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Abstract

:

Endometriosis is a gynaecological disease defined by the growth of endometrium-like tissue outside the uterus. The disease is present in approximately 5–10% of women of reproductive age and causes pelvic pain and infertility. The pathophysiology is not completely understood, but retrograde menstruation and deficiency in natural killer (NK) cells that clear endometriotic cells in the peritoneal cavity play an important role. Nowadays, hormonal therapy and surgery to remove endometriosis lesions are used as treatment. However, these therapies do not work for all patients, and hormonal therapy prevents patients from getting pregnant. Therefore, new treatment strategies should be developed. Since the cytotoxicity of NK cells is decreased in endometriosis, we performed a literature search into the possibility of NK cell therapy. Available treatment options include the inhibition of receptor–ligand interaction for KIR2DL1, NKG2A, LILRB1/2, and PD-1/PD-L1; inhibition of TGF-β; stimulation of NK cells with IL-2; and mycobacterial treatment with BCG. In preclinical work, these therapies show promising results but unfortunately have side effects, which have not specifically been studied in endometriosis patients. Before NK cell treatment can be used in the clinic, more research is needed.
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1. Introduction


Endometriosis is a chronic disease that affects approximately 5–10% of women of reproductive age, which comes down to about 176 million women worldwide [1]. In women with endometriosis, endometrium-like tissue grows outside the uterus in the peritoneal cavity. This ectopic tissue may develop into endometriosis lesions if it adheres and invades into the peritoneum and thereafter obtains vascularization. Eutopic endometrium consists of stromal cells, epithelial cells, blood vessels, and leucocytes, which are important for embryo implantation and maintenance of pregnancy when present inside the uterus, but are of no use outside the uterus [1,2]. Endometriosis is most commonly found on the pelvic peritoneum, ovaries, and rectovaginal septum. Patients with endometriosis suffer from dysmenorrhoea, dyspareunia, chronic (non-menstrual) pelvic pain, irregular uterine bleeding, and infertility. The condition is present in 35–50% of women suffering from pain, infertility, or both [3]. Women with endometriosis have a higher risk of emergency department visits and hospitalization and significant physical and social constraints. Thereby, endometriosis is associated with reduced productivity, increased absenteeism from school and work, and an overall reduced quality of life [4,5].



There are three different phenotypes of endometriosis: superficial peritoneal endometriosis, deeply infiltrating endometriosis (DIE), and endometriomas or ovarian cystic endometriosis. In superficial peritoneal endometriosis, lesions are mostly present on the peritoneum. To be classified as DIE, a lesion should extend more than 5 mm beneath the peritoneum [6,7]. Endometriomas are ovarian cysts with a wall often consisting of endometrium-like or fibrotic tissue and are filled with blood products [8]. The pathophysiology of endometriosis is not fully known yet. The origin of the disease is presumably multifactorial, and different theories exist explaining the pathogenesis. These theories can be divided into two categories: those that claim lesions arise from the uterine endometrium and those that hypothesize lesions originate from tissues other than the uterus. The most common hypothesis is the one of retrograde menstruation.



In order to develop endometriosis, endometrium-like tissue has to reach the peritoneal cavity. However, in almost all women with patent tubes, endometrial cells are present in the peritoneal cavity due to retrograde menstruation, but only a small fraction of these women develop endometriosis. Therefore, we can assume that other factors are important in the development of endometriosis such as cell survival, angiogenesis, cell growth, and immune response [9,10,11]. In healthy women, cells that reach the peritoneal cavity are eliminated by immunosurveillance and apoptosis. In women with endometriosis, changes in the cell-mediated and humoral immunity result in reduced clearance of endometrial cells and, therefore, implantation and development of endometriosis lesions [10]. There are several hypotheses on how the cells can escape immunosurveillance.



