks of mice. The used tumor models differ in immunogenicity, 4T1 breast carcinoma is more immunogenic than B16-F10 melanoma (43). Treatment was performed when tumors reached volumes of ~40 mm3. Throughout the treatment, mice were under inhalation anesthesia with 1.5 – 2.0% isoflurane delivered with anesthesia system connected to oxygen concentrator at a flow rate of 1 l/min (Supera Anesthesia Innovations, Clackamas). The study design and protocol are presented in Figure 1.




Figure 1 | Electric pulses application and treatment protocol. (A) Injection site for p.t. GET with non-invasive multi-electrode array (MEA) and distribution of electric pulses between the pins arranged in a circle. (B) i.t. injection of calcium, bleomycin and/or pIL-12 and distribution of electric pulses between two parallel stainless-steel electrodes. (C) Study design of IL-12 p.t. GET and i.t. CaEP or ECT. The treatment was performed when tumors reached ~40 mm3. For i.t. treatment, calcium/bleomycin/pIL-12 or mixture of calcium/bleomycin with pIL-12 was injected prior electroporation (*). For p.t. treatment, pIL-12 was injected in 4 places in tumor proximity prior electroporation.



In the first part, intratumoral (i.t.) therapy was performed with different calcium concentrations (50 mM, 168 mM, and 250 mM in dH2O) and bleomycin solution (1.41 mM in saline). Injections were performed with insulin injection needle (29 gauge) and injection time was ~30 sec. In some cases, when injecting 4T1 tumor, due to its high solidity (compactness), the solution was leaking into peritumoral space, regardless of the injection time. EP were delivered immediately after i.t. injection of 40 μl of calcium solution or 2 min after injection of bleomycin. Control group tumors were injected intratumorally (i.t.) with a saline solution. The EP were generated by an ELECTRO cell B10 HVLV (LEROY Biotech, Betatech) with parallel stainless-steel electrodes in 2 sets of 4 pulses in a perpendicular direction (voltage-to-distance ratio 1300 V/cm, frequency 1 Hz, duration 100 μs). Good contact between the skin and electrodes was ensured by using a conductive water-based gel (Ultragel, Budapest, Hungary). The experimental groups are defined in Supplementary Table 1.

In the second part, combined treatment consisted of peritumoral (p.t.) IL-12 GET followed by CaEP (250 mM calcium solution) or ECT. Additionally, a plasmid was mixed with either calcium (final concentration 250 mM calcium and 20 μg of plasmid DNA) or bleomycin solution (final concentration 1.4 mM bleomycin and 20 μg of plasmid DNA) immediately before the i.t. injection and subsequent application of EP with the same parameters as above (Figure 1). First, p.t. GET was performed using a noninvasive multielectrode array (MEA) with a circular distribution of electrode pins (Iskra Medical). Electric pulses (12 pulses, 170 V/cm, duration 150 ms, frequency 2.82 Hz) were delivered with an electric pulse generator Cliniporator (IGEA) as previously described (43) after p.t. injection of 4×20 μl of pIL-12 (20 μg in total). After 5 min, i.t. treatment was performed. The experimental groups are defined in Table 1.




2.5 Tumor growth measurements and rechallenge

After the therapy, tumor growth was monitored three times per week by Vernier caliper. The volumes were calculated using the equation V=a×b×c×π/6, where a, b and c represent perpendicular diameters of the tumor. The mice that were tumor-free for 100 days (complete response) were rechallenged with a subcutaneous injection of the same tumor cells in the opposite (left) flank and monitored for tumor outgrowth.




2.6 Tumor collection and immunofluorescent staining

On day three after the treatment, three mice from groups 1, 6, 7, 11, 13, and 26 (Supplementary Table 4) were sacrificed, and tumors with skin were excised. Tumors were first submerged in 4% paraformaldehyde for 16 h and then incubated in 30% sucrose for 24 h before embedding in OCT medium and snap-frozen in liquid nitrogen. Blocks were stored at -20°C until consecutive frozen sections were cut using a Leica CM1850 cryostat at a thickness of 14 μm in a direction perpendicular to the skin. Slides were dried at 37°C for 10 min, washed for 5 min in phosphate buffered saline (PBS), and then antigen retrieval was performed by immersing the slides in hot citrate buffer (approx. 95°C; 10 mM sodium citrate, 0,05% Tween 20, pH 6.0) and allowed to stand for 1 h at the bench to cool. Slides were then rinsed in two changes of PBS; all subsequent steps were performed in a light-protected humidified chamber. Sections were incubated in permeabilization blocking buffer (5% donkey serum, 0.5% Triton X-100, 300 mM glycine in PBS) for 30 min at room temperature and then rinsed by immersing in PBS for 5 min, followed by 1 h incubation with blocking buffer (5% donkey serum, 300 mM glycine in PBS). Slides were incubated overnight with primary antibodies (Supplementary Table 2) in blocking buffer (2% donkey serum, 300 mM glycine in 1x PBS) at 4°C. The next day, the sections were washed 3 times for 10 min with PBS and then incubated with secondary antibodies (Supplementary Table 2) for 1 h at room temperature in blocking buffer and washed 3 times with PBS. Nuclear counterstaining was performed by incubation with Hoechst 33342 solution (3 μg/ml in PBS) for 10 min, washed 3 times with PBS, and mounted with Prolong™ Glass Antifade Mountant (Thermo Fisher Scientific).




2.7 Microscopy

Three tumor samples per group were imaged with an LSM 800 confocal microscope (Zeiss) with a 20x objective (NA 0.8). Lasers with excitation wavelengths of 405 nm, 488 nm, 561 nm, and 640 nm were used to excite Hoechst 33342, Alexa Fluor 488, Cy3, and Alexa Fluor 647, respectively. For the capture of the emitted light, a gallium arsenide phosphide (GaAsP) detector was used combined with a variable dichroic and filters at channel-specific wavelengths: 410 – 545 nm (Hoechst 33342), 488 – 545 nm (Alexa Fluor 488), 565 – 620 nm (Cy3) and 645 – 700 nm (Alexa Fluor 647). The obtained images were visualized and analyzed with Imaris software (Bitplane). Based on the negative control, cutoff values were determined for each channel.




2.8 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software). The significance of viability data was determined by two-way ANOVA with a Holm Sidak multiple comparisons test (vs. control or EP cells). IC50 values were calculated by nonlinear regression analysis. Experiments in vitro were performed in 3 biological and 8 technical replicates, and data are represented as the means ± SEM unless otherwise stated. The significance of Kaplan Meier survival curves was determined by the Log-rank test. Growth delay was presented with AM ± SE and complete responses were labeled with 100 days of growth delay. The significance of growth delay data was determined using Two-way ANOVA with a Holm Sidak multiple comparisons test. The significance of immunofluorescence data of frozen tissue sections was determined by one-way ANOVA with Dunnett’s multiple comparisons post hoc test. The mode of action (additivity, synergism, and antagonism) of treatments was evaluated by the method developed by Spector et al. (44). A P value of <0.05 was considered to be statistically significant (ns P≥0.05; *P 0.01 – 0.05; **P 0.001 – 0.01; ***P 0.0001 – 0.001; ****P <0.0001).





3 Results



3.1 In vitro CaEP and ECT with bleomycin reduced cell viability in a dose-dependent manner

The cytotoxicity of CaEP or ECT/BLM on B16-F10 and 4T1 cells was first evaluated to determine the intrinsic sensitivity of the two cell lines to the treatments (Figure 2). The exposure of cells to the increased extracellular calcium without EP did not affect the survival of cells (Figure 2A). In contrast, exposure to BLM without EP reduced cell survival at the highest concentrations used compared to nontreated cells (Figure 2B). When cells were exposed to EP in the presence of calcium, a dose-dependent decrease in cell viability was observed, with IC50 values of 3.6×10-3 M and 3.4×10-3 M calcium for B16-F10 and 4T1 cells, respectively (Figure 2A). The same effect was observed after ECT with bleomycin, with IC50 values of 4.5×10-10 M and 3.7×10-10 M bleomycin for B16-F10 and 4T1 cells, respectively (Figure 2B). There were no statistically relevant differences between the two cell lines.




Figure 2 | Viability of B16-F10 and 4T1 cell lines after (A) CaEP and (B) ECT measured after 72 h. Dotted lines represent IC50 values. P value (P < 0.05) is color coded and calculated vs –EP or +EP control cells. The values are presented as AM ± SE. **P 0.001 – 0.01; ***P 0.0001 – 0.001; ****P <0.0001.






3.2 Antitumor effectiveness of CaEP with increasing concentrations of calcium

The antitumor effectiveness of CaEP with 50 mM, 168 mM, and 250 mM calcium was tested in B16-F10 melanoma in C57Bl/6 mice and 4T1 mammary carcinoma in Balb/c mice. ECT with bleomycin was used as a positive control.

Treatment of B16-F10 melanoma with CaEP resulted in significantly prolonged survival of animals (P<0.05) in comparison to control or controls with calcium injection alone (Figure 3C). The GD of B16-F10 tumors treated with 50 mM, 168 mM, and 250 mM CaEP was 3.6 ± 0.8 days, 3.8 ± 0.7 days, and 5.9 ± 1.1 days, respectively (Figure 3A). Injection of 250 mM calcium solution alone resulted in a growth delay of 3.0 ± 0.8 days. The survival of mice treated with ECT with bleomycin was significantly higher, 20.7 ± 1.0 days, compared to Ca/EP (Figure 3C; Supplementary Table 3).




Figure 3 | Effectiveness of CaEP or ECT with bleomycin is different in B16-F10 and 4T1 tumors. The response to the therapy is presented by (A, B) tumor growth delay and (C, D) Kaplan-Meier graphs. In (A, B) each dot represents one animal in violin plots showing distribution of data. ns P≥0.05; *P 0.01 – 0.05; **P 0.001 – 0.01; ***P 0.0001 – 0.001; ****P <0.0001.



When 4T1 mammary carcinoma tumors were treated, somewhat different results were obtained. Survival of mice and GD was not much altered after injection of 50 mM and 168 mM calcium alone (Figure 3D); however, when 250 mM calcium solution was injected alone, it resulted in significantly prolonged GD of 27.6 ± 12.2 days, whereas after CaEP, it was 32.0 ± 10.0 days. Rather high variability in response to the highest calcium solution could be due to the leakage of the solution due to the injections into the very solid 4T1 tumors. CaEP with 50 mM and 168 mM calcium solutions caused GDs of 5.1 ± 0.9 days and 13.0 ± 4.0 days, respectively. ECT with bleomycin resulted in a GD of 30.9 ± 11.0 days, not significantly higher in comparison to Ca/EP with 250 mM calcium solutions (Figure 3B, D; Supplementary Table 3).

All treatments were well tolerated by the animals, as no treatment-related mortality or reduced body weight were observed. Morphologically, in both tumor models, edema of the treated area arose in all groups with EP and calcium with or without EP, which resolved until day 3 after the treatment. Concurrently, visible necrosis of tumors developed with the formation of a scab. Nonetheless, most tumors continued to grow from the rim or beneath the scab. Cured Balb/c mice were not resistant to secondary challenge (Supplementary Table 4).




3.3 Adjuvant p.t. GET of the plasmid encoding IL-12 prolongs the survival of B16-F10-bearing mice after CaEP

The contribution of IL-12 GET to either CaEP or ECT with bleomycin in two different settings was tested in both tumor models, B16-F10 melanoma and 4T1 carcinoma. The concentration of 250 mM calcium solution was chosen for this experiment, where the best response was obtained in the previous experiments evaluating different doses of calcium solutions. Here, IL-12 p.t. GET was performed before intratumoral treatment with CaEP or ECT. Next, the effectiveness of an intratumorally injected solution of mixed pIL-12 and calcium or BLM followed by EP was tested, and finally, IL-12 p.t. GET was added to this setting.

In B16-F10 tumors IL-12 p.t. GET alone did not affect tumor growth. However, IL-12 i.t. EP significantly improved the survival of mice, as up to 83% complete responses were obtained (Figure 4A). Similarly, after combinatorial p.t. and i.t. IL-12 GET up to 75% complete responses were achieved despite the double quantity of plasmid being used (Figure 4A; Supplementary Figure 1, Supplementary Table 4). The survival of animals in combinatorial therapy of GET and CaEP or ECT with bleomycin was significantly lower (Figure 4). When p.t. GET was performed before injection of calcium alone, some synergistic effect on tumor GD was observed (Figure 4B). A significant tumor growth delay of 6.0 ± 0.7 days was obtained after CaEP, which was further potentiated after p.t. GET, where growth delay was 27.0 ± 9.1 days and 18% complete responses were achieved (Figure 4C; Supplementary Table 4). CaEP with IL-12 i.t. had an additive effect as opposed to CaEP alone, with 8.9 ± 0.9 days of GD; however, IL-12 p.t. GET did not further enhance antitumoral effectiveness (Figure 4D). BLM/EP was more effective on B16-F10 tumors than CaEP, with 15.2 ± 0.8 days of tumor GD (Figure 4F). An additive effect was observed when IL-12 p.t. was injected before ECT/BLM with 8% complete responses; however, no tumor cures were achieved after IL-12 p.t. GET (Figure 4F; Supplementary Table 4). When ECT/BLM with IL-12 i.t. was performed, 17% complete responses were obtained, and additional IL-12 p.t. GET resulted in up to 42% tumor cure (Figure 4G; Supplementary Table 4).




Figure 4 | Tumor growth delay and Kaplan-Meier graphs of B16-F10 tumors in response to different treatments. Survival of the animals is significantly prolonged after (A) IL-12 i.t. EP alone or in combination with IL-12 p.t. GET. ns P≥0.05; *P<0.05. Adjuvant IL-12 did not significantly contributed to (B) Ca injection without electric pulses, but IL-12 p.t. GET significantly prolonged survival of mice after (C) CaEP and resulted in tumor cures. (D) Combination of i.t. IL-12 and Ca with EP and IL-12 p.t. GET significantly contributed to CaEP with no tumor cures. (E) No tumor growth delay was observed after BLM injection, whereas significantly prolonged survival was observed after (F) ECT with IL-12 p.t. GET and (G) ECT with i.t. IL-12 and IL-12 p.t. GET.



To determine the effect of adjuvant IL-12 GET on 4T1 tumors, which are moderately immunogenic compared to poorly immunogenic B16-F10 tumors (43), the same treatment protocol was used. In this model, IL-12 i.t. GET significantly delayed tumor growth by 4.0 ± 1.5 days, whereas additional IL-12 p.t. GET achieved 42.9 ± 13.8 days of tumor GD and up to 42% complete responses (Figure 5A; Supplementary Figure 2, Supplementary Table 4). In contrast to B16-F10 tumors, calcium injection alone resulted in 50% cures in 4T1 tumors (Figure 5B). When EP was added, no further potentiation was observed. Additionally, IL-12 p.t. GET have some additive effect on CaEP alone (Figures 5C, D). BLM/EP resulted in 24.2 ± 6.8 days of GD and an 8% survival rate (Figures 5E, F; Supplementary Table 4). When IL-12 p.t. GET was added to the treatment, efficiency was potentiated to 56.2 ± 12.3 days of GD and 50% tumor cures. BLM/EP with IL-12 i.t. resulted in no complete responses, with 21.4 ± 7.0 days of GD; however, IL-12 p.t. alone or with GET pulses resulted in 36% and 25% complete responses, respectively (Figure 5G; Supplementary Table 4). Again, cured mice were not resistant to secondary challenge (Supplementary Table 4).




Figure 5 | Tumor growth delay and Kaplan-Meier graphs of 4T1 tumors in response to different treatments. Survival of the animals is significantly prolonged after (A) IL-12 i.t. EP and i.t. with IL-12 p.t. GET. (B) Ca injection resulted in tumor cures, with no contribution of adjuvant IL-12 p.t. GET, also after (C) CaEP with IL-12 p.t. GET and (D) CaEP with i.t. and p.t. IL-12 GET. ns P≥0.05; *P<0.05 (E) No tumor growth delay was observed after BLM injection, whereas significantly prolonged survival was obtained after (F) ECT with IL-12 p.t. GET and (G) ECT with i.t. IL-12 and IL-12 p.t. GET.






3.4 CaEP with IL-12 p.t. GET modifies tumor immune cell populations and tumor vasculature

To determine if GET of a plasmid encoding IL-12 in combination with either CaEP or BLM/EP leads to the infiltration of immune cells in tumors or their proximity, frozen sections of tumors with surrounding skin were excised three days after the therapy and immunofluorescently stained for macrophages (surface expression of F4/80) (Figures 6A, 7A), CD4+ helper T lymphocytes (Figures 6A, 7A), NK cells (surface expression of NKp46) (Figures 6B, 7B), CD8+ T lymphocytes (Figures 6B, 7B), proliferation (Ki-67 nuclear expression) (Figures 6C, 7C) and blood vessels (expression of CD31) (Figures 6C, 7C).




Figure 6 | GET of IL-12 impacts infiltration of immune cells to B16-F10 tumors. Tumors were collected on day 3 after treatment for histological analysis. Frozen sections of tumor tissue were stained with (A) anti-CD4 (green, Alexa 488) and anti-F4/80 (red, Alexa 647), (B) anti-CD8 (green, Alexa 488) and anti-NKp46 (red, Alexa 647) and (C) anti-Ki-67 (orange, Cy3) and anti CD31 (red, Alexa 647). Nuclei (blue) were stained with Hoechst 33342. Scale bar: 100 μm.






Figure 7 | GET of IL-12 impacts infiltration of immune cells to 4T1 tumors. Tumors were colected on day 3 after treatment for histological analysis. Frozen sections of tumor tissue were stained with (A) anti-CD4 (green, Alexa 488) and and anti-F4/80 (red, Alexa 647), (B) anti-CD8 (green, Alexa 488) and anti-NKp46 (red, Alexa 647) or (C) anti-Ki-67 (orange, Cy3) and anti CD31 (red, Alexa 647). Nuclei (blue) were stained with Hoechst 33342. Scale bar: 100 μm.



The percentage of proliferating cells in the control groups was similar in both tumor models; however, B16-F10 tumors had greater proliferation potential. There was a significant decline in Ki-67+ cells after CaEP with IL-12 p.t. GET (group 13) in the B16-F10 tumor model, but no significant changes were observed in the other groups (Figures 6C, 8A). In 4T1 tumors (Figure 7C), there was marginally decreased Ki-67 in tumors after CaEP with IL-12 p.t. GET (group 13) and (BLM+IL-12) i.t. + EP + IL-12 p.t. GET (group 26) (Figure 8C). There was an insignificant increase in Ki-67+ cells after CaEP alone, as a pool of highly proliferating cells was located next to the necrotic area (Figures 6C, 7C). This is in accordance with observations of tumor growth after therapy, where tumors continue to grow from under or from the rim of the scab, which forms after treatment due to tumor necrosis.




Figure 8 | Statistical analysis and graphical presentation of immunfluorescence data from frozen tumor tissue sections. Graphs represent percentage of Ki-67 positive cells and percentage of tumor vessels after different treatments in (A, B) B16-F10 and in (C, D) 4T1 tumors. The values are presented with violin plots with data distribution. ns P≥0.05; *P 0.01 – 0.05; ****P <0.0001.



There was a significant difference between the two tumor models in their vascularization, where the percentage of tumor vessel area was 7.7% for B16-F10 tumors (Figure 8B) and 19% for 4T1 tumors (Figure 8D). There are also morphological differences in the vasculature of the two tumor models; in B16-F10 tumors, the vessels are sparse and larger in diameter, whereas in 4T1 tumors, they are denser, smaller in diameter, and more evenly arranged (Figures 6C, 7C). In both tumor models, staining of vessels was predominantly in the tumor margin, while very little staining occurred in the tumor core. There was a significant increase in the percentage of vessel area in B16-F10 tumors after treatment with i.t. and p.t. IL-12 GET alone, but no changes after other treatments (Figure 8B).

The presence of all four stained immune cell populations was confirmed in both B16-F10 (Figure 6) and 4T1 tumors (Figure 7); however, in control tumors, populations of CD8+ cells and NKp46+ cells were very sparse (Figures 6B, 7B). In both tumor models, the F4/80+ area was mostly present in the tumor edge and the nearby skin, whereas CD4+ cells were predominantly found at the tumor edge (Figures 6A, 7A). After different treatments, there were no significant changes in the F4/80+ area or CD4+ cell count in both tumor models (Figures 9A, D, E, H).




Figure 9 | Statistical analysis and graphical presentation of immunfluorescence data from frozen tumor tissue sections. Graphs represent percentage of CD4 and CD8 positive cells, percentage of NKp46 and F4/80 positive area after different treatments in (A-D) B16-F10 and in (E-H) 4T1 tumors. The values are presented with violin plots with data distribution. ns P≥0.05; *P 0.01 – 0.05; **P 0.001 – 0.01; ****P <0.0001.



In the B16-F10 tumor model, there was a significant increase in the CD8+ cell count after p.t. and i.t. IL-12 GET (group 6) (Figure 9B), whereas in the 4T1 model, only after CaEP with IL-12 p.t. GET (Figure 9F). The most significant modifications were found when interrogating populations of NK cells, where there was a significant increase in NKp46-positive area in both tumor models after CaEP with p.t. IL-12 GET (group 13) and ECT/BLM with i.t. and p.t. IL-12 GET (group 26) and was concentrated in the proximity of the necrotic area (Figures 6B, 7B, 9C, G).





4 Discussion

CaEP was first described as a potential anticancer treatment in a study published in 2012, where it was shown to be effective in inducing cell death in vitro and tumor necrosis in vivo (8). After a few preclinical studies that were performed subsequently, the first clinical trial was initiated in 2017 on cutaneous metastases (19), where CaEP and ECT with bleomycin were compared and showed similar effectiveness. In our study, we compared the effectiveness of CaEP with different calcium concentrations alone and in combination with GET of a plasmid encoding IL-12. We demonstrated that the efficacy of CaEP was, regardless compared in vitro sensitivity, tumor type dependent; being more effective in 4T1 mammary adenocarcinoma. In contrast, IL-12 i.t. GET alone led to high degree of complete responses in poorly immunogenic B16F10 melanoma tumors. CaEP efficacy can be potentiated by IL-12; however, this was also highly dependent on tumor type; it was more pronounced in poorly immunogenic B16-F10 melanoma compared to moderately immunogenic 4T1 mammary adenocarcinoma tumors.

The mechanism behind CaEP is highly complex, as calcium is a ubiquitous second messenger involved in the regulation of various cellular processes, including cell death (16). High intracellular calcium concentration can activate apoptosis or necrosis, which is dependent on the severity of the stimulus, and it might also cause activation of proteases and lipases and generation of reactive oxygen species, but the most important might be associated with depletion of ATP due to increased consumption to excrete calcium excess and decreased production of ATP due to disturbance in mitochondrial membrane potential (15, 45–48).

In other studies on CaEP in vitro, concentrations ranging from 0.5 – 5 mM were tested, demonstrating a wide range of sensitivity across different cell lines; however, normal cells appear to be less sensitive to increased calcium concentrations than cancer cells (9, 11, 49, 50). For in vivo studies, much higher calcium concentrations were used, ranging from 50 – 500 mM, and different injected volumes, where a wide range of calcium doses was proven to be effective in tumor eradication (9). In our study, we first tested the intrinsic sensitivity in vitro of the two used cell lines, B16-F10 and 4T1, with concentrations ranging between 1 and 5 mM. The two cell lines have been shown to be similarly sensitive to both CaEP and ECT with bleomycin, which we used as a positive control. However, a very different response was observed in vivo when tumors were treated with different calcium doses. Injection of 250 mM calcium resulted in minor growth delay in B16-F10 melanoma, and when EP were delivered, this delay was further increased, but not leading to tumor cures. However, in 4T1 carcinoma, some tumors were cured after injection of 250 mM calcium alone, with almost no potentiated effectiveness after delivery of EP. Lower concentrations (50 mM and 168 mM) effectively increased growth delay only when EP were delivered. No significant differences were observed between CaEP with different calcium concentrations, although there was a marginal trend of dose dependency, and 250 mM calcium outperformed lower concentrations. This is in accordance with another study, where they tested different concentrations (100 – 500 mM) and injected volumes (168 mM in a volume equivalent to 20% – 80% of tumor volume) in a tumor model of human breast cancer MDA-MB-231. They showed similar efficacy at all concentrations and volumes used (9). In another study, where they tested CaEP with 168 mM calcium on the tumor model of murine colon carcinoma CT26, 200 μl of calcium solution was injected intratumorally and resulted in 100% tumor cures (14), which is 5 times larger volume as was used in our experiments and 3.4 times larger dose of calcium. This can partly explain the high efficiency of CaEP in that study; however, since rechallenged mice have not developed tumors, the activation of immune system was demonstrated thus making CaEP a local therapy that can be potentially used as in situ vaccination (14).