Endometrial cells in the peritoneal cavity overexpress anti-apoptotic factors and show a decreased expression of proapoptotic factors [12]. Besides this, the Fas–FasL apoptosis pathway plays an important role in immunosurveillance in the peritoneal cavity. On stromal cells present in an endometriosis environment, the FasL expression is increased, leading to Fas-mediated apoptosis for immune cells that express Fas on their membrane such as T cells and natural killer (NK) cells leading to their escape from immunosurveillance [13]. Macrophages are the most prevalent type of immune cells found in the peritoneal cavity. In the physiological situation, macrophages remove blood cells, damaged tissue, and cellular debris from the peritoneal cavity by phagocytosis. Although the number and activation of macrophages is upregulated in endometriosis, the phagocytic activity is reduced, resulting in failure to eliminate ectopic endometrial cells that end up in the peritoneal cavity [10,11]. Dendritic cells (DCs) are responsible for antigen presentation and thereby initiate the response of the adaptive immune system. Whether DCs also play a role in the angiogenesis of endometriosis lesions is not fully clarified [14,15,16]. Different subsets of T cells play a role in the pathogenesis of endometriosis. In endometriosis lesions, there is a lower frequency of pro-inflammatory Th1 cells, a subset of CD4+ T cells, compared to that in the eutopic endometrium. Anti-inflammatory Th2 cytokines such as interleukin 10 (IL-10) and IL-4 are increased, while Th1 cytokines such as interferon gamma (IFN-γ) are decreased. The difference in Th1/Th2 balance between the local lesions and peripheral blood has not been explained yet [10,11]. Regulatory T cells (Treg) were found to be increased in circulation in endometriosis patients, but not in the eutopic nor ectopic lesions; this may be considered as a compensatory mechanism to regulate the inflammatory condition in this disease [17,18]. Furthermore, a higher CD4/CD8 ratio and an increased concentration of each subset was found in the peritoneal fluid of patients with endometriosis. The concentration of T cells was higher in endometriosis lesions compared to that in eutopic endometrium, but the CD4/CD8 ratio was similar [10,11].



NK cells are suggested to play an important role in the pathogenesis of endometriosis. They are important in killing malignant and infected cells and have roles in tissue remodelling in different organs such as the uterus. In the healthy situation, NK cells make up approximately 15% of all circulating lymphocytes [1,19]. The function of NK cells is controlled by signals that are initiated by different combinations of activating or inhibiting molecules found on the surface of the cells [1]. NK cells kill other cells by secreting lytic granules that contain granzymes, perforin, and cytotoxins or cytokines such as IFN-γ [19]. See Figure 1. Based on the level of CD56 expressed on the surface of NK cells, two subcategories can be distinguished. CD56dim NK cells express less CD56 and have higher cytotoxicity, secrete less cytokines, and have higher levels of the immunoglobin-like NK cell receptors and FC-γ receptor III (CD16). CD56bright NK cells express a high level of CD56 and have low cytotoxicity but are potent producers of cytokines such as IFN-γ and TNF-α and can thereby activate monocytes such as macrophages. CD56bright NK cells have low or absent levels of the FC-γ receptor CD16 and are important for immune regulation [1,19]. In the circulation, most of the NK cells present are CD56dim while in other tissue such as the endometrium mostly CD56bright NK cells are present. NK cells in the uterus are called uterine NK cells (uNK) and are CD56superbright [1,20]. In the menstrual cycle, the percentage of uNK cells in leucocytes fluctuates between 35% in the proliferative phase and 70% in the late secretory phase [21]. These uNK cells were significantly higher in the eutopic endometria of women with endometriosis than in the endometria of normal controls [22]. uNK cells play an important role in pregnancy and trophoblast invasion [23,24].



In endometriosis, the phenotype and function of NK cells differs from that of healthy women. Peripheral blood NK cells (pNKs) are observed to have an increased expression of killer cell inhibitory receptors (KIRs). These receptors contain an Ig domain (KIR2DL1, KIR2DL2, KIR3DL1, and KIR3DL2) extracellularly and immunoreceptor tyrosine-based inhibitory motifs (ITIMs) intracellularly.



The binding of a ligand to the receptor leads to immune suppression including suppression of NK cell cytotoxicity. Levels of ITIM-KIRs, KIR2DL1, and intracellular adhesion molecule-1 (I-CAM) are upregulated on pNK cells of patients with endometriosis, causing inhibition in pNK cell cytotoxicity [1,19,25,26]. This could result in the low success in clearance of endometrial cells in the peritoneal cavity [1]. In women with endometriosis, an increased number of immature pNK cells is found. Interestingly, removal of lesions by surgery induces an increase in the proportion of mature pNK cells. This suggests that lesions have an effect on pNK cell development by the production of certain cytokines [1,19]. When investigating local resident NK cells, peritoneal fluid is an interesting source. In peritoneal NK cells of endometriosis patients, the amount of cytotoxic NK cell markers is reduced as well as the cytotoxicity markers on the available NK cells [19]. Thereby, the overall activity of peritoneal NK cells is decreased. Furthermore, the levels of granzyme B, perforin, TRAIL, and CD107a are reduced in the peritoneal fluid of patients with endometriosis indicating that the NK cells are functionally defective [19].