The antitumor effectiveness of CaEP alone has been evaluated in many in vitro and in vivo studies (8–14, 50–60), as well as in several veterinary (20, 61) and clinical trials (18, 19, 21–24, 62–64), but its efficacy in combination with GET of plasmids encoding IL-12 has not yet been explored. The efficacy of ECT with bleomycin in combination with IL-12 GET has already been described in B16-F10 melanoma and 4T1 carcinoma (43), as well as in CT26 carcinoma, where it was shown that immunogenicity of the tumor model plays a major role in the effectiveness of the therapy. In general, the more immunogenic tumors 4T1 and CT26 responded better to ECT alone than the poorly immunogenic tumors B16-F10, which was also confirmed in our study using ECT with bleomycin as well as also in the case of CaEP, confirming its potential to induce immunogenic cell death. However, IL-12 p.t. GET significantly potentiated the local effectiveness of ECT in B16-F10 tumors, whereas in 4T1 and CT26 tumors, GET of IL-12 did not contribute to the already high antitumor effectiveness of ECT (43). Similar results were obtained in this study, where the contribution of GET of IL-12 to CaEP or ECT with bleomycin was tested after i.t. and p.t. application of IL-12 GET. In this study, suboptimal doses of calcium, bleomycin and IL-12 were used to evaluate the contribution of IL-12 GET. We obtained significant improvement in B57Bl/6 mice survival after CaEP with p.t. IL-12 GET with 18% tumor cure, whereas i.t. application of IL-12 or even i.t. and p.t. application had only a small additive or synergistic effect. Nevertheless, in B16-F10 IL-12 GET mice, either i.t. or i.t. and p.t. combination resulted in the best outcome with up to 83% of tumor cures, which is in compliance with other studies (31, 42, 65, 66) that were also performed on B16-F10 melanoma, where higher doses of IL-12 were used (50 μg), whereas in our study, 20 μg of plasmid was used for i.t. GET and (additional) 20 μg for p.t. GET. Thus, i.t. application of IL-12 in combination with EP in poor immunogenic B16-F10 tumors is probably enough to elicit intratumoral infiltration of CD8+, that led to high tumor curability. Compared to p.t. application, it seems that it is crucial that tumor cells also produce IL-12 for this pronounced antitumor effect.

Different responses to the treatment of IL-12 treatment alone were observed in the moderately immunogenic 4T1 tumor model, where i.t. GET of IL-12 prolonged survival of mice, but did not lead to tumor cures. However, combined p.t. and i.t. GET of IL-12 resulted in 42% of tumor cures, indicating that higher amount of IL-12 is needed for better antitumor effectiveness in this tumor model, however further studies are needed to pin the underlying mechanisms for the obtained results, as there were no differences between the treatment groups regarding the infiltration of immune cells, proliferation status or blood vessels’ area. With additional injection of 250 mM calcium alone to IL-12, up to 50% complete responses were obtained, with no improvement in survival after either EP or GET. After ECT with bleomycin, there was a significant contribution of IL-12 GET to the prolonged survival of animals. One of the important factors affecting the outcome of the combination treatment of CaEP and IL-12 GET may be the immunogenicity of the tumors, as is the case after ECT, where more immunogenic tumors respond better to the treatment (43). Similarly, IL-12 GET has little or no effect in combination with either CaEP or ECT if the monotherapy already has a high response rate. In veterinary studies on spontaneous canine oral malignant melanoma (33) and mast cell tumors (35), immunostimulation with IL-12 p.t. GET potentiated the effectiveness of ECT with either bleomycin or cisplatin on treated tumors and proved to be safe and well tolerated. Additionally, when i.t. ECT and IL-12 GET were performed on canine mast cell tumors, a much better response to the treatment was obtained than with IL-12 p.t. GET resulted in prolonged disease- and progression-free intervals (37). In other studies (67–69), various spontaneous canine tumors were treated with a combination of ECT with IL-12 GET, with plasmid and chemotherapeutic drug injected concurrently and resulted in a good antitumor response in several different tumor types, except sarcoma. In our study, in B16-F10 melanoma, the combination of i.t. ECT and IL-12 GET resulted in 17% complete responses when combined with additional IL-12 p.t. GET, 42% complete responses were reached (Figure 4; Supplementary Table 4). These results were in conflict with our expectations, as we expected that IL-12 would potentiate the effect of ECT or CaEp; however, both local ablative therapies worsened the antitumor effect obtained by i.t. GET of IL-12 in B16-F10, where 83% of tumor cures were obtained. Most probable reason for this could be the low dose of plasmid DNA used in our study (20 μg), which could be degraded by addition of bleomycin or calcium solution in the combined treatment protocols and thus the expression of IL-12 was not high enough to induce the immunostimulatory effect. Namely, in other studies, where potentiation of the effect was observed higher doses of plasmid DNA were used (up to 2 mg/tumor in canine studies) (35, 45, 67–69). In addition, CaEP was successfully used for termination of transgene expression in muscle (70). This speculation is further supported by the fact, that in both, B16-F10 melanoma and 4T1 breast carcinoma, the antitumor effect of local ablative therapies was more potentiated by IL-12 p.t. GET. Specifically, 4T1 breast carcinoma responded better to ECT with IL-12 p.t. GET, as it resulted in 50% complete responses, whereas the combination of ECT with only IL-12 i.t. GET did not result in tumor cure (Figure 5; Supplementary Table 4).

The immune system plays an important role in the elimination of tumors. In our study, we closely examined the tumor microenvironment by immunofluorescence staining of immune cells, such as CD4+ helper T lymphocytes, CD8+ T lymphocytes, NK cells and F4/80 macrophages, as well as presence and distribution of blood vessels and Ki-67+ proliferating cells. We did not observe any significant modifications in CD4+ and macrophage populations after the treatments, whereas a higher count of CD8+ cells was observed after i.t. and p.t. IL-12 GET in B16-F10 melanoma, and after CaEP with p.t. IL-12 GET in 4T1 breast carcinoma (Figures 6, 7). Most significant changes were observed in NK cell populations, which significantly increased after combinatorial therapies with IL-12 GET with either CaEP or ECT in both tumor models (Figure 9). This implies that our therapy mostly induced the innate immune system, which might be the reason for tumor formation after the rechallenge, indicating that no immune memory was formed. However, since the tumors were excised at day 3, an increase in different immune cell populations, specifically the cells of the adaptive immune response, might be observed at later time points. In one study, high infiltration of M1 macrophages was observed 8 days after IL-12 i.t. GET in B16-F10 melanoma (42). Another study showed high infiltration of granzyme B-positive cells on days 4 and 6 (43) after ECT with IL-12 p.t. GET in B16-F10 melanoma and 4T1 breast carcinoma, but none of the cured mice were resistant to secondary challenge, as was also the case in our study.

A limitation in our study was that only one dose of calcium was tested in combination treatments, which proved to be the most effective in B16-F10 melanoma, whereas in 4T1 breast carcinoma, a lower concentration might prove to be more susceptible to potentiation with IL-12 GET. In addition, to elucidate the immunological mechanisms of the therapy, other time points should be included in immunohistochemical staining of immune cells.

To conclude, this study shows that tumors responded to CaEP in a different way in vivo, even though a similar response was observed in vitro. This indicates that other, non-direct mechanisms are involved in tumor elimination, and one of the most important factors might be involvement of the immune system. This was confirmed with the combination of CaEP or ECT with IL-12 GET, which further enhances the antitumor effectiveness of the therapy; however, this effect was highly dependent on the tumor immunogenicity and effectiveness of CaEP or ECT alone. Although tumor cures were obtained after the therapy, no immune memory was formed, which may be predominantly due to induction of the innate immune response. Optimizing the calcium concentration and plasmid dosing regimen as well as the timing of GET could still result in different responses, thus further studies are warranted. Also with regard to elucidating antitumor mechanism associated with the tumor type specificity to CaEP and combinational therapies.
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During the past decade, there has been a revolution in cancer therapeutics by the emergence of antibody-based immunotherapies that modulate immune responses against tumors. These therapies have offered treatment options to patients who are no longer responding to classic anti-cancer therapies. By blocking inhibitory signals mediated by surface receptors that are naturally upregulated during activation of antigen-presenting cells (APC) and T cells, predominantly PD-1 and its ligand PD-L1, as well as CTLA-4, such blocking agents have revolutionized cancer treatment. However, breaking these inhibitory signals cannot be selectively targeted to the tumor microenvironment (TME). Since the physiologic role of these inhibitory receptors, known as immune checkpoints (IC) is to maintain peripheral tolerance by preventing the activation of autoreactive immune cells, IC inhibitors (ICI) induce multiple types of immune-related adverse effects (irAEs). These irAEs, together with the natural properties of ICs as gatekeepers of self-tolerance, have precluded the use of ICI in patients with pre-existing autoimmune diseases (ADs). However, currently accumulating data indicates that ICI might be safely administered to such patients. In this review, we discuss mechanisms of well established and newly recognized irAEs and evolving knowledge from the application of ICI therapies in patients with cancer and pre-existing ADs.
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Cancer immunosurveillance and immune escape in the tumor microenvironment

The tumor microenvironment (TME) is a complex multicellular space in which cancer can be subjected to immune-mediated control during the early stages of its evolution, such as the eradication and equilibrium phase, but ultimately favors the development of cancer immune escape by fostering cancer immunoediting. During that stage, under continuous immune pressure, cancer cells develop alterations to overcome the immune attack, resulting in tumors that are resistant to the physiological mechanisms utilized by innate immune cells to recognize and present antigens while shutting down the activation of helper and effector T cells (1).

Tumor-promoting factors in the TME include defective antigen presentation by antigen-presenting cells (APC), mainly dendritic cells (DC), which express inhibitory ligands, upregulation of multiple inhibitory receptors during persistent activation of T cells, such as PD-1, LAG-3, TIGIT, TIM-3, expansion of cell populations that mediate T cell inhibitory functions such as myeloid-derived suppressor cells (MDSCs) and T regulatory (Treg) cells, generation of tumor associated macrophages (TAMs) that lose the ability to phagocytose and present antigens but instead acquire protumorigenic functions, and soluble factors such as IDO, VEGF, and TGF-β, which support cancer cell survival and tumor growth while suppressing the function of immune cells (2).





Expression of immune checkpoints in the TME

T cells of the TME are critical determinants of tumor containment and progression. During the phase of cancer escape from immune control, T cells that can recognize tumor-associated antigens lose the ability to control tumor growth due to mechanisms of tumor-induced tolerance and immunosuppression. These dysfunctional T cells are characterized by features of T cell exhaustion (TEX) similar to those in chronic viral infections, including high expression of ICs including CTLA-4, PD-1, TIM-3, TIGIT and LAG-3, loss of expansion capacity, and impaired effector function as determined by the diminished production of cytokines such as IFN-γ and TNF-α (3). Conceptually, a central goal of novel immunotherapies is to achieve re-invigoration of tumor-specific TEX cells, for which the state of T cell exhaustion might be still reversible, and blockade of ICs has been the main approach to achieve this goal (4, 5).

The co-inhibitory molecules, such as CTLA-4 (CD152) and PD-1 (CD279), are induced during physiologic T cell activation. CTLA-4 being upregulated and acting early during T cell activation, is the high affinity receptor of CD80/CD86. CTLA-4 directly competes with CD28 for binding on CD80/CD86, but also induces depletion of CD80/CD86 by trans-endocytosis (6). Importantly, this interaction simultaneously releases free PD-L1 by eliminating availability of CD80 for PD-L1 engagement in PD-L1: CD80 interaction in cis (7). Thus, the interactions of CTLA4 interfere both with the key costimulatory pathway CD80/CD28 and the key co-inhibitory pathway PD-1/PD-L1.

PD-1 is physiologically induced upon TCR-mediated T cell activation. Engagement of PD-1 by its ligands PD-L1 (B7-H1 or CD274) and/or PD-L2 (B7-DC or B7-H3) counteracts TCR signaling and CD28-mediated co-stimulation (8–10). The expression of PD-L1 on tumor cells has served as a biomarker for patient stratification for anti-PD-1 ICI therapy. However, the relative contribution of PD-L1 on tumor cells and other cell types in limiting anti-tumor responses in the TME remains under investigation. By genetic deletion of PD-L1 in tumor cells or innate immune cells of host mice, it was found that PD-L1 expression on each of these compartments equally contributes to immune suppression (11). Subsequently, it was determined that PD-L1 expressed in APC, particularly DC, has the key and causative role in compromising anti-tumor T cell responses (12, 13).

Parallel studies revealed that PD-1 expression in myeloid cells has an important role in lineage fate commitment, effector differentiation and antigen presenting function (14). Specifically, it was found that PD-1 is expressed predominantly in myeloid progenitors, whereas ablation of PD-1 expression resulted their differentiation into mature myeloid cells with predominant features of monocyte and DC differentiation (14). RNAseq studies showed that PD-1 ablation in myeloid cells resulted in the differentiation of tumor infiltrating macrophages with features of potent immune function including activation, differentiation, phagocytosis and enhanced signaling and metabolic programs (15). Consistent with these findings, PD-1 expression in TAMs was associated with diminished phagocytosis and enhanced tumor growth (16). Thus, therapeutic targeting with PD-1/PD-L1 blocking compounds might lead to proinflammatory activation of both T cells and myeloid cells and release of multiple proinflammatory cytokines from both immune compartments.

PD-1 and CTLA-4 are the prototype ICs and the most extensively utilized therapeutic targets in cancer immunotherapy. However, other ICs, such as LAG-3, TIM-3, TIGIT, GITR, or VISTA are also exploited by tumor cells, contributing to the generation of an immunosuppressive TME and escape of immunosurveillance (17). Because clinical experience with ICIs for these receptors is limited, irAEs induced by therapies blocking these ICs have not been well-characterized. For these reasons, in the present review, we will focus on irAEs induced by blockade of CTLA-4 and the PD-1/PD-L1 pathway.





Role of ICs in central and peripheral tolerance and lessons from genetic models




CTLA-4

The importance of the CTLA-4 receptor in the establishment of peripheral tolerance was identified early by studies with CTLA-4-deficient mice. These mice developed splenomegaly and lymphadenopathy which led to death within 3-4 weeks of age (18–20). This extensive spontaneous lymphoproliferation resulted in massive infiltration of mononuclear cells in the heart, pancreas, liver, lungs, and other organs causing extensive damage to these tissues (18, 19). T cells from the spleen and lymph nodes showed an activated phenotype with upregulation of activation markers like CD69, CD25, and CD44 (18–20). Depletion of CD4+ but not CD8+ T cells led to inhibition of immune infiltration into non-lymphoid organs (20). Administration of CTLA-4-Ig to CTLA-4-deficient mice prevented the T cell expansion. When CTLA-4 was deleted in adulthood using a conditional knockout approach, these mice still developed lymphoproliferation and immune infiltration in various organs, including pancreatic β-islets, lungs, and stomach (21). Deletion of CTLA-4 in these adult mice resulted in expansion of Treg in the blood, spleen, and lymph nodes, although the levels of Treg decreased rapidly in the blood but not in the organs. CTLA-4 deletion also led to activation of T conventional cells (Tconv, non-Treg cells). In the collagen-induced arthritis (CIA) model, loss of CTLA-4 promoted a stark exacerbation of the disease with extended damage to the joints (21).

Specific deletion of CTLA-4 from Treg also led to systemic lymphoproliferation and death of the mice, albeit with slower kinetics (22). These mice developed immune infiltration of the myocardium and destruction of myocytes, which the authors speculated it caused heart failure due to myocarditis. When adoptively transferred into T cell-deficient mice, CTLA-4-/- Treg could provide tumor protection, in contrast to CTLA-4+/+ Treg, indicating that CTLA4-deficient Treg did not have suppressor function but rather acted as T effector cells. Similarly, in an autoimmune model for diabetes, adoptively transferred CTLA-4-deficient Treg were unable to prevent the destruction of the pancreas and the induction of diabetes (23). In contrast to previous reports which described the development of autoimmunity and exacerbation of autoimmune diseases by CTLA-4 deficiency, subsequent studies showed that CTLA-4 ablation in adult mice resulted in complete or transient resistance to experimental autoimmune encephalomyelitis (EAE), which was interpreted as a consequence of increased expansion of thymic Treg as a result of CTLA-4 deletion (24, 25).

B cells also showed an increased activation profile in CTLA-4-/- mice with upregulation of CD86, Fas, and CD5 but not CD80 (19). This correlated with a striking increase of all Ig subtypes in the serum of CTLA-4-deficient mice (19). In this model, CD4+ T cell depletion or administration of CTLA-4-Ig prevented the activation and expansion of B cells (20). CTLA-4 is expressed solely in B-1a B cells which are generated during fetal development (26). Deletion of CTLA-4 from B-1a B cells in CTLA-4f/fCD19Cre/+ mice led to activation and differentiation of these cells into antigen-presenting cells, and spontaneous germinal center formation in the spleens (26). These mice developed autoantibodies and late autoimmune characteristics which shared features with some human autoimmune diseases. Thus, abrogating CTLA-4 function induces autoimmunity by several mechanisms and by targeting several lymphocyte subsets.

The role of CTLA-4 in maintaining tolerance and preventing development of autoimmunity has also been documented in studies where treatment of mice with anti-CTLA-4 monoclonal antibody (mAb) exacerbated autoimmune diseases. When CTLA-4 was blocked in the mouse model of EAE, there was a marked increase in the proinflammatory cytokines TNF-α, IFN-γ, and IL-2, and symptoms were exacerbated (27, 28). Administration of anti-CTLA-4 blocking mAb also resulted in increased inflammatory foci in the brain and spinal cord, and increased demyelinating lesions (28). Similar results of disease exacerbation were observed using the nonobese diabetic (NOD) mouse model, in which administration of anti-CTLA-4 mAb induced rapid disease onset of about 15 days compared to the usual 5-6 months (29). CD4+ T cells from mAb-treated mice displayed a chronically activated phenotypic profile with increased expression levels of CD44 but low levels of CD62L, with a few T cells expressing early activation markers like CD69 and CD25 (29). Deletion of CTLA-4 on Treg led to spontaneous germinal center formation in the spleen and lymph nodes (30).

The CTLA4 locus has been involved in the regulation of several autoimmune diseases in humans (31). Polymorphisms on CTLA4 gene have been implicated in diabetes and thyroid disease (32, 33), rheumatoid arthritis (34), primary biliary cholangitis (35), and spontaneous abortion (36). Furthermore, a soluble form of CTLA-4 is present in patients with various autoimmune diseases, such as autoimmune thyroid diseases (37, 38), myasthenia gravis (39), and systemic lupus erythematosus (SLE) (40).





PD-1

Deletion of PD-1 in mice did not induce an immediate extreme phenotype, such as CTLA-4 deletion, however, in later stages of their lives, PD-1-deficient mice developed autoimmune symptoms. C57BL/6 PD-1-/- mice showed signs of mild splenomegaly early on but appeared to be healthy (41). The number of B cells and myeloid cells in the spleen increased, however, the number of T cells remained stable. An increase of IgA, IgG2b, and IgG3 was present in the serum. At 6 months of age, a few of these mice started showing signs of lupus-like glomerulonephritis and arthritis in the foot joints (42). At 14 months of age, the severity of glomerulonephritis had increased, whereas wild-type mice showed only mild symptoms (42). The severity of arthritis also progressed to an advanced stage in all the PD-1 KO mice.

Because C57BL/6/PD-1-/- mice showed a lupus-like phenotype, C57BL/6 PD-1-/- mice were crossed with the B6 lpr/lpr mouse strain, which is used as a model for SLE (43, 44). Glomerulonephritis was present much earlier in the C57BL/6-lpr/lpr-PD-1-/- mice compared to C57BL/6lpr/lpr mice (42). Depositions of IgG3 and C3 complement were present in the kidneys and histology showed arthritic lesions in the joints much earlier than in the control B6 lpr/lpr mice. Lymphadenopathy and extensive hyperplasia of bone marrow were also detected. The severity of symptoms in the C57BL/6lpr/lpr-PD-1-/- mice resembled that of the MRL-FASlpr/lpr mouse, which develops lupus-like symptoms much earlier than the C57BL/6lpr/lpr. PD-1 deletion in the MRL mouse resulted in the development of myocarditis and death of the mice by week 10 (45). Extensive immune infiltration was present in the hearts of the PD-1-deficient mice with both populations of CD4+ and CD8+ T cells showing an activated phenotype. Autoantibodies against cardiac myosin were also present despite the small number of B cells accumulated in the heart of the MRL PD-1-deficient mice. Notably, an increased accumulation of Mac1+Gr1+ cells was also present in the heart. These cells were able to strongly suppress infiltrating T cells and were considered similar to myeloid-derived suppressor cells (45).

Deletion of PD-1 in BALB/c mice resulted in a more severe phenotype than in the B57BL/6 mice, with development of multisystem autoimmunity. These mice suffered from splenomegaly, hepatomegaly, cardiomegaly, and immune infiltration of several organs such as the heart, lungs, liver, kidney, and developed skin lesions which resembled graft-versus-host disease (42, 46). Many mice died by the age of 5 weeks (42, 46). Histologic examination of the hearts revealed extensive damage, suggesting that the cause of death was heart failure (46). The BALB/c PD1-/- mice had an increased population of activated CD8+ T cells in comparison to WT mice. Interestingly, BALB/c-RAG-2-/-PD-1-/- mice did not die but remained healthy, highlighting the role of T cells and/or B cells in disease development (46). Indeed, the hearts of BALB/c PD-1-/- mice had increased depositions of IgG1, IgM, and C3 complement (46). Furthermore, serum from PD-1-deficient mice was enriched with autoantibodies against cardiac troponin I (46, 47).

Deletion of PD-1 from the NOD mouse presented a phenotype consistent with that observed to the two previous strains, with early and robust development of autoimmune activation. NOD-PD-1-/- mice developed diabetes much earlier than in NOD-PD-1+/+ mice with early insulitis and increased infiltration of CD4+ and CD8+ T cells (48). In vitro stimulation of T cells isolated from β-islets of NOD-PD-1-/- mice showed an increased proclivity for IFN-γ secretion.

These studies highlighted the importance of both CTLA-4 and PD-1 in immune homeostasis and their indispensable and non-redundant roles in preventing autoimmunity.





irAEs mediated by ICI therapies

Based on the physiological properties of CTLA-4 and PD-1 revealed by the extensive studies outlined above, it is anticipated that blockade of these ICs in humans for cancer therapy will inevitably lead to global immune activation leading to autoimmune manifestations of various organ systems (Figure 1). Immune checkpoint inhibitors (ICIs) employed for cancer therapy include PD-1 (pembrolizumab, nivolumab, cemiplimab, dostarlimab), PDL-1 (atezolizumab, avelumab, durvalumab), CTLA-4 (ipilimumab, tremelimumab), and the recently approved LAG-3 antibodies (relatlimab). These ICIs are used individually, in combination, or together with chemotherapy (49). ICI therapy differs from chemotherapy in mechanisms of action and side effect profile, which are intimately linked. ICIs aim to increase the activity of the immune system against cancer by breaking tolerance mediated by CTLA-4 and PD-1 in the TME. However, ICI therapy simultaneously activates non-cancer-specific T cell subsets, B cells and myeloid cells which are kept in check by ICs, thereby preventing autoimmunity as outlined in the previous section. Therefore, irAEs are typical side effects of ICIs. Several irAEs resemble features of ADs and may occur during or after discontinuation of ICI treatment. ICI may also trigger the clinical evolution and presentation of previously pre-clinical and unidentified ADs. In addition, irAEs may occur as paraneoplastic syndromes induced by autoantibody production like typical paraneoplastic syndromes in the context of several cancers.




Figure 1 | irAEs categorized by organ system. ICI treatment may result in inflammation of various tissues and organ systems leading to well-described irAEs (please see main text for details) Design by Brgfx-Freepik.com.



A cross-sectional study showed that 43.63% of patients with cancer in the US were eligible for ICI use (50). Hence, the use of ICIs is becoming increasingly common in various cancers, making the incidence of irAEs a critical problem, since up to 80% of patients treated with ICIs develop irAEs (51). Currently, there is no reliable biomarker predicting or correlating with irAEs, but several ones are under investigation including serum IL-6, IL-17, soluble CTLA-4 (sCTLA-4), absolute lymphocyte count, and tumor mutation burden (52–55). The most frequently reported irAEs include fatigue, pruritus, nausea, rash, diarrhea/colitis, and endocrinopathies (mainly hypophysitis and thyroiditis), the most common serious irAEs are pneumonitis and colitis, whereas myocarditis is the irAE with the highest fatality rate (Figure 1) (51, 56).

As the use of ICIs is currently increasing, previously unrecognized rare complications become clinically apparent. Importantly, there is increasing evidence that ICI immunotherapy induces cardiovascular complications to a previously unappreciated level. Myocarditis is a well recognized and extensively studied irAE occurring with higher incidence and severity among patients treated with ipilimumab and nivolumab combination compared to those treated with nivolumab alone (57, 58). Newer studies provide evidence the PD-1/PD-L1 blockade induces a prothrombotic environment leading to vein thromboembolism (59), and to the development or worsening of atherosclerotic cardiovascular disease (CVD) resulting in atherotic plaque rapture and presentation of various clinical pathologies of atherosclerotic CVD including coronary artery disease, myocardial infarction, and ischemic stroke (60). These findings are consistent with enhanced severity of atheromatous cardiac disease observed in experimental models of mice with genetic ablation of ICs or treated with ICIs (61–63). Importantly, recent studies provided evidence that pre-existing autoimmune conditions increase the incidence of CVD after ICI therapy (64). Given the immune-mediated nature of atheromatous disease (65, 66), these observations indicate that CVD is another form of ICI-mediated irAE.

irAEs generally improve with the discontinuation of ICIs with or without administration of immunosuppressive therapy. However, several case reports raise concerns about the potentially irreversible morbidity of irAEs, underlying the role of early diagnosis and proper management of these serious complications. Chronic irAEs may affect up to 40% of patients, with endocrine and rheumatologic manifestations being the more frequent forms of chronic irAEs (67, 68). Guidelines for diagnosis and treatment of irAEs are available and extensively reviewed elsewhere (69–71).





Pathogenesis of irAEs

Although the pathogenesis of irAEs is still not fully understood, several mechanisms have been identified including aberrant T-cell activation, autoantibody production, inflammatory monocyte activation, complement-mediated inflammation, inflammatory cytokines, host-specific factors including microbiome and genetics, and the type of ICI immunotherapy administered (Figure 2) (72). Briefly, irAEs can be mechanistically categorized as follows:




Figure 2 | Potential mechanisms driving irAEs. (A) Activation of cytotoxic self-reactive T cells causes damage in off-target healthy tissues by extensive production of pro-inflammatory cytokines and/or direct attack. Activated autoreactive B cells may produce de novo auto-antibodies or increase the amount of pre-existing auto-antibodies. Antibodies bind to healthy tissues and cause inflammation and damage. (B) Clonal proliferation of virus-specific T cells may lead to excessive inflammation and destruction in the relevant organ and may be fatal. (C) Expansion of the T cell repertoire may cause T cells to attack off-target healthy tissues. (D) ICI treatment can lead to decreased number of FoxP3-expressing Treg cells and reprogramming of Treg cells, resulting in pro-inflammatory behavior. (E) Organ-specific expression of ICI targets can induce direct ICI binding followed by complement activation and antibody-mediated inflammation (type II hypersensitivity). (F) Genetic polymorphisms such as some HLA allele types, mutations of IC receptors and miRNAs are associated with the development of irAEs. (G) Microbiome composition (bacteria, metabolites, etc.) may cause aberrant activation of the immune system and increased production of inflammatory cytokines under ICI treatment.






T cell-mediated

ICI therapy directly causes activation of T cells outside of the TME as it inhibits inhibitory signals that prevent T cell activation against self antigens, leading to autoimmune manifestations from different organs. The increase in unique TCR V-beta CDR3 diversity, a marker of TCR richness, was significantly higher in patients who developed irAE compared to those who did not (73). Several case reports of severe and even lethal manifestations of irAEs provided evidence that clonally expanded self-reactive or virus-reactive T cells are accumulated in the affected tissues, linking self- and pathogen-recognizing T cell clones to lethal toxicity. For example, fulminant myocarditis was associated with infiltration of the myocardium by clonal T cells identical with those infiltrating the tumor and skeletal muscles (74); fatal ICI-associated encephalitis correlated with activation of EBV-specific memory CD4+ T cells, whereas ICI-associated hepatitis correlated with activation of CMV-specific T cells (75, 76). CD4+ and CD8+ T cell enrichment in target tissues was observed in irAEs leading to diabetes, colitis, and thyroiditis (77–79). Subsequent studies provided evidence that the TCR richness of activated CD4+ T effector memory cells underlies an overall increase in pretreatment TCR diversity in patients destined to develop severe irAEs. In this context, the magnitude of T cell clonal expansion correlated with the onset time of severe irAEs because patients with a greater magnitude of TCR clonal expansion developed irAEs sooner (80). In addition, Th17.1 cells, known for their role in chronic inflammation, were predominantly increased in bronchoalveolar lavage fluid of patients with ICI-related pneumonitis (81, 82). Lastly, a decrease in the number and an inflammatory reprogramming of Treg are also involved in the pathogenesis of irAEs (83).





B cell- and antibody-mediated

The presence of autoantibodies in the pathogenesis of ADs is well known. Although studies have shown that B cells play a role in response to immunotherapy, their role in the development of irAEs is still not fully understood (84). Inherited deficiencies in the B regulatory (Breg) cells, which produce IL-10, have been associated with the development of severe irAEs (85). An increase in CD21low B cell subset and plasmablasts has been identified in patients treated with combination ICIs., whereas circulating B cells were decreased (86). Patients experiencing organ-specific irAEs had a low baseline autoantibody level at baseline, which was significantly increased by 6 weeks after initiation of ICI therapy (87). This finding may suggest that the pathogenesis of irAEs is different from that of classic ADs, where baseline autoantibody levels positively correlate with AD development.

The role of disease-specific autoantibodies in the development of irAEs remains controversial. Sakakida et al. reported that positive anti-nuclear antibody (ANA) titers are associated with a higher risk of ICI-mediated colitis but not classic ANA-associated autoimmune diseases like SLE and scleroderma (88). However, other investigators reported a correlation between the occurrence of organ-specific irAEs and disease-specific autoantibody levels. Osorio et al. found that thyroid dysfunction is associated with anti-thyroid antibodies, whereas Suzuki et al. showed that ICI-related myasthenia gravis is associated with anti-acetylcholine receptor (AChR) antibodies (89, 90). In a retrospective study of patients with non-small cell lung cancer (NSCLC) treated with anti-PD-1, pre-existing ANA, rheumatoid factor (RF), anti-thyroiglobulin and anti-thyroid peroxidase antibodies positivity correlated with the development of irAEs but also with clinical benefit from ICI immunotherapy (91). Notably, these findings were confirmed by a smaller prospective study which determined that the levels of anti-thyroiglobulin and anti-thyroid peroxidase antibodies at baseline were higher in patients who developed thyroiditis after anti-PD-1 blocking immunotherapy (92). Other studies reported that pre-existing AChR antibodies are commonly found in patients who develop irAE-associated myositis and myasthenia gravis (93, 94).





Complement-mediated

Since ICIs are monoclonal antibodies, they can bind to off-target tissues and cause inflammation through classical complement cascade activation. This mechanism is thought to play a role in the pathogenesis of anti-CTLA4-mediated hypophysitis by binding abundantly expressed CTLA4 antigen in the pituitary, activating complement, and causing development of complement-dependent antibody-mediated cytotoxicity (CDC) against cells secreting thyrotropin, follicle-stimulating hormone or corticotropin. These cells became the site of deposition of C3d and C4d components and activation of an inflammatory cascade mimicking type II hypersensitivity (95). Autopsy results of patients who developed hypophysitis after treatment with ipilimumab showed that type II hypersensitivity was involved in the early stages of pathogenesis, whereas type IV hypersensitivity caused by infiltration of autoreactive T lymphocytes played a role in the later stages (96).





Cytokine-mediated

Since cytokines are mediators of inflammation, they can be used to assess the direction of the systemic immune response. ICI treatment causes a shift of cytokine balance toward an inflammatory profile. For example, elevated circulating IL-17, which is secreted especially by Th17 cells suppressing Treg activity, and IL-2 which enhances activity of cytotoxic CD8+ T cells, are associated with the development of irAEs (97, 98). Lim et al. defined a toxicity score (CYTOX) by integrating expression of 11 circulating pro-inflammatory cytokines (G-CSF, GM-CSF, Fractalkine, FGF-2, IFNα2, IL-12p70, IL-1a, IL-1b, IL-1RA, IL-2, IL-13) (98). CYTOX score were significantly higher in patients developed irAEs (98). Certain cytokines have been shown to be involved in the development of specific irAEs. For example, psoriasiform dermatitis has been correlated with increased IL-6 levels, pneumonitis with increased IL-1β, and colitis with increased IL-17 (99–101). In addition, chemokine ligands such as CXCL9, may also potentially contribute to the pathogenesis of irAEs (102).





Inflammatory monocyte-mediated

The inflammatory milieu generated by the production of effector cytokines by immune cells which are disinhibited by blockade of ICs during ICI immunotherapy, promotes the differentiation of M1-like monocytes which produce proinflammatory cytokines, such as TNF-α and IL-1β, and convert into macrophages in target tissues. Such inflammatory monocytes can also be generated by direct inhibition of PD-1 mediated signaling during differentiation of myeloid progenitors in response to hematopoietic growth factors produced by cancer and activated T cells (14, 15). Such inflammatory monocytes infiltrate target organs of irAEs such as the lung where they cause severe pneumonitis with granulomatosis (103) and the myocardium, causing life threatening myocarditis (104).





Host-specific factors

Factors that regulate immune responses by complex tissue-specific and systemic mechanisms, such as microbiota and gene polymorphisms, have been shown to play important roles in the development of irAEs (105–107). Polymorphism of microRNA146, which is associated with autoimmune diseases and is known to promote a proinflammatory Treg behavior, was shown to correlate with the development of severe irAEs (106, 107). Similarly to conventional ADs, several HLA types have been implicated in the pathogenesis of irAEs. Associations have been identified between HLA DRB1*04: 05 and ICI-induced inflammatory arthritis, HLA-DRB1*11:01 and pruritus, HLA-DQB1*03:01 and colitis (108, 109). However, a recent study reported no association between HLA type and irAE development (110). Thus, further work is required toward this direction.

The gut microbiome has been extensively studied regarding its tentative role in the therapeutic efficacy and toxicity of ICI therapy. Clostridiales, Ruminococcaceae or Faecalibacterium abundance and high diversity in the microbiota are associated with higher numbers of circulating T cells and responses to anti PD-1 immunotherapy in melanoma patients (111). In a recent prospective study of patients with advanced melanoma who were treated with a combination of anti-PD-1 and anti-CTLA-4 ICIs, the profiling of gut microbiota demonstrated a significantly higher pre-treatment fecal abundance of Bacteroides intestinalis in patients with any ≥ grade 3 toxicities, which correlated with upregulation of mucosal IL-1β in biopsy samples and a more diverse peripheral T cell repertoire (105). These findings contrasted with a previous report which had found that pre-treatment faucal abundance of Bacteroidetes phylum correlated with resistance to the development of colitis following ICI monotherapy with CTLA-4 blockade (112). It is evident that further work is required to understand the biological relevance and the potential exploitation of the microbiome to enhance the efficacy and limit the toxicity of ICI cancer immunotherapy (113).





Type of ICI immunotherapy

A systematic review of 35 randomized clinical trials consisting of 16,485 patients showed that the profile of irAEs depends on the type of immunotherapy. Colitis and hypophysitis were seen more often with CTLA-4 inhibitors, while hypothyroidism, hyperthyroidism, and pneumonitis were more common in PD-1 inhibitors (114). Furthermore, anti-CTLA-4-induced irAEs generally tend to be more frequent and severe (115). Although the differences in irAEs between ICI therapies have not been fully identified, the distinct prevalence of organ-specific irAEs might be related to the unique properties of the targeted receptors. CTLA-4 suppresses T cell responses in the early steps of the activation cascade in lymphoid organs, whereas PD-1 acts in the late stages of the immune response in both lymphoid organs and peripheral tissues (72). CTLA-4 is expressed by T cells and binds to its ligands CD80 or CD86, which are present on professional antigen-presenting cells, while PD-1 is expressed by T cells and many other immune cell types, and its ligand PD-L1 is present on several types of immune cells but also somatic cells and cancer (116–118). Due to the differential expression of CTLA-4 and PD-1, the combined use of PD-1 and CTLA-4 antibodies is associated with an increased risk of irAEs (119, 120), but also prolonged progression-free survival (121, 122).








irAEs and therapeutic response to ICI immunotherapy

Although the occurrence of irAEs indicates that the immune system has been successfully activated by ICI therapy suggesting that treatment has achieved its goal, there are conflicting data regarding the correlation between irAEs and therapeutic response. Recent studies showed that the development of irAEs in patients with various cancers receiving anti-PD-1 antibody is associated with a significantly higher response rate and increased progression-free survival rate (123, 124). These were consistent with earlier studies on patients treated with CTLA-4 inhibitors, which also showed that the development of irAEs correlated with a high response rate (125, 126). Subsequently, other reports indicated that the occurrence of irAEs in the early stages of treatment was associated with better outcomes, whereas other investigators found no correlation between irAEs and treatment outcome (70). Recently, it was noted that specific irAEs might be selectively associated with therapeutic response and might serve as biomarkers to predict clinical benefit. For example, thyroid, cutaneous and low-grade irAEs, as well as AD flares, are positively correlated with therapeutic outcome, whereas pneumonitis is associated with poor outcomes (127–130).





Diagnosis of iRAEs and therapeutic intervention

Early diagnosis and determination of the severity of irAEs are crucial to prevent morbidity and mortality. The grading system of irAEs is based on Common Terminology Criteria for Adverse Events (CTCAE) and grades are categorized from 1 to 5 according to the severity. Clinical criteria for diagnosis, grading, and treatment of irAEs have been reviewed extensively elsewhere (69, 70, 131).

Briefly, ICI discontinuation is not necessary in grade 1 irAEs when close monitoring is feasible, whereas holding ICIs should be considered for most grade 2 toxicities. In severe irAEs (grade 3-4), ICI should be discontinued, and steroid should be initiated. If symptoms worsen, steroid-sparing biologic immunosuppressants such as tumor necrosis factor-alpha (TNF-α) inhibitors or IL-6 antagonists should be considered (71). Corticosteroids are the first-line treatment modality and should be administered with dose adjustment according to the severity of symptoms for ≥ 2 grade irAEs (71). If symptoms do not improve with high-dose steroids, TNFα inhibitors can be an option (71). The management of endocrine and rheumatologic irAEs, which often cause chronic morbidity, may differ from therapy for other irAEs. A national multicenter study showed among 117 patients who developed rheumatologic irAEs, 44 patients required disease-modifying anti-rheumatic drugs (DMARD) (132). Hormone replacement is essential in the management of endocrine irAEs. Unlike other systemic irAEs, high-dose steroids are not required because it is unlikely to improve endocrine irAEs caused by damage to endocrine cells.

Cutaneous toxicities have been reported for 30% to 50% of all side effects of ICI therapies (133) and are classified separately. The ASCO committee divided dermatological irAEs into rash/inflammatory dermatitis, bullous dermatoses, and severe cutaneous adverse effects (SCARs) including Stevens-Johnson Syndrome (SJS), toxic epidermal necrolysis (TEN) and drug rash with eosinophilia and systemic symptoms (DRESS). Treatments for these skin manifestations depend on grading. Inflammatory reaction that affects the quality of life or is grade ≥ 2 should be considered as an indication to hold the ICI and monitor patients weekly for improvement. Blistering lesions that extend more than 10-30% of body surface area (BSA) or grade ≥ 2 should mandate withdrawing the ICI therapy and urge dermatological work up. Development of blistering lesions covering ≥ 30% of BSA mandates permanent discontinuation of ICI. SCARs, including SJS, TEN, acute generalized exanthematous pustulosis (AGEP), and DRESS/drug-induced hypersensitivity syndrome (DiHS) should mandate immediate discontinuation of ICI therapy, regardless of the grade, and close follow-up. Dermatology consultation is critical for appraising the risks and benefits of withdrawing or rechallenging with ICI immunotherapy. Systemic steroids are used in grade 3 of rash and inflammatory lesions. Blistering that affects the quality of life and meets the criteria for grade 2 toxicity with 10-30% BSA involvement should be managed with high potency topical steroid and consideration for systemic steroids therapy. For SCARs, prednisolone or equivalent agent should be initiated in grade 2, which is a morbilliform exanthem at 10-30% BSA together with a systemic symptom or lymphadenopathy.

A pigmented lesion which is a vitiligo-like depigmentation (VLD) has been reported exclusively in melanoma patients. To study the cumulative incidence of VLD, 137 studies conducted in patients with stage III or IV melanoma were recruited and showed an overall cumulative incidence of VLD at 3.4% (95% CI, 2.5% to 4.5%). The development of VLD significantly correlated with response to ICI therapy. Patients who developed VLD during ICI treatment for melanoma had a 2-fold lower risk of disease progression and a 4-fold lower risk of death, progression-free survival (hazard ratio [HR], 0.51; 95% CI, 0.32 to 0.82; p<0.005) and overall survival (HR, 0.25; 95% CI, 0.10 to 0.61; p<0.003) (134). Similarly, in a retrospective analysis of 148 patients who received nivolumab plus peptide vaccine or nivolumab alone, a significantly higher overall survival was observed in patients who developed rash (hazard ratio [HR], 0.423; 95% CI, 0.243 to 0.735; p=0.001) and VLD (HR, 0.184; 95% CI, 0.036 to 0.94; p=0.012 (31). VLD occurring after ICI therapy in melanoma illustrates that melanoma-specific T cells activated after ICI also recognize shared antigens of normal melanocytes and their presence might imply a better response to immunotherapy and a favorable prognosis (135).

The impact of high-dose steroid therapy on ICI efficacy and clinical outcome remains controversial. Some studies showed that high-dose corticosteroids are associated with poor outcomes (123, 136, 137) warning for cautious consideration of all parameters when the use of high-dose steroids is a tentative choice. Notably, a recent study revealed that only 47% of irAEs were managed according to guidelines, whereas 38.8% of irAEs had no documented management (138).





The role of ICIs in patients with cancer and pre-existing ADs

In the modern era of increasing incidence of cancer and ADs, up to a quarter of patients have both diseases at the same time (139). Thus, there are many cancer patients with pre-existing ADs who might be benefit from the use of ICI. Treatment of patients with pre-existing AD raises concerns for potential flair-ups due to their pre-activated immune system. As a result, clinical trials preclude enrollment of these patients. However, this raises important questions regarding the efficacy of ICI treatment in these patients and the potential complications such as flares or de novo irAEs post-ICI treatment if patients were administered immunosuppression for their AD. As currently there is increasing interest regarding eligibility of patients with pre-existing AD for ICI therapies, several retrospective studies and meta-analyses have begun assessing outcomes and toxicities in this cohort of patients (140–155). Key studies are summarized in Table 1.


Table 1 | Summary of key studies using ICI in patients with cancer and pre-existing autoimmune diseases.



Psoriasis and psoriatic arthritis patients have the highest risk of developing flare or de novo irAEs after ICI treatment (147, 156). Patients with rheumatoid arthritis (RA) experience flares of their disease at approximately 60% (147, 157). A retrospective study showed that there is no association between the presence of pre-existing AD and the development of irAEs, the number of irAEs, and their severity (154). In a study on melanoma and NSCLC patients, there was no association between overall survival and the presence of AD, however, a later study showed that patients with pre-existing AD had an increased overall survival compared to patients without AD (157). Other studies have shown that the development of irAEs is more prevalent in patients with a pre-existing AD (157, 158). Gulati et al. showed that melanoma patients with pre-existing AD had an increased progression-free survival and development of irAEs when treated with ICI (155). Patients with pre-existing AD who received ICI and survived for more than 1 year developed new-onset chronic kidney disease and experienced a rapid drop in glomerular filtration rate, which is used as a marker for kidney function (159).

Development of de novo irAEs is more common in patients with pre-existing AD after administration of ICI. Patients with RA have a higher frequency of all-grade irAEs and severe irAEs (157). A separate study found that only 14.7% of patients had an AD flare while 25.3% developed a new irAEs (140). Most of the patients in this study had quiescent AD and 9.6% were receiving steroid treatment at the time ICI therapy was initiated. Patients with gastrointestinal and rheumatologic AD had the most frequent flare-ups after ICI therapy, whereas patients with Hashimoto thyroiditis and neurologic AD developed mostly new irAEs. Studies with over 100 patients with pre-existing AD who received ICI treatment showed that 25-50% developed flares of their disease, whereas about 40% developed de novo irAEs (160). Abdel-Wahad et al. reported that no differences were observed in the presentation of irAEs between active and inactive AD, however, Wu et al. showed that patients with inactive AD presented high-grade irAEs more frequently compared to patients with active AD (156, 161). Moreover, patients on immunosuppression at the initiation of ICI showed lower rates for irAEs, especially high-grade, compared to those who were not on immunosuppression (156, 161).

Disease flares were increased in patients receiving anti-PD-1/PD-L1 treatment, whereas de novo irAEs were observed more often when patients received anti-CTLA-4 therapy (156). In a small study where anti-PD-L1 and anti-PD-1 treatment was administered to cancer patients with systemic sclerosis, 24% of patients experienced flares and almost 60% developed irAEs, with only 6% developing grade 3-4 irAEs (162). Patients with AD who received anti-PD-1 treatment developed irAEs of any grade at an increased level compared to those with no pre-existing AD (163). In a multicenter study, 33% of patients with advanced melanoma with AD which received a combination of anti-CTLA-4 and anti-PD-1 treatment developed a flare, most commonly rheumatic or gastrointestinal irAEs (164). Interestingly, patients without immunosuppression before the administration of ICI had an increased overall survival compared to those who were on immunosuppression. Furthermore, patients on immunosuppression had an increased risk of developing flares.

A novel retrospective study showed that patients who received ICI and had a pre-existing AD (most common being RA, psoriasis, and polymyalgia rheumatica) developed cardiovascular irAEs more often than patients without AD (64) indicating that such patients should be actively monitored for cardiovascular toxicities. However, more than two-thirds of patients receiving immunosuppression for their AD before ICI administration developed other non-cardiovascular-related adverse effects.

Patients without pre-existing AD had increased association of developing rheumatic-irAEs if they were positive for rheumatoid factor before getting administered ICI (165). Interestingly, other studies reported that the presence of rheumatic-irAEs and ICI-arthritis resulted in increased overall survival and only 35% of patients with pre-exisiting AD developed flare-ups. ICI-induced thyroiditis has been shown to be associated with improved overall survival and progression-free survival compared to patients who did not develop thyroiditis (166, 167). The association between overall survival and thyroiditis varied between different tumors, however, it was related strongly with lung cancer.





Conclusions and perspectives

There is a substantial number of patients with AD and cancer. Because such patients were excluded from clinical trials, only limited data are available regarding the efficacy and safety of ICIs in this large patient population. The limited number of studies available have shown that using immunotherapy in patients with ADs causes an increased risk of irAEs and AD flares, but irAEs are mostly transient and manageable and rarely mandate treatment discontinuation and life-threatening complications. The use of ICIs in patients with AD is often equally safe as in patients without AD. Hence, pre-existent AD is not an absolute contraindication for the use of ICIs. The lack of a validated predictive biomarker requires a careful evaluation for early recognition of irAEs.

The less frequent and milder adverse effect profile of PD-1 inhibitors compared to CTLA-4 inhibitors suggests that PD-1 inhibitors might be considered as the immunotherapy of choice for cancer patients with pre-existing ADs. In cases that develop irAEs with or without pre-existing ADs a multidisciplinary approach and close monitoring are mandatory. Since the pathogenesis of organ-specific irAEs is unique, approaches of personalized therapy will be required to avoid non-specific immunosuppression and preserve the therapeutic benefit of ICI immunotherapy.
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Interleukin-10 (IL-10) is a pleiotropic cytokine that has a fundamental role in modulating inflammation and in maintaining cell homeostasis. It primarily acts as an anti-inflammatory cytokine, protecting the body from an uncontrolled immune response, mostly through the Jak1/Tyk2 and STAT3 signaling pathway. On the other hand, IL-10 can also have immunostimulating functions under certain conditions. Given the pivotal role of IL-10 in immune modulation, this cytokine could have relevant implications in pathologies characterized by hyperinflammatory state, such as cancer, or infectious diseases as in the case of COVID-19 and Post-COVID-19 syndrome. Recent evidence proposed IL-10 as a predictor of severity and mortality for patients with acute or post-acute SARS-CoV-2 infection. In this context, IL-10 can act as an endogenous danger signal, released by tissues undergoing damage in an attempt to protect the organism from harmful hyperinflammation. Pharmacological strategies aimed to potentiate or restore IL-10 immunomodulatory action may represent novel promising avenues to counteract cytokine storm arising from hyperinflammation and effectively mitigate severe complications. Natural bioactive compounds, derived from terrestrial or marine photosynthetic organisms and able to increase IL-10 expression, could represent a useful prevention strategy to curb inflammation through IL-10 elevation and will be discussed here. However, the multifaceted nature of IL-10 has to be taken into account in the attempts to modulate its levels.
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Introduction

Cytokines are a broad category of soluble proteins or glycoproteins with low molecular weight (ranging from 6 to 70 kDa) that are produced transiently, in response to various biological stimuli, by nearly every cell type and affecting virtually all main cellular processes (1–3). These molecules are crucial to orchestrate cell-to-cell communication and biological functions (1–3). They can act locally, either via autocrine and paracrine signaling, respectively on the same cells that produce them or on cells close to the site of release. Several cytokines are also capable of acting systemically, via endocrine signaling, on cells located in other body districts reached through the blood or lymphatic stream (4). Cytokines act by binding to specific transmembrane and membrane-anchored receptors located on the target cells and activating downstream intracellular signaling cascades that usually result in gene expression modulation (5, 6). Some cytokine receptors also exist in soluble form and can function as either antagonists or agonists of cytokine signaling, forming decoy receptors or functional receptors, respectively (2, 6). Their activity is highly specific: the expression pattern of cytokine receptors is unique for every tissue and varies among different cell types, determining to which cytokine a particular cell/tissue will respond to (6). Cytokines also establish complex networks with each other, where one cytokine can potentiate/contrast the action or stimulate/inhibit the production of other cytokines (2).

Cytokines play a pivotal role in the regulation of many physiological processes, including cytoskeletal organization, stem cell differentiation, embryonic development, cell proliferation, activation, migration, wound healing, survival and apoptosis (6–9). They are also key regulators of the innate and adaptive immunity, coordinating humoral, cytotoxic and cellular immune response, mediating communication between immune and non-immune cells, controlling immune cell trafficking and tissue organization, affecting microenvironment and regulating inflammation (1, 10–12). Given the high pleiotropic activity of these molecules, cytokines are present at very low or undetectable concentrations in body fluids and tissues under homeostatic conditions, but, when required by the physiopathological context, they can rapidly increase up to 1000 fold (13).

Since cytokines have such a fundamental influence on immune system and body’s health, any dysregulation in their secretion or signaling, and they are critically implicated in the genesis and/or progression of several human pathological conditions, among which, cancer, infectious and immune diseases (1, 13, 14) they represent important biomarkers and targets.

A dysregulation of the immune system is a characteristic of the COronaVIrus Disease 2019 (COVID-19) global pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (15–17). A growing body of clinical data suggests that the more severe and lethal forms of COVID-19 syndrome are associated with self-feeding massive release of pro-inflammatory cytokines, defined “cytokine storm” (18–20), which triggers and sustains a systemic hyper-activated inflammatory response that finally leads to acute respiratory distress syndrome (ARDS), multi-organ failure and even death (17, 21).

This COVID-19 pandemic has posed huge challenges to the health care system worldwide due to its widespread diffusion, the severity of clinical picture (17), and the numerous variants, with more than 765 million confirmed cases and over 6.9 million deaths reported globally (22). The rapid availability of vaccines has brought an enormous progress. Unfortunately, in case of infection, clinical interventions capable of effectively treating COVID-19 patients entering the cytokine storm phase have demonstrated a highly variable margin of success depending on timing and patient selection (23). In addition, a considerable percentage of patients who had mild or severe disease do not fully recover but continue to manifest a range of persistent debilitating multi-organ symptoms for weeks or even months after the acute infection. These conditions have been reported in literature as “long COVID”, “post-COVID-19 syndrome”, “post-acute sequelae of COVID-19 (PACS)” or “post-acute COVID-19 syndrome” and they still leave many open questions about the pathogenetic mechanisms and potential therapeutic approaches (24–28). Although the vaccines have brought substantial benefits to halt the COVID-19 pandemic, both reducing rate of SARS-CoV-2 new infection and decreasing mortality and risk of serious complications, there is actually no proven effective treatment against post-COVID-19 and the real impact of vaccines on patients who have this syndrome remains still unclear (28–30). Therefore, a thorough understanding of the molecular mechanisms underlying COVID-19 and post-COVID-19 as well as the design of novel targeted therapeutic interventions remains a priority for biomedical research.

In light of the importance demonstrated by the “cytokine storm” in driving the immunopathological process of COVID-19, numerous therapeutic strategies capable to prevent/reduce the over-production of pro-inflammatory cytokines have been proposed to suppress/attenuate COVID-19 hyper-inflammation and ameliorate its severe complications (31–33). These pharmacological agents comprise non-specific immune modulators, such as corticosteroids, hydroxychloroquine, interferons, cardiovascular drugs, such as statins and renin–angiotensin–aldosterone system (RAAS) inhibitors, and specific immune modulators, such as Janus kinase (Jak) inhibitors, humanized anti-interleukin-6 (IL-6), anti-IL-1 receptor and anti-tumor necrosis factor alpha (TNF-α) monoclonal antibodies (34–41). Very likely, they can be valid therapeutic options also for managing post-COVID-19 complications (42).

In this scenario, a novel candidate that appears to be particularly worth to be exploited as effective anti-inflammatory molecule is IL-10, a cytokine that has gained increasing interest from clinical medicine in different therapeutic settings due to its potent immunomodulatory properties on a broad spectrum of cells (43–45).

Recent evidence has outlined IL-10 as associated with severity and mortality for patients with acute or post-acute SARS-CoV-2 infection (46). IL-10 can act like an endogenous “danger signal” released in response to the peak of circulating pro-inflammatory cytokines and having the purpose to protect the organism from damage caused by harmful hyperinflammatory state (43, 47).





IL-10 structure and signaling pathway

Human IL-10 is encoded by the IL-10 gene, located on the long arm of chromosome 1 (48). The IL-10 gene promoter is characterized by the presence of positive and negative regulatory sequences as well as polymorphisms that can significantly affect IL-10 expression between individuals (49, 50). IL-10 is a member of the class II cytokine family and its biologically active form is a soluble 36 kDa homodimer, comprising two monomers with six α-helices structure and stabilized by two intrachain disulfide bonds (51). The cellular response to IL-10 starts with the binding of an IL-10 homodimer to a heterotetrametric IL-10 receptor (IL-10R) complex, belonging to the interferon receptor family and comprised of two ligand-binding IL-10R-alpha (IL-10RA) subunits and two accessory signal-transducing IL-10R-beta (IL-10RB) subunits (52, 53). IL-10RA is the main responsible for directing ligand and target specificity: it recognizes IL-10 with high-affinity (50) and it is mainly expressed by lymphocytes, macrophages and dendritic cells at basal level, but can be upregulated by various cells upon their activation (54). Instead, IL-10RB has lower affinity or no direct binding to IL-10, is constitutively expressed by nearly all cell types and is shared by the receptor complex of other IL-10 family cytokines, such as IL-22 and IL-26 (50, 55). The signaling cascade in IL-10 responding cells is mediated by theJak1/Tyrosine kinase 2 (Tyk2)/signal transducer and activator of transcription 3 (STAT3) pathway. The binding of IL-10 homodimer to the IL-10RA extracellular domain leads to its oligomerization with the IL-10RB and the following phosphorylation of the enzymes Jak1 and Tyk2, associated with the intracellular domain of alpha and beta subunits, respectively. Upon their phosphorylation, these kinases further phosphorylate two functional tyrosine motifs on the intracellular domain of the IL-10RA. This allows the recruitment of STAT3 and its subsequent phosphorylation by Jak1 and Tyk2 (43, 50). Once phosphorylated, STAT3 dimerizes and translocates into the nucleus, where it binds to STAT-consensus elements of target gene promoters and initiates their transcriptional program (43, 50, 56). One of the actions of STAT3-responsive genes is the suppression of cytokine signaling 3 (SOCS-3), which inhibits mitogen-activated protein kinase (MAPK) activation, NF-κB nuclear translocation, and the resulting expression of pro-inflammatory genes. It also functions as a negative feedback regulator of IL-10 signaling, by inhibiting Jak1 and consequently the Jak1/Tyk2/STAT3 pathway. Another element induced by STAT3 is the IL-1 receptor antagonist (IL-1RN), a decoy protein that, binding to IL-1 receptor, prevents the interaction of IL-1β with its receptor and the following activation of pro-inflammatory signaling. Moreover, STAT3 suppresses STAT6 activation and consequently inhibits the expression of IL-4/IL-13-responsive genes in monocytes and dendritic cells (DCs) (50, 57–59).

In addition to STAT3, IL-10RA may simultaneously phosphorylate and activate STAT1 and STAT5 in monocytes and regulatory T (Treg) cells. By this action, it leads to the formation of different STAT heterocomplexes and to the subsequent generation of multiple downstream transcriptional effects (60). Furthermore, additionally to Jak1/Tyk2/STAT3 pathway, IL-10 may also modulate transcription by the activation of PI3K/Akt/Glycogen Synthase Kinase 3 Beta (GSK3β) and PI3K/Akt/mTORC1 signaling cascades in macrophages (43).

There is evidence of IL-10 and IL-10R deficiencies which are monogenic inborn errors of immunity (IEI) causing early-onset inflammatory bowel diseases (IBD) (61, 62). Consanguinity is reported in all evaluable patients with IL-10 deficiency and in 38% of patients with IL-10R deficiency (23% of patients with IL-10RA, and 79% of patients with IL-10RB deficiency). The common associated pathologies are auto-inflammation and enteropathy. Dermatological manifestations as well as lymphoma not Epstein Barr Virus (EBV)-related, and failure to thrive are associated with IL-10R deficiency (63, 64).





IL-10 cellular sources

When originally described by Fiorentino and colleagues in 1989, IL-10 was classified as a cytokine specifically secreted by T helper 2 (Th2) cells (65), however, it was subsequently widely recognized that it can be produced by many myeloid and lymphoid cells (50). Among these, CD4+ Th1, Th2 and Th17 cells, and Treg cells, DCs, monocytes and macrophages are main producers of IL-10 (43, 50). Recently, microglia and cardiac macrophages have been also identified as producers of IL-10 (66, 67).

In CD4+ Th cells, IL-10 production occurs downstream of T cell receptor (TCR) activation and the subsequent activation of Ras, ERK1/2 and transcription factor AP1 (43). In Th2 cells, IL-10 synthesis is induced by IL-4/STAT6 signaling and requires GATA binding protein 3 (GATA3) transcription factor (68). Th1 and Th17 can secrete IL-10 under the correct set of conditions. In Th1 cells, IL-10 production requires STAT4, strong TCR activation (i. e. increased expression of Delta-like-4 ligand and inducible T cell co-stimulator ligand (ICOSL) on DCs) and IL-12 (69).

In Th17 cells, IL-10 expression is induced by the cytokines IL-6 (70), IL-24 (71) and IL-27 (72), and it is mediated by STAT3 and, in some cases, STAT-1 signaling (73). Several transcription factors are involved in regulating IL-10 production in T cells, including Blimp-1, cMaf, AhR, Bhlhe40 (43, 50).

Natural and induced FoxP3+ Treg cells can secrete IL-10 in a STAT3 dependent manner and use it to control immune responses against self-antigens at the environmental interfaces (74). FoxP3- Treg cells secrete IL-10 following differentiation from naive CD4+ T cells under various stimuli, including cytokines, such as interferon gamma (INF-γ), immunosuppressive drugs, stimulation with soluble antigens or immature DCs and co-stimulation with CD2, CD46 or ICOSL (75).

In macrophages and DCs, IL-10 expression is regulated by cytokines, such as type I IFN, and by the activation, downstream of Toll-like receptor (TLR) signaling, of ERK1/2, p38, NF-κB and phosphoinositide-3-kinase (PI3K) serine/threonine protein kinase B (Akt) pathways (43, 50, 76).

In addition to CD4+ T cells, DCs and macrophages, most adaptive immunity cell types, including CD8+ cytotoxic T cells and B cells, as well as various innate immunity cell types, including mast cells, natural killer (NK) cells, and eosinophils can also be sources of IL-10 in particular contexts (77).

CD8+ T‐cells become significant producers of IL-10 during hypoxia and viral infection (78), in response to TCR activation, IL-21 stimulation or interaction with CD40 ligand on activated pDCs (75). Mast cells directly induce IL-10 expression following Toll-like receptor 4 (TLR4) activation by lipopolysaccharide (LPS) or during allergic dermatitis or skin damage (75). In B cells, IL-10 production occurs following stimulation with autoantigens, ligands of TLR4 and TLR9, or vitamin D3 (79), while NK cells release IL-10 during systemic infection (80). However, unlike other myeloid cells and in contrast to mouse neutrophils, human neutrophils are unable to produce or secrete IL-10, also after stimulation with bacterial and inflammatory molecules such as serum amyloid or LPS (81). Cassatella’s and Bazzoni’s labs showed that IL-10 induced transcriptional repression of CXCL8 and TNF-α genes in human monocytes pretreated with LPS (82). The inhibitory effect of IL-10 on cytokine transcription consists of two distinct sequential phases: an early phase, occurring rapidly and in a protein synthesis-independent manner, followed by a second delayed phase, that occurs after 60 minutes and is dependent on protein synthesis (82).

In addition, some non-immune cell types, including intestinal epithelial cells, intestinal fibroblasts and skin keratinocytes, produce IL-10 in response to certain stimuli, comprising infection, UV radiation, tissue injury and damage (83–86), and even different tumor cells, such as melanoma, breast and colon carcinoma cells, have demonstrated IL-10 secretion ability (87–90).





IL-10 systemic effects

IL-10 was initially defined as “cytokine synthesis inhibitory factor” due to its inhibitory activity on IL-2 and interferon-γ (IFN-γ) release by Th1 cells (65), however it is now commonly considered as a key immunoregulatory cytokine with pleiotropic activities, exerting multiple and sometimes even opposite effects on immune cells.

IL-10 functions as a double-edged sword on the immune system: on one hand it has emerged as a potent anti-inflammatory and immunosuppressive cytokine, on the other hand it can also have immunostimulatory properties (50, 91, 92). The different sources of IL-10 and the type of target cells on which it acts, as well as the site and timing of its secretion are critical features to activate multiple signal transduction pathways, each one contributing to different functions towards the inhibition or the activation of immune cells (79).

IL-10 is a master regulator of immunity during infection with viruses, bacteria, fungi, protozoa and other pathogens, playing a key, and often essential, role in limiting or terminating inflammation and in the consequent host protection. IL-10 production by innate immune cells generally occurs later compared to that of pro-inflammatory cytokines released in the early phase of the inflammatory process. IL-10 secreted at the site of ongoing inflammation is responsible for maintaining the right balance between effective pathogen elimination and prevention of detrimental immune-mediated response against infections, resulting in the restoration of normal tissue homeostasis (47, 79, 93, 94). At the same time, numerous pathogens induce IL-10 up-regulation during the infection and exploit the immunosuppressive activity of this cytokine to escape host immune system and promote a microenvironment that favors their tolerance and long-term survival (79).

IL-10 exerts strong immunosuppressive effects on monocytes, macrophages, which are the cells with the higher expression of IL-10R, and dendritic cells (50). It inhibits the ability of these cells to produce pro-inflammatory cytokines (including IL-1α and β, IL-6, IL-12, IL-18, and TNF-α) and chemokines (CCL2, CCL12, CCL5, IL-8, CXCL10, and CXCL2) and prevents their differentiation, maturation and migration to lymphoid organs (50). It also suppresses the antigen-presenting capabilities to Th1 and Th2 of monocytes and APCs by down-regulating their expression of the class II major histocompatibility complex (MHC II) (95) and the co-stimulatory molecules CD54 (intercellular adhesion molecule-1, ICAM-1), CD80 and CD56 (96–99). Moreover, it can act on CD4+ T cells by inhibiting their antigen-specific activation and proliferation in lymph nodes, limiting their secretion of cytokines, such as IL-2, IFN-γ, IL-4, IL-5 and TNF-α, and their cytotoxic activity (45, 100, 101) and inducing their long-term anergy through the block of CD28 co-stimulatory signaling (102, 103). Therefore, through these coordinated actions, IL-10 leads to the shutdown of the inflammatory immune response, both directly, by the suppression of macrophages and dendritic cells activity, and indirectly, by limiting T cells activation, differentiation and effector function and promoting peripheral tolerance (43, 96).

On the other hand, IL-10 exhibits several immunostimulatory activities. This cytokine is a potent stimulator of B lymphocytes: it prevents apoptosis in germinal cells, enhances cell growth, proliferation and activation and drives differentiation into immunoglobulin-secreting plasma cells (15, 92, 104, 105). IL-10 plays also an important role in differentiation and functioning of the Tregs (106, 107) and promotes the survival of T cells otherwise destined to apoptotic cell death (108, 109). Regulatory B cells (Bregs), representing B cells immune-suppressive fractions, regulate inflammation primarily through an interleukin 10 mediated inhibitory mechanism (110, 111). In addition, IL-10 induces thymocytes proliferation, by upregulating the expression of CD3 and CD8 molecules (112). It also enhances the production of IFN-γ and granzyme, improves MHC expression and facilitates antigen recognition, promoting in this way the survival, expansion and cytotoxic activity of antigen activated CD8+ T cells. IL-10 is critically involved in the generation and/or sustaining of effector CD8+ memory T cells too (112).

IL-10 promotes NK cell proliferation and migration and enhances their cytolytic activity and effector functions (113–116). Furthermore, IL-10 directly stimulates mast cells, enhancing their expansion, survival, and activation, upregulating their expression of high-affinity IgE receptors (FcϵRI) and increasing their production of pro-inflammatory cytokines (117).

On murine T cells, IL-10 can function as growth cofactor, stimulating a strong proliferative response of thymocytes in presence of IL-2 and IL-4 (118), and as cytotoxic differentiation factor, promoting IL-2-driven proliferation and differentiation of precursor CD8+ splenocytes into effector CTL (119). IL-10 reveals powerful immunostimulatory properties in vivo as well: infusion of exogenous IL-10 in mice recipients of fully allogeneic donor grafts leads to increased graft rejection and graft-versus-host-disease (GVHD)-induced mortality (120). In transgenic murine models, IL-10 expression in the islets of Langerhans results in marked pancreatic inflammation and pronounced recruitment of macrophages, T and B lymphocytes to the pancreas (121). Furthermore, local production of IL-10 by islet cells induces an early development and increased prevalence of autoimmune diabetes in non-obese diabetic mice and accelerates immune-mediated destruction of beta cells (122, 123).

In addition to its broad range activity on the immune system, IL-10 also exerts critical actions on non-immune cells. IL-10 has a fundamental role in central and peripheral nervous system homeostasis, reducing neuronal injury during infection, inflammation, ischemia and trauma, and increasing neuron survival and axon regeneration as well as modulating adult neurogenesis (43, 66, 124). Furthermore, IL-10 is an important regulator of epithelial wound repair and plays a key function in gut homeostasis, promoting wound closure and stimulating intestinal epithelial cell proliferation (43). In dermal wounds, IL-10 promotes regenerative tissue repair via STAT3-dependent regulation of fibroblast-specific hyaluronan synthesis, recruits endothelial progenitor cells (EPCs) and leads to increased vascular structures and faster re-epithelialization (125).





Regulation of IL-10 production and its double role in immunological homeostasis

IL-10 plays a fundamental role in maintaining host homeostasis at both local and global level, ensuring the fine equilibrium between pro- and anti-inflammatory immune response required to achieve an effective clearance of infecting pathogens and preventing, at the same time, tissue damage occurrence (50, 79). Therefore, in physiological conditions IL-10 production is under a highly dynamic and finely balanced modulation to orchestrate the different immunological activities in a cell-specific manner and to control the inflammatory response force and duration. Several transcription factors, expressed and activated by both distinct and overlapping signaling pathways, are involved in the positive or negative modulation of IL-10 transcription. In addition, a number of common and cell-specific regulatory molecular mechanisms act at epigenetic, post-transcriptional, translational, and secretory level to silence or improve IL-10 expression in the immune effector cells and to ensure the appropriate secretion of the cytokine (79, 126–129). IL-10 expression by immune cells can be regulated, in response to bacterial toxin such as LPS and other environmental stimuli, by alterations in cell metabolic profile, or by accumulation of certain metabolites (43). Consequently, the cells that are main producers and targets of IL-10 as well as the pattern of spatial distribution and temporal availability of this cytokine, may specifically differ between tissues and even in the same tissue, depending on the particular host’s immune status (79). Given its fundamental immunoregulatory properties, IL-10 can equally promote the propagation or the shutdown of inflammatory responses and also direct the fate of parasite, bacterial and viral infections (43).

Upregulation of IL-10 expression or enhanced signaling can have both a protective and a harmful effect on the organism (Figure 1). During acute infections, IL-10 limits the magnitude of the immune responses, preventing excessive inflammation and protecting tissues from immune-mediated damage, and allows inflammation resolution when the pathogen is cleared (47). An excess of IL-10 production or signaling can suppress host’s effective inflammatory responses, induce tolerance and immune escape and favor microbial persistence, leading to the establishment of chronic or latent infections (47, 79) and facilitating the development of auto-immune diseases. As example, it has been demonstrated that IL-10 production is crucial to counter-regulate the harmful inflammatory response activated during acute infections with T. gondii (130), T. cruzi (131), H. hepaticus (132, 133) and influenza (134), while increased IL-10 expression level has been linked to reduced T cell activity and enhanced pathogen replication during chronic infections with T. gondii (130, 135), Leishmania (136, 137), EBV (138), HIV (101, 139, 140) and hepatitis B (HBV) (141, 142).




Figure 1 | Up- and Down-regulation of IL-10, beneficial and detrimental effects.



High levels of IL-10 have been documented in systemic lupus erythematosus (143, 144), multiple sclerosis (124), rheumatoid arthritis (145) and Sjogren’s syndrome (146), as well as in autoimmune lymphoproliferative syndrome (147), acute ulcerative colitis (148), and Grave’s disease (149).

On the other hand, downregulation of IL-10 expression or defective signaling can also have both a beneficial and a detrimental impact to the host (Figure 1). An IL-10 deficiency occurring in the early phase of microbe infection triggers a rapid amplification of the innate and adaptive immune response and facilitates effective clearance of invading pathogens (150). If the deficiency persists, it leads to systemic, exaggerated inflammation and immune-mediated tissue damage and participates to the onset or aggravation of chronic inflammatory diseases and several autoimmune pathologies (74, 79, 151).

As example, IL-10-deficient mice develop colitis (152, 153) and during infection with T. cruzi (154) and T. gondii (135, 155) succumb to an excessive, lethal inflammatory response. IL-10 deficiency has been also demonstrated to aggravate chronic liver and kidney disease, enhancing fibrosis and inflammation (156, 157). IL-10 expression was found lower in psoriatic (158, 159) and asthmatic patients (160) and IL-10 and IL-10R mutations, causing a loss of IL-10 function, were found to be associated with severe inflammatory bowel disease, including Crohn’s disease and ulcerative colitis (52, 161, 162).

With age the functional competence of the immune system declines, a process called immunosenescence and involves the remodeling of innate and adaptive immunity and it is associated with a higher likelihood and severity of several infections (163). Immunosuppressive cells and immunosuppressive cytokines are involved in this process including IL-10 that has been found increased in several studies (164).

The scheme is illustrating the dual immunological activities of IL-10 and the possible beneficial or detrimental impact of this cytokine at high or low levels on human health and disease (Figure 1).





IL-10 in cancer

The role of IL-10 in tumor pathogenesis is currently highly controversial, with some findings showing that IL-10 promotes tumor development and angiogenesis, while others supporting that it inhibits tumor growth and metastasis (115).

This cytokine is considered a master switch from tumor-promoting inflammation to antitumor immunity, thus dysregulation in IL-10 levels can importantly contribute to carcinogenesis and tumor progression (112, 165, 166). Elevated IL-10 level exerts tumor-promoting effects by stimulating tumor cell growth and proliferation via STAT3 activation, by inhibiting apoptosis and by allowing immune surveillance escape through inhibition of DC function, downregulation of human leukocyte antigen (HLA) class I molecules on tumor cell surface, recruitment of Treg, suppression of NK cells cytotoxic activity and impaired activation of Th1 CD4+ and cytotoxic T cells (167–172). Increased IL-10 expression in primary tumor cells and tumor-associated macrophages has been proposed as a predictor of cancer stage progression and metastatic potential development (87, 173, 174). Moreover, IL-10 circulating levels were found to be elevated in serum of various cancer patients, often accompanied by the increase of other inflammatory markers, and correlated with a poor prognosis (140, 175–183).

On the other hand, IL-10 mediates important tumor-inhibiting activities by recruiting and stimulating cytotoxic CD8+ T cells and NK cells in the tumor microenvironment, by promoting lymphocyte and antibody-dependent immune memory, by abrogating inflammatory M1 macrophage-Th17 T cells axis, by downregulating the synthesis of pro-angiogenic factors and by suppressing local release of pro-inflammatory cytokines that support tumor growth, survival, and invasion (167, 184–188).





IL-10 as a potential therapeutic opportunity

The increasing knowledge about the essential regulatory role of this cytokine has encouraged investigators to consider IL-10 as a potential therapeutic opportunity (43, 157, 189, 190). Although no therapy has been yet approved to date, systemic administration of recombinant human (rhu) IL-10 has been tested in multiple clinical trials for the treatment of autoimmune and immune-mediated inflammatory diseases (including inflammatory bowel disease, psoriasis, Crohn’s disease, rheumatoid arthritis, ulcerative colitis, pancreatitis), tissue damage, and chronic infectious diseases (such as chronic hepatitis C), due to its anti-inflammatory, wound repairing and anti-fibrotic functions, respectively (191–194).

Early phase I and II studies showed a trend toward favorable responses of systemically administered IL-10 in psoriasis and Crohn’s disease patients, but larger studies revealed only a slight clinical benefit, due to the double anti- and pro-inflammatory properties of this cytokine (43, 195). Results obtained in a mouse model of human multiple sclerosis suggested that inducing local expression of IL-10 in the site of inflammation has the potential to prevent autoimmune inflammatory process in the central nervous system (43, 195). Induction of a homogeneous population of IL-10-producing CD4 T cells by a combination of immunosuppressive drugs (vitamin D3 and dexamethasone) may represent a promising therapeutic strategy for the treatment of autoimmune and inflammatory diseases (43, 195). From the other side, the use of anti-IL-10R mAbs potentiate the Th1 response and may be useful for the development of effective vaccines and to enhance appropriate immune responses against chronic pathogens (43, 195).

Moreover, given the double tumor-promoting and tumor-repressing IL-10 action, both blocking and systemic administration of IL-10 have been explored as potential strategies for cancer immunotherapy.

Yet, IL-10’s biologically active form is an unstable homodimer with a short half-life and low in vivo stability. This represents a significant drawback of using IL-10 in therapeutic application (51). IL-10’s therapeutic potential can be increased by pegylation, a modification of IL-10 by covalent conjugation with non-toxic polymer polyethylene glycol (PEG), that increase the half-life of a protein following administration (112, 196). It was observed that systemic administration of PEGylated human IL-10 (pegilodecakin) promotes infiltration, activation and intratumor expansion of tumor-specific CD8+ T cells and restores their cytotoxic activity, resulting in enhanced granzyme B and IFN-γ production in CD8+ cells, enhanced intratumor antigen presentation and induction of anti- tumor immune response with evidence of clinical benefits in different advanced solid tumors, such as renal cell carcinoma and uveal melanoma (112, 191, 197, 198). On the other hand, cancer immunization with simultaneous IL-10 signaling blockade, using IL-10R monoclonal antibodies, soluble IL-10R, peptide-based IL-10R antagonists, or oligonucleotides, raised tumor immune response with evidence of clinical benefits in different advanced solid tumors, such as renal cell carcinoma and uveal melanoma (112, 191, 197, 198), and enhances CD8+ T cell response and potentiates vaccine-induced tumor regression (189).

Concomitant blockade of IL-10 and PD-1 immune checkpoint in a mouse model of lymphocytic choriomeningitis virus (LCMV) increases the efficacy in restoring antiviral T cell responses and controlling persistent viral infection (199). Combined treatment with IL-10 and PD-1 blockers enhances the expansion and function of tumor-infiltrating CD8+ T cells, resulting in a synergistic anti-tumor effect in metastatic melanoma and ovarian cancer (189). Recently, therapy with PEGylated-IL-10 and anti-PD-1 monoclonal antibody (pembrolizumab or nivolumab) has shown encouraging results in a phase 1b clinical trial conducted on advanced refractory renal cell carcinoma and non-small-cell carcinoma patients (200).





Potential role of IL-10 in COVID-19

Chronic viral infections are another field in which IL-10 appears as an intriguing therapeutic challenge. Studies have demonstrated that blockade of IL-10 is able to restore T cell antiviral activity, enhance vaccine efficacy and promote immune-mediated eradication of viral persistence in case of cytomegalovirus, lymphocytic choriomeningitis virus, HIV, and HCV infections (98, 201, 202).

ARDS is the most common complication of Coronavirus disease 2019, affecting approximately 75% of COVID-19 patients in intensive care units (ICU), and a leading cause of COVID-19-releated death (203). It is a progressive respiratory insufficiency, defined by a plethora of symptoms including severe hypoxemia, increased respiratory work, pulmonary embolism, microvascular thrombosis, diffuse alveolar damage with alveolar cell death, edema, fibrosis and inflammatory cells infiltrate into the lung interstitium and alveoli, which can evolve in systemic tissue damage and multiple organ failure and eventually results in a fatal outcome (204–207).

SARS-CoV-2 virus enters in the target cells through the binding of its viral spike protein (S) to the host angiotensin converting enzyme 2 (ACE2), which is present in different human organs (oronasal and nasopharyngeal mucosa, lung, stomach, colon, skin, lymph nodes, liver, kidney, brain) and mainly expressed on lung alveolar epithelial cell type II, enterocytes of the small intestine and vascular endothelium (207, 208). Even though the exact sequelae of mechanisms leading to COVID-19-mediated lung damage are still being delineated, it is widely accepted that cytokine storm plays a prominent role (15, 16, 209–211). Alveolar epithelial cells, alveolar macrophages and dendritic cells function as sensor cells of the respiratory mucosa and, upon SARS-CoV-2 infection, give rise to immune response with a first huge release of early pro-inflammatory cytokines (including IFN-α, IFN-γ, IL-1β, IL-2, IL-6, IL-12, IL-18, IL-23, TNF-α) and chemokines (such as CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10) that activate resident lymphocytes and stimulate recruitment of effector cells (210, 212). Protracted cytokine and chemokine overproduction causes massive recruitment of neutrophils, eosinophils and NK cells in the pulmonary parenchyma. Once there, neutrophils secrete free radicals, myeloperoxidase and other proteases, eosinophils release major basic proteins and cationic proteins, while NK cells liberate granzymes and perforins. All these substances exert cytotoxic effects and lead to alveolar injury. Resident macrophages polarize to M1 phenotype and, in concert with infiltrating DCs, produce nitric oxide and additional pro-inflammatory molecules, such as TNF-α, which induce alveolar cell death and further contribute to pulmonary endothelium damage. Cytotoxic T cells, in turn, migrate to lungs upon activation by DCs, and also participate in the killing of infected cells (210, 213).

The host immune response, active in the first phase, can positively affect infection resolution, suppressing viral replication and leading to complete pathogen elimination and homeostasis restoration. However, excessive inflammation is deleterious and triggers a vicious circle that is self-sustaining of the ongoing hyper-inflammatory state. The resulting dysregulated cascade of cytokine first causes the disruption of the lung epithelial barrier and then, traveling through the bloodstream, can further amplify the cytokine storm, giving rise to systemic inflammation and potentially damaging multiple organs throughout the body (209).

Several pro-inflammatory molecules can variably participate to the cytokine storm driving ARDS in COVID-19, as demonstrated by different clinical studies reporting higher circulating levels of one or more immunoactive molecules in patients with severe form of COVID-19, including IL-1β, IL-2, IL-6, IL-7, IL-8, IL-17, TNF-α, IFN-γ, granulocyte-macrophage colony-stimulating factor (GM-CSF), CXCL10, CCL2, CCL7, CCL3, CCL4, and C-reactive protein (CRP) (209, 214–220). Overweight and obesity are considered a main risk factor for severe symptoms of COVID-19 and increased mortality. This can be explained by the finding that obese patients have altered NK cell polarization, increased levels of pro-inflammatory cytokines, such as IL-6 and TNF-α, and hyperactivation of mTOR pathway (221), besides cardiovascular co-morbidity.

The uncontrolled overproduction of pro-inflammatory chemokine/cytokines observed in SARS-CoV-2 infection is a clinical characteristic in common with that previously seen in SARS-CoV and MERS-CoV infections (211, 212). Although this pathogenic process is shared between COVID-19 and the other beta-coronavirus infections, the massive increase of IL-10 levels in patients with severe forms of the illness is a clinical feature that uniquely distinguishes SARS-CoV-2 infections (211, 222).

A large increase in the proportion of IL-10-secreting regulatory T cells has been found in peripheral blood of patients with severe COVID-19, compared to those with mild-to-moderate cases and healthy individuals (223). Several studies have also reported that circulating levels of IL-10 are significantly elevated in severe cases of COVID-19, especially in patients admitted to the ICU compared to those not requiring ICU care (224, 225) and continued to increase after admission (45, 116). In addition, elevated IL-10 levels are seen in patients developing ARDS, respiratory failure and extrapulmonary dysfunction like disseminated intravascular coagulation (116, 207) and severe acute kidney injury (46, 226), as well as a reduced patient survival (116, 227, 228).

Higher IL-10 levels have been positively correlated with increased exhaustion markers PD-1 and TIM-3 expression on T cells and lower total number of CD4+ and CD8+ T cells (225). In patients with severe forms of COVID-19 also a strong relationship between early overexpression of IL-10 and increased serum concentrations of IL-1 receptor antagonist (IL-1RA) and other proinflammatory molecules, including IL-6, IL-8 and C-reactive protein (116, 215, 228–230) was observed. Numerous clinical studies have also revealed that elevated amounts of IL-10 in the serum of COVID-19 patients, alone or with IL-6, IL-12 or IL-1RA, may accurately predict progression to more severe form of disease and increased mortality (46, 215, 229–234).

Taken together, these evidence have robustly supported the great potentiality of monitoring circulating levels of IL-10 in COVID-19 patients as reliable biomarker to rapidly predict the disease course at the first stages of infection, to early recognize patients with higher risk of developing detrimental complications (231) and to accurately determine the most suitable therapeutic options and the right time of treatment administration (228, 234).

Alternative potential scenarios were proposed to explain the clinical meaning of the increase in IL-10 levels in serum of COVID-19 patients occurring within a few days from infection. IL-10 level significantly increases one week after symptoms onset following the massive release of pro-inflammatory cytokines that occurred in the preceding days. A study showed statistically significant differences of IL-10 serum levels in the non-severe and severe groups on days 0, 3, and 6. The median concentration of IL-10 on days 3 and 6 was increased in both the non-severe and severe groups compared to day 0 (235). IL-10 is generated after acute infection and could have the ability to block the expression and production of numerous proinflammatory cytokines, preventing the development of excessive or chronic immune activation.

The first possible explanation of the COVID associated data, suggests in fact that IL-10, in the context of ongoing inflammation induced by COVID-19, behaves in a canonical way as an anti-inflammatory and immunosuppressive cytokine. High circulating levels of IL-10 could be interpreted like an endogenous danger signal, activated as a negative feedback mechanism in response to the dramatic increase of pro-inflammatory mediators and the related alveolar endothelial cell damage. Therefore, IL-10 acts as an attempt of the host organism to protect itself from the deleterious effects of an excessive inflammatory reaction, preventing further progression of tissue damage (211, 236) (Figure 2).




Figure 2 | Potential role of IL-10 in counteracting ACE2 downregulation, rebalancing RAAS system and mitigating tissue damage caused by SARS-CoV-2 in severe COVID-19 and Long COVID syndrome.



In the renin-angiotensin system (RAAS), renin converts angiotensinogen to angiotensin I (Ang I), which is in turn converted to angiotensin II (Ang II) by angiotensin-converting enzyme (ACE). Ang II, acting through Ang II type 1 receptor (AT1R), promotes inflammation, fibrosis, vasoconstriction, thrombosis and oxidative stress, ultimately resulting in tissue injury. Detrimental effects of Ang II are counterbalanced by Angiotensin-converting enzyme 2 (ACE2), which converts Ang II to angiotensin 1-7 (Ang-(1–7)). Ang-(1-7), signaling through the Mas receptor (MasR), inhibits inflammation and mediates tissue protection.

SARS-CoV-2 infects host cells by binding its viral spike protein to the receptor ACE2. Following this binding, SARS-CoV-2 is internalized by endocytosis and ACE2 expressed on the cell plasma membrane is downregulated. Reduction of ACE2 leads to RAAS imbalance with an increase of the ACE/Ang II/AT1R axis and a parallel decrease of the ACE2/Ang-(1–7)/Mas-R axis, contributing to hyperinflammation and tissue damage of COVID-19 and Long COVID syndrome.

Circulating interleukin 10 (IL-10) binds as a homodimer to tetrameric IL-10 receptor (IL-10R) complex and induce the downstream activation of Janus kinase 1 (Jak1) and tyrosine kinase 2 (Tyk2) and the subsequent phosphorylation of signal transducer and activator of transcription 3 (STAT3). Phospho-STAT3 (p-STAT3) homodimers translocate into the nucleus, where they directly bind to specific sequences and regulate the transcription of its target genes, including anti-inflammatory genes and ACE2. Upregulating ACE2, IL-10 can help to restore RAAS balance, with a reduction of ACE/Ang II/AT1R axis and an increase of ACE2/Ang-(1–7)/MasR axis, resulting in beneficial effects on COVID-19 and post-COVID-19 symptoms. We have previously reported that, in lung-derived and endothelial cell lines, IL-10 administration increased the expression level of SARS-CoV-2 receptor, ACE2 a potent anti-inflammatory molecule (237) (Figure 2).

Blood level of IL-10 is low following SARS-CoV-2 infection during the innate immune response phase and starts to be significantly increased around 3 days/one week following the massive release of inflammatory cytokines (TNF-α, IL-1, IL-6) and symptoms onset. IL-10 raises after acute disease. During the convalescent phase, IL-10 levels slowly decrease along with the symptoms in about 2-3 weeks.

Thus, IL-10 could behave as a counter-regulator of the local endothelial inflammation as well as the systemic inflammatory process, by enhancing ACE2 expression (237). In an ex-vivo study on peripheral-blood immune cells, we have also recently demonstrated that IL-10 treatment decreased the IFN-γ specific response to spike stimulation, decreased the release of numerous pro-inflammatory cytokines, chemokines and growth factors, reduced the frequency of IFN-γ producing CD4, CD8 and NK cells and cell activation (evaluated by HLA-DR expression), in both COVID-19 patients and NO COVID-19 vaccinated subjects (45). Our study further confirmed the view of an immunomodulatory role of IL-10 in the SARS-CoV-2 specific inflammatory response and highlights the therapeutic potential of the administration of rhu IL-10 to treat ARDS in COVID-19 patients, as already investigated for solid tumors and various autoimmune and inflammatory diseases (45).

Several clinical studies have described a huge increase in IL-10 early after few days from infection, after the concomitant increase of various other pro-inflammatory cytokines (such as TNF-α, IL-6, IL-1) (Figure 3), as distinctive trait of the hyperinflammatory state developed upon SARS-CoV-2 infection (238). It has also been observed a strong association between IL-10 levels and COVID-19 severity and outcome, suggesting that IL-10 fails to adequately turn off the inflammation. A plausible explanation for this emerging evidence concerns the potential resistance or hypo-responsiveness of activated immune cells to the immunosuppressive action of IL-10, resulting in uncontrolled and self-sustained release of pro-inflammatory cytokine into circulation (239). The occurrence of this situation has already been demonstrated in vitro in high-glucose conditions and in vivo in patients diagnosed with type 2 diabetes and has been attributed to defective STAT3 activation (151). The impaired IL-10 response in presence of high glucose can justify the increased frequency of mortality and severe complication in COVID-19 patients with diabetes or hyperglycemia and the better outcomes associated with improved glycemic control (236, 240). Therefore, it is reasonable to speculate that pharmacological strategies able to overcome resistance and/or restore responsiveness to IL-10, as happens by the treatment with a small molecule agonist of SHIP1 (Src homology-2 containing inositol-5’-phosphatase 1) in macrophages under hyperglycemia (151), could give a valid therapeutic opportunity to reduce the overwhelmed inflammation in patients with severe COVID-19, especially those with diabetes.




Figure 3 | Circulating levels of IL-10 dynamically change during the clinical course of COVID-19 reflecting host immune/inflammatory state.



In severe COVID-19 cases a drastic early rise in IL-10 was observed, an effect that represents a paradoxical role of this cytokine in its classical anti-inflammatory role. This observation gives a convincing justification for the increased IL-10 levels in the presence of systemic inflammation such as COVID-19 condition, as well as previously observed in cancer and immunity (115, 241) (Figure 2). This can be explained with IL-10 “resistance”, as reported by Islam et al., 2021, hypothesis that requires further investigation (239).

Different studies have previously revealed hyper-activation and expansion of CD8+ T cells, enhanced production of IFN-γ and peripheral increase of various pro-inflammatory and immune-activating mediators following recombinant IL-10 administration in healthy subjects with LPS-induced endotoxemia and in patients with Crohn’s disease and some cancers. Most cytokines/chemokines are reported as upregulated in these studies (IL-2Rα, IL-4, IL-7, IL-18, IFN-γ, GM-CSF, TNF-α, CXCL10 and CXCL9) supporting the potential immunostimulatory action of this cytokine in severe COVID-19 (45). In addition, elevated levels of LPS, a potent stimulators of IL-10 secretion by macrophages, were observed in plasma of patients with severe COVID-19 (239). In this scenario, stimulation of IL-10 signaling with PEG-IL-10 or other IL-10 stimulation might result in clinical benefit for patients with severe COVID-19.

It is also possible that IL-10 plays a double role in COVID-19, depending on the timing of the secretion: after few days from infection, IL-10 produced in the lungs, after viral infection, may work as a negative feedback mechanism started by an increased proinflammatory mediators release and aimed at counter-modulating inflammation and restoring tissue homeostasis. However, in the later phases, IL-10 production becomes continuous and elevated and may act as an immune stimulating factor that promotes a further release of proinflammatory cytokines/chemokines, hyperactivates cytotoxic effector CD8+ T cells and amplifies systemic inflammation, leading to disease exacerbation (211).





Potential role of IL-10 in post-COVID-19 syndrome

One of the main problems aggravating the sanitary emergency due to SARS-CoV-2 pandemic, is the management of the estimated 10% of patients who do not undergo a complete recovery but manifest persistent post-COVID-19 symptoms for up to 12 or more weeks after initial infection (24, 242).

The plethora of post-COVID-19 symptoms is highly heterogeneous and comprises variable degrees of severity: physical symptoms as fever, fatigue, respiratory symptoms, as dyspnea, breathlessness and coughing, painful symptoms, as myalgia, arthralgia, headache and chest pain, neurological symptoms, as anosmia, dysgeusia, difficulty concentrating and sleeping, psychological symptoms, as depression, anxiety, poor memory and concentration, cardiovascular symptoms, as tachycardia and coagulation dysfunction, and gastrointestinal symptoms. These multi-organ symptoms can occur as a result of organ damage following severe COVID-19 or arise de novo after mild infection without evidence of organ injury (24, 25, 28, 242, 243).

The clinical spectrum of post-COVID-19 symptoms was classified, by Fernández-de-Las-Peñas and colleagues, into three different phases based on a temporal criterion: acute post-COVID symptoms (from 4-5 to 12 weeks after infection), long post-COVID symptoms (from 12 to 24 weeks), and persistent post-COVID symptoms (lasting more than 24 weeks) (244). The precise mechanisms responsible for post-COVID-19 pathology remains still unclear, but different causative factors have been proposed to contribute to the various clinical sequelae observed in patients (26, 245, 246). Firstly, SARS-CoV-2, by infecting and replicating into ACE2 expressing cells, can exert a direct viral toxicity and cause diffuse endothelial cell damage (247, 248). SARS-CoV-2-mediated endothelial damage, by recruiting and activating immune cells and promoting pro-inflammatory and pro-thrombotic mediators release, can trigger subsequent endothelial inflammation leading to thrombosis and vascular damage (207, 247). Viral entry into cells mediates the downregulation of ACE2 and its consequent failure to convert the angiotensin II into angiotensin 1-7, resulting in the accumulation of angiotensin II and overstimulation of RAAS that ultimately causes hypertension, electrolyte unbalancing, lung fibrosis and inflammation, vasculitis, thromboembolism and intravascular disseminated coagulation (207, 249). In addition, SARS-CoV-2 impairs the mitochondrial antioxidant function, resulting in increased reactive oxygen species (ROS) release, oxidative stress and oxidative damage, which lead to tissue damage, thrombosis, and red blood cell dysfunction (250–252). The other fundamental mechanism contributing to the pathological process is thought to be host’s immune response dysregulation. SARS-CoV-2 dissemination can trigger a massive cell activation to induce an anti-viral immune response with an exaggerated and continual production of inflammatory cytokines, that lead to alveolar edema, hypoxia, thrombosis, tissue damage, and can ultimately results in systemic inflammatory response involving the whole organism and causing a multi-organ injury (207, 247, 248).

Given the critical role played by IL-10 in the promotion of tissue repair and resolution of inflammation it is possible that this cytokine could have a useful impact in recovering physiological homeostasis and ending the post-COVID-19 symptoms. Blood level of IL-10 is significantly increased in the first week following the symptoms’ onset in patients who developed severe COVID-19. Moreover, higher serum levels of IL-10 were found in individuals who did not experience sequelae after acute infection compared to subjects with post-COVID-19. This supports the idea that elevated levels of IL-10 in the post-COVID-19 period, allow a more efficient resolution of the immunopathological process, by improving anti-inflammatory response (253).

Among the symptoms of post-COVID-19 on which IL-10 could have a beneficial effect there is the olfactory and gustatory dysfunction (OD/GD), a distinctive sign of acute COVID-19 and one of the most frequent long-lasting complications in post-COVID-19 (254). Locatello and colleagues have reported that elevated serum concentration of IL-10 on hospitalization, compared to increased levels of other cytokines or presence of clinical comorbidities, is the only significantly parameter associated with 30-day taste recovery (255). Luporini et al. has reported higher IL-6 and IL-10 levels in serum of adults over 65 with COVID-19, associated with disease severity and a higher comorbidity index (222). This evidence further supports an involvement of inflammatory process in COVID-19-associated chemosensory dysfunction and suggests a role for IL-10 as reliable predictor of OD/GD course as well as potential pharmacological strategy to reach a successful recovery in post-COVID-19 patients.

Pain is another post-COVID-associated pathological manifestation in which IL-10 may have a clinical utility. In particular, joint, muscle and chest pain represent one of the most frequently reported persistent symptoms after the resolution of acute COVID-19 infection and Bussmann et al. (256) have observed a strong inverse correlation between circulating levels of IL-10 and pain intensity in COVID-19 patients (256). This evidence suggests an analgesic function for IL-10 in the context of post-COVID-19 and proposes that this cytokine can significantly improve the patient’s quality of life, resolving the chronic pain debilitating condition (256).

Cardiovascular and respiratory symptoms are other persistent clinical signs, among those commonly affecting post-COVID-19 patients, which can be positively influenced by IL-10. Virus-mediated downregulation of ACE2, the counter-regulator of ACE, may cause dysregulation of the renin-angiotensin-aldosterone system (RAAS), resulting in a worsening of cardiovascular and respiratory condition (257). Absence of angiotensin-converting enzyme inhibitors (ACEI)/angiotensin II receptor blockers (ARBs) therapy were the main prognostic indicators of in-hospital mortality (258). As reported before, IL-10 could increase ACE2 expression in lung and endothelial cells (237). Therefore IL-10, by restoring RAAS balance, can importantly contribute to normalization of electrolyte levels and blood pressure, containment of pulmonary inflammation and fibrosis, resolution of vasculitis, thrombosis, and hyper-coagulation (207).

Although the exact function played by IL-10 in COVID-19 has not yet been fully defined, due to the multifaceted actions exerted on inflammation, IL-10 has been increasingly proposed as critical contributor during the kinetics of cytokine storm, which is considered a main responsible for the development and progression of ARDS in COVID-19 patients and a keystone factor in influencing disease morbidity and mortality (211, 212, 259).

In fact, IL-10 can also have a beneficial impact in mitigating or even suppressing the continuative systemic inflammation typically associated to post-COVID-19 syndrome. In our recent research, we have demonstrated that exogenous delivery of IL-10 to whole-blood cells downregulates SARS-CoV-2 induced exacerbated inflammatory response, by reducing several pro-inflammatory mediators correlated with COVID-19 severity and by decreasing frequency and activation of IFN-γ producing CD4, CD8 T cells and NK cells (45).

It is also possible that exogenous IL-10 plays a useful therapeutic role in counteracting neurological symptoms observed in post-COVID-19. In this regard, Trandem and colleagues (260) have shown the protective effects of elevated IL-10 levels in mice infected with a neurotropic coronavirus (260). High IL-10 production, occurring during the early phase of viral encephalitis, leads to decreased microglia activation, immune cells infiltration and proinflammatory factors release and an increased regulatory T cell rate in the site of infection. The immunomodulating actions of IL-10 were long-time lasting and manifested during the resolution phase of the infection, resulting in decreased demyelination and improved survival (260).





Natural bioactive compounds influencing IL-10 production

The therapeutic role of bioactive compounds obtained from plants in the treatment of human diseases has been extensively acknowledged (261–265).

Considering the potential wide-ranging impact that Il-10 could have on complications associated to post-COVID-19 syndrome, and in other diseases, such as cancer, it is of interest to study natural bioactive compounds, able to increase IL-10 expression and enhance its action, which could represent a useful therapeutic strategy. In Table 1 we report bioactive compounds, derived from natural sources, that influence IL-10 production. Among these compounds, the polyphenol curcumin is endowed with numerous beneficial properties, including antioxidant, anti-inflammatory, anti-nociceptive, anti-fatigue and anti-fibrotic effects, by increasing the expression, production, and activity of IL-10 (266–268). Administration of nano-curcumin has been reported to provide anti-viral action and to downregulate expression and secretion of the inflammatory cytokines IL-1β and IL-6 in COVID-19 patients (292, 293). The polyphenol 6-gingerol can upregulate IL-10 production and possesses useful therapeutic effects, comprising antioxidant, anti-inflammatory, immunomodulatory, analgesic, antipyretic and anti-SARS-CoV-2 activity (268, 269). The green tea polyphenol epigallocatechin-3-gallate (EGCG) induces Treg by increasing Foxp3 and IL-10 expression in CD4 T cells (270, 271), while acteoside, a phenolic glycoside, can promote B cell-derived IL-10 production, ameliorating inflammatory process (272). The natural dietary polyphenols kaempferol and resveratrol, with known anti-inflammatory, antioxidant, antimicrobic and disease‐protective activities, stimulate IL-10 production and inhibit inflammatory cytokine secretion (273). A similar effect on oxidative stress, inflammation and IL-10 level was obtained with a diet enriched in high-polyphenols containing Extra Virgin Olive Oil (EVOO) (275). The flavonoids quercetin (276), naringin (277), apigenin (278, 279), luteolin (280), present in different vegetables and fruits, and the alkaloid piperin (281) and S-1-Propenylcysteine (286), are other examples of natural compounds able to increase IL-10 levels and exert antioxidant, anti-inflammatory, immunomodulatory, anti-cancer and antimicrobial properties (268, 274, 280, 294).


Table 1 | Bioactive compounds, derived from natural sources, influencing IL-10 production.



Evidence emerging from literature and clinical trials suggests that dietary-derived polyphenols could represent a helpful supplement in COVID-19 therapy, by contrasting viral load, suppressing inflammation, promoting ACE2/Ang- (1–7)/MasR axis, protecting organs from damage, preventing complications and reducing illness severity (295).

IL-10 production has been demonstrated to be significantly increased in macrophages M1 treated with lupeol (pentacyclic triterpene Lup-20(29)-en-3-ol), a secondary metabolite which is primarily present in fruit plants (282, 283). Similar results were observed by Hyam et al. in 2,4,6-trinitrobenzene sulfonic acid (TNBS) induced colitis model treated with arctigenin, present in Arctium lappa (burdock plant) seeds (284). Moreover, it has been observed that the treatment with andrographolide, a bioactive compound present in the plant known as Andrographis paniculate, increase IL-10 expression in LPS stimulated primary glial culture (285).

In addition, marine environment represents a rich reservoir of immunoactive molecules, mainly concentrated in photosynthetic organisms such as microalgae, which have been recently considered bioactive cell factories for human health benefits (296). Marine organisms have emerged as a source of bio-compounds that could be used as potential immunomodulatory drugs (297), indeed, different marine compounds show an immunomodulatory function increasing IL-10 levels.

Marennine, a blue pigment produced by Haslea ostrearia, a marine pennate diatom, acts on neuroinflammatory processes, inducing a strong up-regulation of IL-10 genes (287). Ulvan, a sulfated polysaccharide produced from a green marine algae Ulva Ohnoi, showed a mild immunomodulatory function increasing IL-10 levels (288). Zhou et al. reported that asperlin, derived from the marine fungus Aspergillus versicolor shown beneficial properties again atherosclerosis, in vitro and in vivo, due to the increase of protective cytokines (IL-10 and IL-4) (289).

In this scenario marine microalgae are emerging as rich sources of a wide range of bioactive metabolites with anti-antioxidant and anti-inflammatory properties that can serve as potential new therapeutic agents to treat or prevent the severe symptoms of COVID-19, possibly by enhancing IL-10 levels (298, 299). Marine sulfated polysaccharides, isolated from different algae, have shown anticoagulant and immunomodulatory activities as well as potent antiviral properties, both by stimulating innate immune system and mucosal barrier defense against the virus and by preventing viral entry, replication and proliferation (299–301). We have recently demonstrated that diatoxanthin, a carotenoid derived by marine diatoms, significantly upregulates IL-10 production, increases ACE2 activity, exerts an immunomodulant effect by up-regulating antiviral defense genes and by strongly inhibiting spike-induced inflammatory response in a lung cell line. Diatoxanthin, exclusively found in marine environment, decreases the release of pro-inflammatory mediators responsible for cytokines storm in SARS-COV2 disease, supporting the therapeutic potential of marine-derived bioactive compounds against COVID-19 (290).

Among bioactive molecules derived from marine microalgae, there are some polyphenols also known to exert antiviral activities, such as the two flavonoids kaempferol and apigenin that are natural down-regulators of ACE. Apigenin upregulates the expression of the ACE2 enzyme in kidneys inducing a blood pressure decrease effect, potentially effective for viral disease control (e.g. COVID-19). In addition, apigenin and kaempferol inhibit RAAS, which participates in virus entry into lung cells in the case of coronavirus infection (302).

Astaxanthin is another carotenoid of microalgal origin that provides a rationale to be investigated as a potential beneficial additive in COVID-19 therapeutics. Astaxanthin has potent antioxidant, anti-inflammatory, and immunomodulatory effects, can increase IL-10 secretion and exert a protective role against cytokine storm and hyper-inflammation, preventing severe complications (291, 303).





Conclusions

IL-10 is a critical mediator of host innate and adaptive immunity. It has a multifaceted nature in stimulating or inhibiting crucial immune pathways. IL-10 as an immune modulator can decrease detrimental inflammation, inhibit cancer progression, and curbing disease conditions. It has come to reviewed attention due to its important level changes in certain COVID-19 patients.

COVID-19 and its long-lasting complications resulting in post-COVID-19 syndrome have been and continue to be a global emergency and a severe challenge to healthcare systems around the world. It has been observed that the trigger of cytokine storm and the following hyper-inflammatory state are key causative factors for the development of severe symptoms and complications. Although different cytokines have been found as deregulated in COVID-19 patients, IL-10, due to its multifaceted role in modulating inflammation, appears as one of the most intriguing. Present findings support the potential of this cytokine as reliable predictor of the severity and the outcome in COVID-19 patients, as a possible danger factor and as novel strategy to counteract hyperinflammation, not only in the acute SARS-CoV-2 infection phase but also in the post-infection period.

Further studies are needed to elucidate whether exogenous administration of IL-10 or molecules able to act as adjuvant for the activation of anti-inflammatory IL-10 signaling may be beneficial for ameliorating COVID-19 and post-COVID-19 symptoms. More investment in investigation of IL-10 pathway therapy could be useful in cancer and other chronic diseases. Natural molecules have also been revealed to be modulators of this pivotal cytokine.
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Background

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest forms of cancer and peritoneal dissemination is one major cause for this poor prognosis. Exosomes have emerged as promising biomarkers for gastrointestinal cancers and can be found in all kinds of bodily fluids, also in peritoneal fluid (PF). This is a unique sample due to its closeness to gastrointestinal malignancies. The receptor tyrosine kinase-like orphan receptor 1 (ROR1) has been identified as a potential biomarker in human cancers and represents a promising target for an immunotherapy approach, which could be considered for future treatment strategies. Here we prospectively analyzed the exosomal surface protein ROR1 (exo-ROR1) in PF in localized PDAC patients (PER-) on the one hand and peritoneal disseminated tumor stages (PER+) on the other hand followed by the correlation of exo-ROR1 with clinical-pathological parameters.





Methods

Exosomes were isolated from PF and plasma samples of non-cancerous (NC) (n = 15), chronic pancreatitis (CP) (n = 4), localized PDAC (PER-) (n = 18) and peritoneal disseminated PDAC (PER+) (n = 9) patients and the surface protein ROR1 was detected via FACS analysis. Additionally, soluble ROR1 in PF was analyzed. ROR1 expression in tissue was investigated using western blots (WB), qPCR, and immunohistochemistry (IHC). Exosome isolation was proven by Nano Tracking Analysis (NTA), WB, Transmission electron microscopy (TEM), and BCA protein assay. The results were correlated with clinical data and survival analysis was performed.





Results

PDAC (PER+) patients have the highest exo-ROR1 values in PF and can be discriminated from NC (p <0.0001), PDAC (PER-) (p <0.0001), and CP (p = 0.0112). PDAC (PER-) can be discriminated from NC (p = 0.0003). In plasma, exo-ROR1 is not able to distinguish between the groups. While there is no expression of ROR1 in the exocrine pancreatic tissue, PDAC and peritoneal metastasis show expression of ROR1. High exo-ROR1 expression in PF is associated with lower overall survival (p = 0.0482).





Conclusion

With exo-ROR1 in PF we found a promising diagnostic and prognostic biomarker possibly discriminating between NC, PDAC (PER-) and PDAC (PER+) and might shed light on future diagnostic and therapeutic concepts in PDAC.





Keywords: ROR1, exosomes, peritoneal lavage, peritoneal fluid, PDAC, peritoneal carcinomatosis, targeted therapy, biomarker





Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest forms of cancer, with an overall five-year survival rate of less than 10% in the US (1). Despite improved diagnostic methods, multimodal therapy concepts and surgical techniques, the 5-year survival rate even after radical surgery with adjuvant therapy in localized tumor stages remains 30–40% (2, 3). Early detection and effective treatment are critical for improving patient outcomes. Consequently, in recent years, there has been growing interest in finding biomarkers for the early detection and monitoring of PDAC. Peritoneal relapse occurs in approximately 30% of the relapse patterns and is hence a major cause for this poor prognosis (4, 5). Therefore, it is important to find prognostic biomarkers and to develop treatment strategies that consider the high risk of peritoneal relapse. Peritoneal lavage fluid and ascites (together referred to as peritoneal fluid (PF)) are unique samples due to their closeness to gastrointestinal malignancies and are already in use especially for cytological analyses (6).

Exosomes, small extracellular vesicles (30–150 nm) released by all kinds of cells and also cancer cells, have emerged as promising biomarkers for gastrointestinal cancers due to their ability to carry specific cargo, including proteins and nucleic acids. They can be found in all kinds of bodily fluids (e.g. blood, saliva, urine, ascites) which makes them even more interesting (7, 8).

Glypican-1 positive exosomes in serum are able to distinguish benign pancreatic disease from early- and late-stage pancreatic cancer and were also correlated with tumor burden and survival (8).

The receptor tyrosine kinase-like orphan receptor 1 (ROR1) plays an essential role in embryogenesis and is overexpressed in many types of malignant tumors. Contrarily, ROR1 is mostly absent in normal human tissues. However, it can be found for example in the parathyroid gland as well as in the pancreatic islet cells (9). Studies have demonstrated that ROR1 plays an important role in oncogenesis by activating cell survival signaling events, particularly the non-canonical WNT signaling pathway. The function as a tyrosine kinase is still poorly understood (10).

ROR1 can be found on the surface of exosomes and has been identified as a potential biomarker in human ovarian cancer (11), lung cancer (12), but also in PDAC (13, 14). The depletion of ROR1 in PDAC suppresses tumor growth, recurrence after chemotherapy, and metastasis (15). Additionally, ROR1 represents a promising target for an immunotherapy approach (10, 16) which could be considered for future treatment strategies.

Here we prospectively analyzed the exosomal surface protein ROR1 (exo-ROR1) in PF in localized, locally advanced and oligo-metastasized PDAC patients (PER-) on the one hand and peritoneal disseminated tumor stages (PER+) on the other hand followed by the correlation of exo-ROR1 with clinical-pathological parameters.





Materials and methods




Patients

The study includes samples of 46 patients with localized, locally advanced, or oligo metastasized PDAC (PDAC (PER-)) (n = 18), PDAC with peritoneal carcinomatosis (PDAC (PER+)) (n = 9), chronic pancreatitis (CP) (n = 4), and non-cancerous controls (NC) (n = 15), who received surgery or ascites puncture at the University Hospital of Erlangen between 2021 and 2023. The patients with PDAC (PER-) received laparotomy in curative intention. 4 PDAC (PER-) patients were staged as M1. Three of these patients had a small liver metastasis found after laparotomy and one patient had a positive interaortocaval lymph node after histopathological examination. We categorized the localized, locally advanced or oligo metastasized PDAC patients as PDAC (PER-). PDAC (PER+) patients were operated due to ileus or even in curative intention before incidental intraoperative finding of peritoneal carcinomatosis. Others had a relapse with ascites and radiologic signs or known peritoneal carcinomatosis from earlier surgery and received ascites puncture. Patients with CP received surgery for removing the pancreatic head due to congested pancreatic duct. The NC patients received elective open or laparoscopic surgery, mostly due to hernias or uncomplicated symptomatic cholecystolithiasis.

All patients were eligible for inclusion and signed informed consent prior to medical intervention. The study was approved by the ethical committee of Erlangen (UKER 180_19 B).

Follow-up data were collected either through follow-up visits at the university hospital or through written correspondence with the patients’ treating physicians.

All data was collected prospectively.





Sample collection




Peritoneal lavage fluid

Directly after opening the abdominal cavity (open surgery as well as laparoscopic surgery), 100 ml physiological saline solution were used for a peritoneal lavage. Subsequently as much fluid as possible (but at least 50 ml) was recollected, centrifuged at 350 g for 5 minutes to remove cells and cell debris and stored at -80°C.





Ascites

Patients with ascites and known peritoneal carcinomatosis of PDAC received ascites puncture to collect at least 200 ml ascites. In some cases, ascites was collected intraoperatively. 100 ml ascites were sent to pathology for cytology tests. The other 100 ml were centrifuged at 350 g for 5 minutes to remove cells and cell debris and stored at -80°C.





Blood samples

Peripheral blood (14 ml) was collected in an ethylene diaminetetraacetic acid (EDTA) coated tube prior to surgery. Plasma samples were separated from peripheral blood, centrifuged at 350 g for 10 minutes with brake 4 to remove dead cells and cell debris and stored at -80°C until subsequent analysis.





Tissue

Tumor and normal pancreatic tissues of PDAC and pancreatitis patients were obtained after surgery. Fresh tissue was transferred to pathology and part of it fixed in formaldehyde for further processing and the other part stored at -80°C.






Exosome isolation

Exosome isolation was performed through consequent centrifugation steps: plasma samples (4.8 ml) and PF samples (30–50 ml) were centrifuged at 300 g for 10 minutes (removal of cellular components), 2000 g for 30 minutes (removal of cellular debris), 10,000 g for 45 minutes (removal of bigger extracellular vesicles (EVs)). For the enrichment of exosomes two ultracentrifuge steps at 100,000 g for 2 hours were performed. Pellets with the EVs were resuspended in 3 ml PBS and filtrated through Millex-GV Filters, a 25 mm sterile syringe filter with a 0.22 µm pore size Polyethersulfone membrane (Catalog No. SLMP025SS, Merck, Darmstadt, Germany) in between the two ultracentrifugation steps. EVs pellets were resuspended in 500 µl of PBS (Figure 1A).




Figure 1 | Experimental layout. (A) Samples (PF and blood) were collected and several centrifugation steps and two ultracentrifugation steps were performed. Additionally, samples were filtered through a 0.2 µm filter and finally exosomes were collected in 500 µl of PBS. (B) Exosomes were incubated with ROR1 labeled capture antibody beads and following with detection antibodies for the three known exosomal markers CD9, CD63, and CD81. Finally, FACS analysis was performed. Created with BioRender.com.







BCA protein assay

The EV and respective exosome concentration was measured by Pierce BCA protein assay Kit (Catalog No. 23227, Thermo scientific) using bovine serum albumin (BSA) standards. The kit was used according to manufacturer’s recommendations. For data analysis the concentrations of the isolated exosomes from peritoneal lavage samples were multiplied by factor 4. Physiological peritoneal fluid volume is somewhere between 30 and 50 ml (17, 18). Therefore, we defined an approximate volume of 33 ml. Adding 100 ml of saline solution resulted in a 1:4 dilution, which was considered for calculation of the final concentration. Concentrations of ascites samples were not changed.





Nanoparticle tracking analysis

Particle size distribution in the purified EVs was determined by using Zetaview PMX-110 (Particle Metrics, Inning am Ammersee, Germany), which is equipped with a 405 nm laser. This NTA instrument was also used to measure the particle concentrations. Before sample measurement, the instrument was calibrated using 100 nm polystyrene beads diluted in water according to manufacturer’s instructions. Cell temperature was maintained at 25°C for all measurements. Samples were diluted to an appropriate concentration in PBS, in a total volume of 1 ml. Eleven cell positions were scanned for each measurement cycle, with video recorded at 30 frames per second. Additional capture settings were: gain 719.52, shutter 50, minimum trace length 15. ZetaView software version 8.05.12 was used to analyze the recorded videos with the following settings: minimum brightness 25, maximum brightness 255, minimum area 5, and maximum area 200. Finally, the EVs concentration was calculated using the appropriate dilution factors according to the manufacturer’s recommendation.





Immunogold labelling and electron microscopy

Fixed EV specimens (4% PFA in PBS mixed 1:1 with EV) were placed onto 10 min UV irradiated 300-mesh formvar/carbon coated grids and allowed to absorb to the formvar for 5 min. For immunogold staining the grids were placed into 20 µl 0.01% Tween/PBS (10 min) and after that into a blocking buffer (0.5% fish gelatin with 0.1% ovalbumin in PBS) for a block step for 1 h. Without rinsing, the grids were immediately placed into the primary antibody (diluted in blocking buffer) at the appropriate dilution overnight at 4°C (1:100 anti-CD9 Abcam, ab236630). As controls, some of the grids were not exposed to the primary antibody. The next day, all the grids were rinsed with PBS then floated on drops of the appropriate secondary antibody attached with 10-nm gold particles (AURION 1:30) for 2 h at room temperature. Grids were rinsed 3 times with PBS and were placed in 1% glutaraldehyde (in PBS) for 5 min. After rinsing in PBS and distilled water, the grids were stained for contrast using 2% uranyl oxalate solution (pH7 for 5 min in dark). Afterwards the grids were incubated in drops of methyl cellulose-uranyl oxalate (8 parts 2% methyl cellulose, 1 part ddH2O, 1 part 4% uranyl acetate (in water), pH4, sterile filter) for 10 min on ice (dark) according to Théry et al. (19). Next, grids were removed with stainless steel loops and excess fluid was blotted by gently pushing on Whatman filter paper. After air-drying, the samples were examined and photographed with a Zeiss EM10 electron microscope (Zeiss, Jena, Germany) and a Gatan SC1000 Orius™ CCD camera (GATAN, Munich, Germany) in combination with the DigitalMicrograph™ software (GATAN, Pleasanton, CA, USA). Images were adjusted for contrast and brightness using Adobe Photoshop CC 2018 (Adobe Systems, San José, CA, USA).





MACSPlex exosome assay and flow cytometry analysis

The screening assay (Catalog No.130–108-813, MACSPlex Human Exosome Kit; Miltenyi, Bergisch Gladbach, Germany) was previously described (20, 21). In brief, the assay is based on 4–8 µm diameter poly-styrene beads, labelled with different amounts of 2 dyes (phycoerythrin and fluorescein isothiocyanate) to generate 39 different bead subsets subjected to flow cytometry analysis. Each bead subset is conjugated with a different capture antibody that recognizes EVs carrying the respective antigen (37 EV surface epitopes - including ROR1 - plus 2 isotype controls). Beads were incubated with the samples overnight. On the next day EVs bound to beads were detected by allophycocyanin-conjugated anti-CD9, anti-CD63, and anti-CD81 antibodies (Figure 1B). Finally, samples were analyzed with the BD LSR Fortessa ™ (BD, New Jersey, USA) special order research product (with blue, red, violet, UV, YellGrn laser). PBS was used to measure background signal. Median fluorescence intensity (MFI) of each EV marker was normalized to the mean MFI for specific EV markers (CD9, CD63, and CD81). For calculation of relative number of exosome surface markers, first the median signal intensity of each bead obtained from the buffer as control sample was subtracted from the signal intensities of the respective beads incubated with sample. Finally, the signal intensities of all beads were divided by normalization factor of the respective sample.





ELISA of ROR1

ELISA of ROR1 in PF samples was performed with Human ROR1 ELISA Kit Cat. No. EH395RB (Invitrogen, ThermoFisher Scientific, Massachusetts, USA) according to manufactures instructions. In brief, 100 µl of standards and samples were added to the 96 well plate. After incubation time and washing biotin-conjugated detection antibody was added. Subsequently to incubation and washing, Streptavidin-HRP solution was added to the wells. Following incubation and washing TMB Substrate was added and the reaction was stopped 30 min later. The absorbance was read at 450 nm in the plate reader (SpectraMax M3 Multi-Mode Microplate Reader, Molecular Devises, San Jose, CA, USA). For data analysis the concentrations of the peritoneal lavage samples were multiplied by factor 4 in the same way as described in the BCA protein assay above.





Protein extraction from tissue

Tissues were lysed in RIPA buffer (Cat. #89900, Thermo Fisher Scientific) containing protease and phosphatase inhibitor (Cat. #78442, Thermo Fisher Scientific) as well as metal beads. Lysing was performed with TissueLyser II machine (Qiagen, Venlo, Netherlands) at a frequency of 30/s for 4 minutes. Afterwards samples were centrifuged at 10,000 g and supernatant was frozen at -20°C degrees until further use.





Western blot

The protein concentration of lysed tissue and exosomes were determined photometrically using a BCA Protein Assay Kit (Catalog No. 23227, Thermo Fisher Scientific). Equal amounts of total protein (10 µg) were separated on 4–12% NUPAGE Bis–Tris gels (Cat. #NP0322BOX; Thermo Fisher Scientific) using the Mini Gel Tank chamber system (Cat. #A25977, Invitrogen), and proteins were transferred to a nitrocellulose membrane (Cat. #GE10600003, Sigma Aldrich). Membranes were then blocked in blocking buffer (Cat. #A0830.1000, AppliChem GmbH) for 1 h at room temperature and incubated with ROR1 (Cat. #16540, Cell Signaling) CD81 (Cat. #56039, Cell Signaling) and β-Actin (Cat. #4970, Cell Signaling) overnight at 4°C. HRP-linked anti-rabbit IgG (Cat. #7074, Cell Signaling) were used as the secondary antibodies. Signal detection was performed using an Amersham Imager 600 (Pittsburgh, PA, USA) with SignalFire™ ECL Reagent (Cat. #6883S, Cell Signaling).





Quantitative polymerase chain reaction

The RNA extraction from whole tissue was conducted using the RNeasy mini kit (Qiagen, Venlo, Netherlands). Subsequently, 1 µg of total RNA was reverse transcribed into complementary DNA using Moloney murine leukemia virus reverse transcriptase (Thermo Fisher Scientific) with random hexamer oligonucleotides as primers (Thermo Fisher Scientific). Amplification was carried out using the Biorad CFX-Connect Real-time-System and the SYBR Green (Eurogentec, Seraing, Belgium) detection system. Data analysis was performed using Bio-Rad CFX Manager 3.1 software. The mRNA content for ROR1 was normalized to MLN51 mRNA levels for human genes. Gene expression quantification was done using the ΔΔCt method, where the expression level was arbitrarily set to 1 for a sample from the control group, and values for other samples were calculated relative to this reference. The primer sequences for the quantified genes are as follows: MLN51 forward: 5´-TAA TCC CAG TTA CCC TTA TGC TCC A-3´, MLN51 reverse: 5´- GTT ATA GTA GGT CAC TCC TCC ATA TAC CTG T-3´; ROR1 forward: 5´-TTC TTC ATT TGC GTC TGT CG-3´, ROR1 reverse: 5´-GGC ACA CTC ACC CAA TTC TT-3´.





Histology and immunostaining

The resected tissues were promptly fixed in 4% paraformaldehyde (Nakalai Tesque, 09154–56) at 4°C for 16 hours. Following fixation, the samples were embedded in paraffin and sliced into 4-μm sections for histological examination. Hematoxylin and eosin (H&E) staining were performed using standard protocols. For immunohistochemistry (IHC), antigen retrieval was conducted at 120°C for 1 min utilizing 0.01 M citrate buffer (pH 7.0). Subsequently, sections were treated with 3% H2O2 to quench endogenous peroxidase activity, followed by blocking of nonspecific binding with Tris-buffered saline/0.1% Tween-20 (TBS-T) containing 5% goat serum (Jackson Immuno Research Laboratories, 005–000-001). Primary antibody was rabbit anti-ROR1 (Thermo Fisher Scientific, PA5–50830; 1:500). Secondary antibodies comprised biotinylated Goat Anti-Rabbit IgG antibody (Sigma-Aldrich 21537), Avidin-Biotin-Complex ABC, detected using a Liquid DAB+ Substrate Chromogen System (DAKO, K3468). Imaging was performed using a Leica DM4000 B microscope (Leica, Wetzlar, Germany).





Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9 and IBM SPSS version 28. Variable distribution was identified by Shapiro-Wilk test and Kolmogorov-Smirnov test. Nominal and ordinal data was analyzed by Pearson’s chi-squared test, metric normally distributed data by ANOVA (or t-test in between two groups) and non-normally metric data by Kruskal-Wallis test. Column analysis for non-normally distributed data was done by Mann-Whitney U test. In ROC-curve analysis the estimated cut-off values with the correspondent sensitivity and specificity of GraphPad Prism version 9 were used. For survival analysis we divided the cancer patients in low and high expression of exo-ROR1 according to the median of all exo-ROR1 values. Survival data was analyzed by Kaplan-Meier method and log rank test. Statistical significance was set at p ≤ 0.05.






Results




Clinical parameters show the severe illness of the PDAC (PER+) patients

The baseline characteristics of the clinical parameters (Table 1) show some significant differences between the subgroups. The CP patients are younger than the cancer patients (median pancreatitis 48.5 years vs. PDAC (PER-) 68.5 years (p = 0.05) or PDAC (PER+) 69 years (p = 0.001)). Also, the NC patients are slightly younger than the cancer patients (median NC 62 years vs. median PDAC (PER-) 68.5 years or PDAC (PER+) 69 years), but not statistically significant. The overall significance regarding age in between the groups equals p = 0.003.


Table 1 | Baseline characteristics of all included patients stratified into the subgroups Non Cancer (n=15), Pancreatitis (n=4), PDAC (PER-) (n=18) and PDAC (PER+) (n=9).



The groups also differ in the ASA Score (p = 0.013). The NC patients have lower ASA Scores than the cancer patients. In the PDAC (PER+) group most patients have an ASA Score of 3 (88.9%) whereas in the PDAC (PER-) group most patients have an ASA Score of 2 (66.7%).

Regarding preoperative blood results the cancer patients and especially PDAC (PER+) show lower hemoglobin levels (PDAC (PER+) 10.8 g/dl vs. NC 14.2 g/dl) (p = 0.021), higher CRP (p = 0.01), bilirubin (p = 0.008) and gamma-glutamyl transferase (ɤGT) levels (p = 0.02). The quick value is lower in the PDAC (PER+) group in comparison to the other groups (PDAC (PER+) 66.5% vs. NC 91.5%, CP 86.4%, PDAC (PER-) 94%; p = 0.041). There are also statistically significant differences of the lipase levels whereas CP has the highest levels with a median of 11.9 U/l, IQR (123.85) (p = 0.022).

No significant differences can be detected in gender, BMI, existing Diabetes, white blood cell count (WBC), creatinine, albumin and the tumor markers CEA und CA19–9.

Concerning the tumor characteristics (Table 2) more PDAC (PER+) patients had a preoperative or preinterventional systemic therapy (78% vs. 11% for PDAC (PER-), p<0.001). The PDAC (PER+) patients had also a higher UICC tumor stage (p = 0.002), higher R status (p<0.001) and a higher metastasis rate (p<0.001). There were no differences regarding tumor size, invasion into the lymph nodes, perineural invasion and grading.


Table 2 | Tumor characteristics of cancer patients stratified in the two groups PDAC (PER-) (n=18) and PDAC (PER+) (n=9).



In summary the PDAC (PER+) group shows more characteristics of illness than the other groups.





Exo-ROR1 in PF discriminates between non-cancer, PDAC (PER-) and PDAC (PER+)

As a primary result of our study exo-ROR1 in the peritoneal fluid (PF) is able to differentiate between NC, PDAC (PER-) and PDAC (PER+) patients (Figure 2A). PDAC (PER+) patients have the highest exo-ROR1 values in PF and can be discriminated from NC (p<0.0001) and PDAC (PER-) (p<0.0001). Likewise, PDAC (PER-) can be discriminated from NC (p = 0.0003). Chronic pancreatitis patients (CP) can be differentiated from NC (p = 0.0036) and PDAC (PER+) (p = 0.0112). There are no differences between CP and PDAC (PER-). The values of the 3 patients with a small liver metastasis did not differ from the other values in the PDAC (PER-) group (Supplementary Figure S1) and were therefore included in this group.




Figure 2 | Exo-ROR1 in peritoneal fluid (PF) and plasma and soluble ROR1 in PF. (A) Values of normalized CD9/63/81-APC signal intensity of exo-ROR1 (%) in PF. Non Cancer: n=15, Pancreatitis: n=4, PDAC (PER-): n=18, PDAC (PER+): n=9. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (B) Values of normalized CD9/63/81-APC signal intensity of exo-ROR1 (%) in plasma. Non Cancer: n=11, Pancreatitis: n=4, PDAC (PER-): n=6, PDAC (PER+): n=8. *p<0.05. (C) ELISA: Concentrations of soluble ROR1 (ng/ml) in PF. Non Cancer: n=11, Pancreatitis: n=4, PDAC (PER-): n=16, PDAC (PER+): n=6. **p<0.01.



In order to see if exosome isolation is necessary, we also performed an ELISA for the detection of soluble ROR1 in PF. The detection of soluble ROR1 in PF allows to distinguish NC from cancer patients (NC vs. PDAC (PER-), p = 0.0012; NC vs. PDAC (PER+), p = 0.0011), but not to differentiate PDAC (PER-) from PDAC (PER+). CP can be separated from PDAC (PER+) (p = 0.0095), but not from PDAC (PER-) (Figure 2C).

In plasma exo-ROR1 is not able to distinguish between the groups except that PDAC (PER-) has lower exo-ROR1 values than NC (p = 0.0103) (Figure 2B).

To evaluate the power of exo-ROR1 as a biomarker we performed ROC-curve analysis, which shows that with a cut-off value of >10.19% of normalized APC-signal intensity PDAC (PER-) can be differentiated from PDAC (PER+) with an AUC of 0.94, a sensitivity of 89% and specificity of 94% (Figure 3A). PDAC (PER+) can even be higher differentiated from NC with an AUC of 0.99 and a cut-off value of >4.251% resulting in a sensitivity of 100% and a specificity of 93% or a cut-off value of >9.369% resulting in a sensitivity of 89% and specificity of 100% (Figure 3B). PDAC (PER-) can be discriminated from NC with a cut-off value >2.877% ensuing in an AUC of 0.86, a sensitivity of 78% and a specificity of 93% (Figure 3C).




Figure 3 | ROC Curve Analysis: Exo-ROR1 in PF. (A) PDAC (PER-) vs. PDAC (PER+). AUC: 0.94, cut off value: >10.19, sensitivity: 89%, specificity: 94%. PDAC (PER-): n=18, PDAC (PER+): n=9. (B) Non Cancer vs. PDAC (PER+). AUC: 0.99, cut off value: >4.251, sensitivity: 100%, specificity: 93%; cut off value: >9.369, sensitivity: 89%, specificity: 100%. Non Cancer: n=15, PDAC (PER+): n=9. (C) Non Cancer vs. PDAC (PER-). AUC: 0.86, cut off value: >2.877, sensitivity: 78%, specificity: 93%. Non Cancer: n=15, PDAC (PER-): n=18.



Concerning cytology all patients of the PDAC (PER+) group were negative (Table 3). In contrast, with the estimated cut-off value of 10.19% for discriminating PDAC (PER-) from PDAC (PER+) 8 of 9 patients (88.9%) were positive for peritoneal carcinomatosis in the exo-ROR1 analysis.


Table 3 | PDAC (PER+) patients with exo-ROR1 values and cytology: with the cut-off value of 10.19% 8/9 (88.9%) of the PDAC (PER+) patients are positive for peritoneal carcinomatosis (marked in grey) in the exo-ROR1-group. Whereas none of the performed cytologies were positive.







ROR1 expression in pancreatic tissue

To localize the origin of exosomal ROR1 we performed western blots (WB), qPCR, and immunohistochemistry (IHC) from pancreatic tissues. Immunoblot analysis of exosomes revealed expression of ROR1 and CD81 in all groups (Figure 4A, Supplementary Figure S2), with CD81 being used as loading control for exosomes. Similarly, all pancreatic tissues were positive for ROR1 with β-actin used as loading control (Figure 4B, Supplementary Figure S2). Additionally, exo-ROR1 was expressed in qPCR in tissue of Non Cancer (n = 24), pancreatitis (n = 5), and PDAC patients (n = 26). There were no significant differences between the three groups even though PDAC patients had a slightly higher relative expression (Figure 4C). In IHC, there is no ROR1 expression in the exocrine pancreas. In the pancreatitis sample the islet cells are ROR1 positive, but the fibrotic tissue is negative. Concerning the primary tumor of PDAC as well as in the peritoneal metastasis we see a clear positivity for ROR1 in the morphologic tumor cells (Figure 4D).




Figure 4 | Western Blots (WB), qPCR and Immunhistochemistry (IHC) of exosomes in PF and lysed tissue. (A) Western Blot with ROR1 and CD81 of isolated exosomes from PF. Both proteins are expressed on the exosomes of all different groups (Non Cancer, Pancreatitis, PDAC (PER-), PDAC (PER+). For uncropped WB refer to Supplementary Figure S2. (B) Western Blot of lysed tissue from Non Cancer, Pancreatitis, PDAC. ROR1 and also β-Actin as loading control is expressed in all three groups. For uncropped WB refer to Supplementary Figure S2. (C) qPCR analysis and relative ROR1 expression of pancreatic tissue. ROR1 is expressed on NC, CP and PDAC tissue showing no significant differences between the groups but a slightly higher expression in the PDAC tissue. (D) Immunohistochemistry (IHC) and HE staining of non-cancerous exocrine pancreatic tissue, CP, PDAC and peritoneal metastasis. The exocrine pancreas is ROR1 negative. In the CP tissue ROR1 positive islet cells are shown in the higher magnification (arrows). The fibrotic tissue is negative. In PDAC and the peritoneal metastasis the morphologic tumor cells are ROR1 positive.







High exo-ROR1 expression is associated with lower survival

To determine the power as a prognostic biomarker we performed survival analysis according to the exo-ROR1 levels. An exo-ROR1 level of >6,62% of normalized APC-signal intensity in PF, which is the median of all exo-ROR1 levels of PDAC (PER+) and (PER-) patients, is associated with a lower overall survival (p = 0.0482) (Figure 5A). Hence, patients with a higher exo-ROR1 level in PF die faster. The observation period until data analysis is maximum 28 months for the first included patients. If only including PDAC (PER-) patients (n = 18) with an adapted median for the included values of >4.86% we also see a tendency of lower overall survival of patients with high exo-ROR1 levels, even though not significant (Figure 5B). Analysis of ROR1 mRNA expression in tumor tissue of PDAC patients did not reveal differences in overall survival (Figure 5C).




Figure 5 | Survival Analysis. (A) Survival analysis of all PDAC patients with and without peritoneal carcinomatosis (PDAC (PER+) + PDAC (PER-)). p=0.0482, n=27. (B) Survival analysis of only PDAC (PER-) patients without peritoneal carcinomatosis. p=0.1699, n=18. Blue: High expression of exo-ROR1, Black: Low expression of exo-ROR1. (C) Survival analysis according to ROR1 mRNA in tumor tissue. p=0.8414, n=25. Blue: High expression of ROR1 mRNA, Black: Low expression of ROR1 mRNA.







Verification of exosome isolation

To be sure that we isolated exosomes we performed four verification tests: BCA protein assay, Nanotracking analysis (NTA), transmission electron microscopy (TEM), and western blots. The exosome concentration and size distribution in NTA analysis shows a concentration peak of 105–135 nm (Figure 6A). No differences in exosomes size distribution could be observed between the three groups (Figure 6B). Non-cancerous patients have less concentrations of exosomes compared to PDAC (PER-) patients (p<0.0001) (Figure 6C). In BCA assay protein concentrations could be measured in all three groups. Protein concentration is significantly higher in the cancer groups compared to NC (NC vs. PDAC (PER-) p <0.0001; NC vs. PDAC (PER+) p = 0.0028) (Figure 6E). CD9-labeled exosomes are visible under the electron microscope (Figure 6D). Immunoblot analysis of exosomes revealed expression of ROR1 and CD81 in all groups (Figure 4A) as already described above.




Figure 6 | Verification of exosome isolation. (A) Nanotracking Analysis (NTA): Exosome concentration and size distribution. Green: Non Cancer n=8, Blue: PDAC (PER-) n=9, Red: PDAC (PER+) n=6. (B) Nanotracking Analysis (NTA): Exosomes size distribution by ZetaView analysis showing the mode size of exosomes in 1 ml PF from Non Cancer, PDAC (PER-), and PDAC (PER+) patients. Green: Non Cancer n=8, Blue: PDAC (PER-) n=9, Red: PDAC (PER+) n=6. (C) Nanotracking Analysis (NTA): Exosome concentration by ZetaView analysis showing the number of exosomes per milliliter of PF derived from Non Cancer, PDAC (PER-), and PDAC (PER+) patients. ****p<0.0001. Green: Non Cancer n=8, Blue: PDAC (PER-) n=9, Red: PDAC (PER+) n=6. (D) Transmission Electron Microscopy (TEM) of isolated exosomes from three PF samples: 1=Non Cancer, 2=PDAC (PER-), 3=PDAC (PER+). Black dots: CD9-immunogold. (E) BCA protein concentration analysis of isolated exosomes (µg/ml): Non Cancer: n=15, PDAC (PER-): n=17, PDAC (PER+) n=7. **p<0.01.








Discussion

With exosomal ROR1 in peritoneal fluid (PF) we discovered a biomarker possibly discriminating between non-cancerous patients, patients with localized, locally advanced, or oligo metastasized PDAC (PER-) and patients with peritoneal disseminated PDAC (PER+). As we do not see the same results in plasma it might be an advantage of the lavage fluid/ascites to be closer to the tumor. PF has been used for staging and analyses in cancer patients before, mostly for cytology (6, 22, 23). Suenaga et al. presented peritoneal lavage tumor DNA as a novel biomarker for predicting peritoneal recurrence in PDAC and compared their results to cytology. The peritoneal tumor DNA biomarker had a much higher sensitivity for peritoneal recurrence than cytology, but lower specificity (23). Cytology in PF of PDAC patients is discussed since positive cytology is prognostically equivalent to metastatic disease (6). However, positive cytology status is not clinically equivalent to gross peritoneal metastasis in PDAC patients. Therefore, curative resection is still recommended regardless of cytology status (21). We did not perform cytology in our peritoneal lavage samples but in 7 of our ascites samples of the PDAC (PER+) group. None of these samples were positive despite gross peritoneal metastasis. Consequently, and since peritoneal lavage for staging in PDAC patients is not common in Germany we did not focus on cytology.

Furthermore, exo-ROR1 in PF can also be used as a prognostic marker since overall survival with high expression of exo-ROR1 was significantly lower than with low expression. Zhang et al. also presented that ROR1 expression on tumor tissue correlated with poor clinical outcome in human ovarian cancer (11). Same results were found in lung adenocarcinoma (12). In contrast, Liu et al. (13) show that high ROR1 mRNA expression in PDAC correlate with a favorable overall survival. In our cohort we could not show any significant differences regarding survival between high and low mRNA expression in tumor tissue. Considering that we have less samples and used qPCR instead of next generation sequencing the function of ROR1 has to be further explored to understand the different expressions in different samples. However, in IHC ROR1 expression is higher in PDAC and also in peritoneal metastases compared to normal exocrine pancreatic tissue. Therefore, ROR1 might play a role in tumor progression.

Nevertheless, exo-ROR1 in PF might shed light on future diagnostic and therapeutic concepts in PDAC. In this regard the receptor tyrosine kinase-like orphan receptor 1 (ROR1) seems to be a promising protein. ROR1 is detectable in embryonic tissue, mostly absent in adult tissue and overexpressed in many types of malignant tumors (9, 10, 24). These characteristics qualify ROR1 as a biomarker and assumably ideal drug target for cancer therapy. Yamazaki et al. showed the importance of ROR1 in promoting tumor-initiating cells and hyperproliferation in PDAC. They demonstrated that ROR1 depletion suppresses tumor growth, recurrence after chemotherapy, and metastasis in PDAC (15). This highlights the therapeutic feasibility of ROR1. To date, several therapeutic strategies against ROR1 have been developed (10). Cirmtuzumab, a monoclonal antibody targeting ROR1, is evaluated in clinical trials regarding chronic lymphocytic leukemia, mantle cell lymphoma and breast cancer (10). Based on ROR1-targeted monoclonal antibodies other therapeutic strategies such as antibody drug conjugate, bispecific T cell engager (BiTE), and chimeric antigen receptor (CAR) T cells have also been developed and are evaluated in clinical trials (10). According to our results a concept of intraperitoneal chemotherapy with a ROR1 targeted therapy could be an interesting approach in the future.

Although we detected significantly different results in the ELISA of soluble ROR1 in PF, soluble ROR1 was not able to differentiate between PDAC (PER-) and PDAC (PER+). Therefore, the isolation of exosomes seems to be a useful tool to get more precise and discerning results.

To investigate the origin of the ROR1 positive exosomes tissue analysis was performed. In Western blot analysis ROR1 is expressed in non-cancerous pancreatic tissue (NC) as well as chronic pancreatitis (CP) and PDAC. qPCR also reveals ROR1 expression in NC, CP as well as PDAC tissues. The positive results in NC and CP might result from the islet cells, which are known to be positive (9) and can also be shown in the IHC. In IHC, we see a shift to ROR1 positive cells from normal exocrine tissue to the primary tumor as well as the peritoneal metastasis. Likewise, Liu et al. (13) and Yamakazi et al. (15) proved the expression of ROR1 in PDAC. ROR1 seems to play an important role in metastasizing of PDAC since Yamakazi et al. found that ROR1high cells are abundant in metastatic lesions of PDAC patients, suggesting that these ROR1high cells were the origin of metastases (15). Therefore, some transformation must occur during tumor growth and expansion, suggesting that ROR1 positive exosomes in PF might play an important role in the development of peritoneal carcinomatosis in PDAC patients. This needs to be elucidated in further studies.

For sampling of PF surgery with the possibility of perioperative complications must be performed. Most patients with localized PDAC receive primary surgery anyways. For borderline tumors pretherapeutic explorative laparoscopy could be performed to exclude peritoneal carcinomatosis and to obtain the PF similarly to gastric cancer patients (6). Peritoneal lavage can be particularly useful in a patient population with no clinical evidence of metastatic disease and radiographically occult peritoneal carcinomatosis in order to reduce the occurrence of unnecessary laparotomy and non-curative operative resections. Maybe these patients will profit from neoadjuvant therapy in the future. Even percutaneous peritoneal lavage is described and originated from trauma setting as a diagnostic lavage for rapid diagnosis of intraabdominal injury (25). It can be done in Seldinger technique as well as using a Veress needle and was tested in a prospective randomized trial as similar safe as an open technique (26).

Regarding the baseline characteristics there are some significant differences between the groups which show that the PDAC (PER+) patients are sicker than the other groups. The ASA score differs between the groups which is reasonable due to the severe illness of the cancer patients compared to the non-cancerous patients. Nevertheless, the ASA score is depending on the anesthesiologist who is assigning it to the patients (27). It could be argued that all tumor patients should at least receive an ASA score of 3 since independent of all other comorbidities a pancreatic tumor seems to be one of the most threatening diagnoses. The preoperative blood results also underline the sickness of the PDAC (PER+) patients since they show lower hemoglobin values, higher CRP and ɤGT levels and lower quick values. Higher bilirubin levels in the PDAC groups are also reasonable due to cholestasis if the tumor is located in the pancreatic head.

In the tumor characteristics of the PDAC patients we actually expect differences between the groups since we compare different tumor stages. Worth mentioning is the fact that 78% of the PDAC (PER+) patients received a preoperative systemic therapy compared to 11% in the PDAC (PER-) group. Most of the PDAC (PER+) patients had chemotherapy or radiochemotherapy for known inoperable PDAC. Whereas most PDAC (PER-) patients received primary surgery and only locally advanced PDAC patients received neoadjuvant chemotherapy or even radiochemotherapy. Due to the low number of samples comparison within the groups is not possible. In the PDAC (PER+) group two patients did not receive neoadjuvant systemic therapy. One of these patients has a low exo-ROR1 value, the other a high value. Therefore, exo-ROR1 is not purely driven by systemic therapy. Still, an influence of neoadjuvant therapy on exo-ROR1 in the PF cannot be excluded and should be evaluated in further studies.

In BCA and NTA analysis of the isolated exosomes the protein and particle concentrations differ between the groups. The highest concentrations in PDAC (PER-) in BCA could be explained through a slight overestimation of the concentrations with the dilution factor of 4. Some of the patients might have had more intraabdominal fluid than 30–50 ml due to the cancer or other reasons. Besides that, the protein concentrations of the NC group are striking low, which is also shown in the exosome concentration of the NTA analysis. This might be directly correlated to the cancer in the other groups. There are similar results in blood. The blood of healthy individuals may contain over 2000 trillion exosomes, whereas that of cancer patients contains 4000 trillion exosomes (8). Thus, tumor cells may produce and secrete more exosomes compared to normal cells.

The present study has some limitations. First, due to a lack of samples we did not include as many patients in the plasma and ELISA analysis as in in the exo-ROR1 in PF analysis. Second, there might be a slight overestimation of the concentrations in the BCA and ELISA with the dilution factor of 4. But in order to get an equal representation, we had to define one way of analyzing. Third, we are lacking in sample size of CP patients. But as we wanted to show the differences in cancer patients this can be neglected.

With exo-ROR1 in PF we found a promising diagnostic biomarker possibly discriminating between NC, PDAC (PER-) and PDAC (PER+) and might shed light on future diagnostic and therapeutic concepts in PDAC. Additionally, it might be useful as a prognostic marker since patients with high exo-ROR1 in PF have a lower overall survival. The validity of this marker has to be tested in larger studies.
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Supplemental Figure S1 | Expression of normalized CD9/63/81-APC signal intensity of exo-ROR1 (%) in PF. Non Cancer: n=15, Pancreatitis: n=4, PDAC (PER-): n=15, PDAC (HEP): n=3, PDAC (PER+): n=9. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Supplemental Figure S2 | Uncropped Western blots.
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All patients Subgroups

Non Cancer Pancreatitis PDAC (PER-) PDAC (PER+)

N (%) 46 (100) 15 (32.6) 4(87) 18 (39.1) 9 (19.6) -
Age (years), median (IQR) 67 (22) 62 (23) 485 (23) 68.5 (23) 69 (10) 0.003
Sex, n (%) 0634
Female 23 (50) 6 (40) 3(75) 9 (50) 5 (55.6)
Male 23 (50) 9 (60) 1(25) 9 (50) 4 (444)
BMI (kg/m?) (n=44), median (IQR) 24.85 (5.6) 28 (6.3) 244 (3.2) 24 (42) 227 (7.1) 0.154
ASA, n (%) 0.013
1 122 1(6.7) 0(0) 0(0) 0(0)
I 24 (522) 11(73.3) 1(25) 12 (66.7) 0(0)
I 20 (43.5) 3(20) 3(75) 6 (33.3) 8 (88.9)
v 122 0(0) 0(0) 0(0) 1(1L1)
Diabetes, n (%) 9 (19.6) 2(13.3) 0(0) 5(27.8) 2(222) 0541

Preoperative blood results, median (IQR)

WBC (x10%/pl) (n=42)* 62 (3.8) 65 (2.8) 6.1(22) 59 (4.1) 6.0 (11.5) 0.877

Hemoglobin (g/dl) (n=42)* 13.5 (26) 142 (19) 13.7 (4.6) 126 (2.8) 10.8 (4.1) 0.021
CRP (mg/l) (n=43)* 31 (14.1) 21(2) 34 (62) 45 (20) 17.4 (59.8) 0.010
Lipase (U/l) (n=39)* 33 (18) 33 (18) 119 (123.85) 29 (48) 5(15.1) 0.022
Creatinine (mg/dl) (n=45)* 088 (0.38) 0.93 (0.4) 072 (0.5) 081 (0.4) 092 (0.5) 0495
Albumin (g/l) (n=28)* 39.8 (105) - 41 (5.15) 39.6 (9.1) 33 (15.2) 0.147
Bilirubin (mg/dl) (n=42)* 0.7 (0.8) 05 (0.3) 045 (0.3) 10 (12) 0.7 (0.8) 0.008
¥GT (U/1) (n=38)* 73 (120) 18 (23) 325 (368.5) 111 (1233) 112 (117) 0.020
Quick (%) (n=40)* 86.5 (28.5) 915 (26) 86.5 (23.8) 94 (18.8) 66.5 (24.3) 0.041

Preoperative tumor markers, median (IQR)
CEA (ng/ml) (n=22)* 38(73) - 29 3.1(7.5) 5(12) 0515

CA19-9 (U/ml) (n=21)* 120 (1837.2) - 8.0 115.1 (2517.6) 827 (6489) 0253

*missing data, WBC, white blood cell count; ¥GT, gamma-glutamyl transferase.
Bold: significant values.
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All PDAC PDAC (PER-) PDAC (PER+)

n (%) n (%) n (%)
All patients (n=27) 27 (100) 18 (67) 9 (33) -
I c/pM1 13 (48.1) 4(22) 9 (100) <0.001
UICC tumor stage 0.002
clp Stage 1 2(7.4) 2(11) -
c/p Stage IT 8(29.6) 8 (44) -
c/p Stage II/yIIL 4(148) 3(17)/1 (6) -
c/p Stage IV/yIV 13 (48.1) 3(17)/1 (6) 2(22)/7 (78)
Grading (n=18)* 0.582
G2 4(222) 4(22) 0(0)
G3 14 (77.8) 13 (72) 1(11)
Pretherapeutic systemic therapy, n (%) 9 (33) 2 (11) 7 (78) <0.001
Patients with tumor resection (n=16) 16 (59) 15 (83) 1(11) <0.001
pT/ypT 0.887
pT1 3 (19) 3(17) =
pT2 2(13) 2 (1) =
pT3/ypT3 8 (50)/2 (13) 8 (44)/1 (6) -/1(11)
pT4 1(6) 1(6) -
pN/ypN 0.309
pNO/ypNO 4(25)/1 (6) 3(17)/1 (6) -/1(11)
pN1 8 (50) 8 (44) =
pN2 3(19) 3(17) -
Pn + 12 (75) 11 (61) 1(11) 1 0.551
Residual tumor classification <0.001
RO » 14 (87.5) 14 (78) 0(0)
R1 1(6) 1(6) 0(0)
Rx 1(6) 0(0) 1(11)

pT, pathological T category; UICC, Union for International Cancer Control; pN, lymph node category; Pn, perineural invasion; M, distant metastasis; c, clinical; p, pathological; y, neoadjuvant
treatment, * missing data. All data according to TNM classification of 2017.
Bold: significant values.
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P268 25,25626987 Negative
P312 48,61277955 Negative
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No. Group Treatmen:

1 Control Injection saline i.t.

2 EP Injection saline i.t. + EP

3 IL-12 it + IL-12 p.t. Injection plasmid solution i.t. and p.t.

4 IL-12 it. + EP Injection plasmid solution i.t. + EP

5 IL-12 p.t. + GET Injection plasmid solution p.t. + GET

6 IL-12 it. + EP + IL-12 pt. GET Injection plasmid solution i.t. + EP and injection plasmid solution p.t. + GET

7 Ca Injection 250 mM Ca solution i.t.

8 Ca+IL-12 p.t. Injection 250 mM Ca solution i.t. and plasmid solution p.t.

9 Ca + IL-12 p.t. GET Injection 250 mM Ca solution i.t. and plasmid sollution p.t. + GET

10 Ca + IL-12 it. Injection mixture 250 mM Ca solution and plasmid solution i.t.

11 Ca + EP Injection 250 mM Ca solution i.t. + EP

12 Ca+EP + IL-12 p.t. Injection 250 mM Ca solution i.t. + EP and plasmid solution p.t.

13 Ca + EP + IL-12 p.t. GET Injection 250 mM Ca solution i.t. + EP and plasmid solution p.t. + GET

14 (Ca + IL-12 it.) + EP Injection mixture 250 mM Ca and plasmid solution i.t. + EP

15 (Ca +IL-12 it) + EP + IL-12 pt. Injection mixture 250 mM Ca and plasmid solution it. + EP AND plasmid solution p.t.
16 (Ca +IL-12 i.t) + EP + IL-12 p.t. GET Injection mixture 250 mM Ca and plasmid solution i.t. + EP AND plasmid solution p.t. + GET
17 BLM Injection BLM (250 pg/ml) i.t.

18 BLM + IL-12 pit. Injection BLM (250 pg/ml) i.t. and plasmid solution p.t.

19 BLM + IL-12 p.t. GET Injection BLM (250 pg/ml) i.t. and plasmid solution p.t. + GET

20 BLM + IL-12 it. Injection mixture BLM solution and plasmid solution i.t.

21 BLM + EP Injection BLM (250 pg/ml) it. + EP

2 BLM + EP + IL-12 p.t. Injection BLM (250 pg/ml) it. + EP and plasmid solution p.t.

23 BLM + EP + IL-12 p.t. GET Injection BLM (250 pg/ml) i.t. + EP and plasmid solution p.t. + GET

24 (BLM + IL-12 it.) + EP Injection mixture BLM and plasmid solution i.t. + EP

25 (BLM + IL-12 it.) + EP + IL-12 p.t. Injection mixture BLM and plasmid solution i.t. + EP AND plasmid solution p.t.

26 (BLM + IL-12 it.) + EP + IL-12 p.t. GET Injection mixture BLM and plasmid solution i.t. + EP AND plasmid solution p.t. + GET
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Natural compounds

Plant-derived compounds References
Curcumin (266-268)
6-gingerol (268, 269)
Epigallocatechin-3-gallate (EGCG) (270, 271)
Acetoside (272)
Kaempferol and Resveratrol (273, 274)
Extra Virgin Olive Oil (EVOO) (275)
Quercetin (276)
Naringin (277)
Apigenin (278, 279)
Luteolin (280)
Piperine (281)
Lupeol (282, 283)
i Arctigenin (284)
Andrographolide (285)
S-1-Propenylcysteine (286)
Marine-derived compounds
Marennine (287)
Ulvan (288)
Asperlin (289)
Diatoxanthin (290)
Astaxanthin (291)
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Main pre-existing AD ICl used Number  Flare of pre- New irAEs Management REEEE
of existing AD
patients after ICls
Psoriasis, MS, RA, SLE, Anti-CTLA-4 30 27% 33% Steroid, SSA (infliximab) (141)
IBD, sarcoidosis,
thyroiditis
PMR, SLE, RA, psoriasis, Anti-PD-1 52 38% 29% Steroid, SSA, IVIG, ICI (142)
IBD, S8 discontinuation 11%
RA, vitiligo, thyroiditis, SS Anti-PD-1 45 24% 44% Steroid, ICI discontinuation 25% (143)
Psoriasis, RA, PMR, IBD, Anti-PD-1 or anti- 56 23% 38% Steroid, ICI discontinuation 14% (144)
thyroiditis PD-L1
RA, psoriasis, IBD, Anti-CTLA-4 41 29% 29% Steroid, SSA (infliximab, (145)
thyroiditis hydroxychloroquine, sulfasalazine)
RA, thyroiditis, psoriasis, Anti-PD-1 85 47% 66% ICI discontinuation 7% (146)
IBD, PMR, SLE
RA, psoriasis, IBD, SLE, All ICIs (anti-CTLA- 112 47% 42% Steroid, SSA (azathioprine, (147)
PMR 4, anti-PD-1, anti- methotrexate, TNF inhibitor), IVIG,
PD-L1) ICI discontinuation 21%
RA All 22 55% 32% Steroid, ICI discontinuation 23% (148)
RA, PMR, SLE, psoriasis, All 106 36% 38% Steroid, SSA (methotrexate, (149)
sarcoidosis, IBD, rituximab, infliximab), ICI
thyroiditis discontinuation 20%
RA, thyroiditis, psoriasis Anti-PD-L1 35 11% 46% Steroid, ICI discontinuation 9% (150)
RA, type 1 DM, atrophic All 106 N/A 58% N/A (151)
gastritis
RA, SLE, SSc, IBD, All 415 N/A Comb. 44%, anti- Steroid, SSA (TNF inhibitor), ICI (152)
sarcoidosis, hyperthyroid- CTLA-4 30%, anti- | discontinuation 17%
ism, hypothyroid-ism PD-117%
SLE, RA, psoriasis, IBD, Anti-PD-1 47 26% N/A Steroid, ICI discontinuation 11% (153)
sarcoidosis
RA, hypothyroidism, Anti-PD-1, anti-PD- 63 31% 62% Steroid, SSA (154)
psoriasis L1 or combination
RA, PMR, SLE, IBD, Anti-CTLA-4, anti- 74 N/A 50% mild, 37% N/A (140)
psoriasis, scleroderma, PD-1 or combination severe
sarcoidosis
IBD, RA, MS, Anti-CTLA-4, anti- 197 14.7% 25.3% Steroid, infiximab and vedolizumab (155)
hypothyroidism, PD-1, anti-PD-L1 or

microscopic colitis

IBD, inflammatory bowel disease; ICI, immune-checkpoint inhibitor; IVIG, intravenous immunoglobulins; MS, multiple sclerosis; N/A, not applicable; PMR, polymyalgia rheumatica; SS:

combination

Sjogren’s syndrome; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SSA, steroid-sparing agent.
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Frontline Therapy

Carboplatin/Paclitaxel Only

Additional Therapeutic Regimens*:
GOG 3005, Veliparib or placebo
GY007, Ruxolitinib
Tesaro First, (TSR-042) or placebo
Bevacizumab
Atezolizumab

Recurred

Yes

No

Age at Diagnosis

Platinum free interval (PFI)

*Some patients received more than one additional therapeutic regimen.

N (% of total patients)

1(3%)

3 (10%)
23 (74%)
4.(13%)

14 (45%)

8 (26%)
3 (10%)
2 (6%)
5 (16%)
2 (6%)

27 (87%)

4 (13%)
Median [Range]
63 [46-79)
10 [1-31]
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lenvatinib

lenvatinib

apatinib

HAIC plus lenvatinib

HAIC plus TKIs

gallvatinib plus HAIC

intensive radiation therapy

palliative radiotherapy and
antiangiogenic agents

del

advanced HCC patients

advanced HCC patients

HCC patients with
muscular steatosis

advanced HCC patients

orthotopic HCC mouse
model

patients with unresectable

HCC

100 patients with HCC

advanced HCC patients

advanced HCC patients

advanced HCC patients

treat-naive uHCC patients

patients with HCC

BCLC stage ¢ HCC

come

higher ORR in the combination group a DCR of 49% & an OS rate
of 40%

better survival outcomes in the combination group
median PFS of 7.1 months and OS of 15.6 months
well tolerance of combination therapy
an ORR of 26.5% and a DCR of 79.4%

vascular normalization and anti-tumor immunity promotion
increased PD-L1 and PD-1 expression after VEGFR-2 blockade

reduced expression of immune checkpoint
improved cytotoxicity of T cells

a PFS of 9.3 months and a median OS of 22.0 months

enhanced efficacy in terms of ORR and OS
met the primary endpoint in both the first- and second-line
cohorts

better survival outcomes in the triple therapy group
a median OS of 15.9 months and median PFS of 8.8 months

a median PFS of 10.6 months, ORR of 63.0% and DCR of 92.6%

the median OS and PFS were significantly higher in PLH group
than that in the PL group

PD-LI circulating tumor cells (CTCs) can be used as a predictive
biomarke

a final ORR of 40.0%, median PFS of 140 days and median OS of
637 days

TKIs, sorafenib, lenvatinib, and recorafenib; PLH, pembrolizumab plus lenvatinib with HAIC; PL, pembrolizumab plus lenvatinib without HAIC.

Reference

@

(22)
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HCC cell line HepG2 and obese mice

patients with HCC

BALB/c mice

HCC cell lines and BALB/c mice

HCC cell lines and BALB/c mice

HCC cell lines and athymic nude mice

tcome

inhibited HCC cell viability, arrested cell cycle proliferation and induced cell
apoptosis

a sharp reduction in tumor volume
a significant increase in tumor cell apoptosis

inhibited HCC development and angiogenesis suppression of vascular
endothelial growth factor

down-regulated adipocyte induced PD-L1 expression

blocking of IL-6 promoted efficacy of sorafenib

better response to anti-PD-L1 therapy prolonged survival time of mice

selectively infected HCC cell lines in vitro significantly inhibited tumor growth

stimulated tumor-specific cytotoxic T lymphocyte responses tumor regression
and long-term survival

profound anti-proliferative and cytopathic effects on human HCC cells

Reference

o1

92)

93)

(94)

95)

(96)

©7)

(98)

(99)





OPS/images/fimmu.2023.1189960/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.1005937/fimmu-13-1005937-g003.jpg
o

(2]

% Relative expression

% MHC-I* cD11c*/CD45*

Intratumoral

L-6

Tumor volume (mms)

% Tumor-free mice

B
_ 13007 o wT @
e O IL-6" °
£ 1040 8a
2 780 EX
= 0n =
9 520 2%
= Qs
o [
E 260 9=
o R
0--0—O — T
0 6 9 13 16 20 23 27 30
Days after TC-1 injection
D E F
30 ” 20 20 5 20
+ + [}
25 2515 05 15 2515
°o 2% g Py
o8 oo O E aE
20 3%10 e o 48%10 58 % o310
Qg .._’_u - g e 5
Q=2 we oS
15 =Es{ 0 S REs °%°  EE g
£
10 0 - 0 . E
wr IL-6" wt IL-6 wT IL-6
H |
0.025- 20 25
N Tumor Bi00d
0.020 s P * E g 5
. E 'Y
0.015: gm
0.010- © Do D D14 D21
0.005: = nitial tumor growth Therapeutic windon
0.000- 0 Monitoring tumor growth
Control D-1MT DL-1MT Control D-1MT DL-1MT
K
13007 - wT & 100
.
1040{ O L8 80
-# WT + gDE7 =
67 >
780 L6 +gDE7 & ) £ 60
-
520 @ g4o{* WT
& O e
260 §u 20- = WT +gDE7
# IL-67" + gDE7
0 0
0 6 9 1316202327 3034374144 0 10 20 30 40 50 60
Days after TC-1 injection M Days after TC-1 injection
100[5]
== Wi 4 D21 O E7 peptide (-) @ E7 peptide (+)
80 O 6" Y
-# WT + gDE7 8 3
60 IL-67- + gDE7 g
z282
40 ~m 8 .
©
a] o
20 o 1
Pl [ = & * @
0 0 T
0 10 20 30 40 50 60 Q“ X A A
© < $
Days after TC-1 injection A x& x9°






OPS/images/fimmu.2022.1005937/fimmu-13-1005937-g004.jpg
Tumor gDE7 1MT 9DE7

i e 1|

Blood

6

-O0O0O00O000000000-000000000000000 000000000000 00e

Do D7 D9 D14

Initial tumor growth Therapeutic window

D28

1DO inhibitor treatment
-—

Monitoring tumor growth

@
(9}

1000
T
E 800
£ 600
32
$ 400
C
o
E 200
2
- =fg =
0 6 9 13162023273034374144
Days after TC-1 injection
© 6" A IL-67 + gDE7 + D-IMT
= IL-6" +gDE7 ¥ IL-67 + gDE7 + DL-1MT
D E
100
2 80
E
$ 60
5
g 40
3
=
X 20
0 o o & ® q
0 10 20 30 40 50 60
Days after TC-1 injection
© IL-6" A |L-67 + gDE7 + D-IMT
= IL-67 + gDE7 % IL-6 + gDE7 + DL-1MT
F

% Survival

100

80

60

40

20

0 10 20 30

D37

40 50

Days after TC-1 injection
© IL6" A IL-6"+ gDE7 + D-1MT
B IL-6"+gDE7 - |L-67 + gDE7 + DL-IMT

371 D28 O E7 peptice (1)

:

(43

2 #
il

=

s

i

o

[a]

&5

2

*

#

#

@ E7 peptide (+)

D44

- e
x < k-
Z| j ‘ Lo
19 ' [}
2] 12}
SSC-W cDs*
L6+ + gDE7 + gDET + D-IMT

+gDE7 + DL-1MT

chs*

*%





OPS/images/fimmu.2022.1005937/fimmu-13-1005937-g005.jpg
V IL-67 + gDE7 + DL-1MT

O |L-67"+gDE7 A IL-6-/-+gDE7 + D-1MT

IL-67"

o

nmm_n_
° Wo

@ w o
« - =

|eJownjesju)
,Sva0 /,¥A0 %

S
|elownyesu]
,5v02/,800% i
o2&
< <
<
i
™ u}
i ﬁ i 2
E3
E3 o

|eJownjesju|
s|192 3|BuIs /S5¥AD% w

o o
[=] =3
0 =3
-

(14m) +@wm_.o LIFOHW ,211a0

©O O O ©O © O o
O N~ O WL T MmN

|esownjenu|
+§¥02/,211a2 ,II-OHW %

|esownjesju|
+¥090/,5202 /,£d%0d %

I

|eiownjesju|
5902/, 91142 ,1-19%

Inflammatory monocytes PMN-MDSC

Resident monocytes

[=3
[=]
wn

~N
(14w)

[=] (=3 [=3 [=3 o
[=] (=3 =3 (=3
-
,9809 41109 L1719

Inflammatory monocytes PMN-MDSC

Resident monocytes






OPS/images/fimmu.2023.1192506/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.1005937/fimmu-13-1005937-g002.jpg
1-MT - Every other day

1-MT - Every day

o o
© <

[eAIMING %

[BAIAINS %

204 -+ gDE7+D-MT

204 -+ goE7+DAMT

-¥- gDE7 + DL-IMT

¥~ gDE7 +DL-1MT

20 30 40 50 60

10

c
2
B
]
2
=
=
1S
4
i
2
£
®
o
>
=
=]

Days after TC-1 injection

-e- Control
-#- gDE7

o
=3
—

-e- Control
-= gDE7

—4 gDE7 + D-IMT
= gDE7 +DL-1MT

o o
© ©

e o
-« N

30 d3J-I0WN] %

—4 gDE7 + D-1MT
v gDE7 + DL-IMT

o

40 50 60

Days after TC-1 injection

100

o 9
© ©

901 934)-1

e o
¥ «

lown| %

o

Days after TC-1 injection

(O]

+241a0

+Edxod

LR

>

.
8 § 8 8 8 °
leJownjenu|

+5¥09/,211aD LIFOHW %

s 2 g <
3 8 8 R °

leJownjesu|
4+S¥02 1,911A0 gy 19 %

o
0

|ejownjenu|
1192 216Ul /5¥AD %

| S e e —

2 & = 2 o
?§ 8 R’ ¢
|esownjenu|

,¥02/,56200 /,£dX04 %

25
20
1
1

leJownjenu
500 ,pA0%

2 2
S

|esownjesju)
,800/+A-N41,800 %

50

leJownjenu
,5v00 /,800%

R <
%y, s

Fs. ™%
s S5

4 “,
%

| %

%,

O ETpeptide(-) ® E7 peptide (+)