Up till now, NK cell therapy has mainly been used to treat haematological cancers, but its effectivity is also being investigated for solid tumours. NK cells are thought to react to tumour cells because of the “missing-self hypothesis”. NK cells monitor and recognize self-major histocompatibility complex 1 (MHC-I), which are molecules present on normal cells. When MHC-I is present on the cell surface, the function of NK cells is inhibited, and the cell is not killed [27]. With adoptive NK cell therapy, NK cells are isolated, stimulated and expanded ex vivo and administered to the patient intravenously. In order to stimulate the NK cells, cytokines such as IL-2, IL-15, IL-12, and IL-18 or feeder cells need to be added [27,28,29]. There are two types of adoptive NK cell therapy: autologous and allogeneic. Allogeneic NK cells can be derived from umbilical cord blood, cell lines such as NK92, induced pluripotent stem cells (iPSCs), and adult donor lymphapheresis products [28,29]. Some promising results are available in haematological cancers, and numerous trials are exploring the safety and efficacy of NK cell adoptive transfer in solid tumours.



Different strategies are being explored to improve NK cell therapy: cytokine-based therapy stimulates NK cells with different cytokines such as IL-2, IL-15, IL-12, and IL-18, whereas the administration of IL-2 causes an increase in NK cell proliferation and cytotoxicity [30]. Unfortunately, IL-2 also increases the expansion of Treg cells, which may suppress NK cell activity [27,28]. IL-15 significantly activates NK cells, increases their cytotoxic activity, and has no effect on Treg cells. To improve antibody-dependent cytotoxicity, NK cell function can be improved by blocking inhibitory receptors or engaging activating receptors. For instance, KIR receptors can be blocked using Lirilumab or the activating receptor SLAMF7 on NK cells can be stimulated using Elotuzumab [27]. Another option is to genetically modify NK cells to increase their effectiveness, for instance, with chimeric antigen receptor (CAR)–engineered NK cells. CAR-NKs are synthetic receptors that can bind a specific antigen. When the CAR-NK receptor and antigen interact, cytotoxicity is triggered against tumour-representing antigens leading to lysis [27]. NK cell adoptive therapy is often administered intravenously but can also be administered intraperitoneally in case of peritoneal disease [28]. In endometriosis, intraperitoneal NK cell therapy might be an option. Since approximately 30% of women still experience pain when receiving hormonal or surgical treatment [31], there is an urgent need to find other treatment options. Since the function of NK cells is decreased in women with endometriosis, the purpose of this review is to investigate whether NK cell therapy would be beneficial in endometriosis patients and to investigate what the current status of NK cell therapy is.




2. Results


From the ten selected articles, we collected evidence concerning NK cell immunology in endometriosis and on which inhibitory receptor–ligand interactions are increased. The most important inhibitory NK cell receptors mentioned as possible checkpoints for the elimination of ectopic endometrial cells are KIR2DL1, leukocyte immunoglobulin-like receptors (LILRs), and CD94/NKG2A [32]. Below, different studies are described that have investigated the role of these receptors in endometriosis. All data were obtained in animal models except when stated otherwise.



2.1. Blocking of Inhibitory Receptors


Matsuoka et al. described in 2005 that KIR2DL1, an inhibitory receptor, is increased on NK cells of women with pelvic endometriosis. In this study, 24 Japanese women with endometriosis and 25 women with other conditions confirmed by laparoscopy were included. Peripheral blood (PB) and peritoneal fluid (PF) samples were taken and analysed by flow cytometry and Western blot. No significant differences were found in CD56+ NK cell ratio in PBMCs, but the percentage of KIR2DL1-positive NK cells among NK cells in both the PB and PF was significantly higher in endometriosis patients [33].



Binding of human leukocyte antigen (HLA) G to its receptors LILRB1 and LILRB2 on NK cells is important in the pathogenesis of endometriosis. When HLA-G, which is expressed on ectopic endometrial tissue, binds the receptors, NK cell function is inhibited. In blood samples from 276 endometriosis patients and 314 controls, Bylinska et al. investigated whether polymorphisms in HLA-G, KIR2DL4, LILRB1, and LILRB2 influence the susceptibility to endometriosis. This was done by PCR, PCR-restriction fragment length polymorphism (PCR-RFLP), and allelic discrimination methods. Certain polymorphisms of HLA-G protected against endometriosis, and polymorphisms of LILRB1 and LILRB2 were associated with susceptibility to endometriosis and its progression. The most important conclusion was that HLA-G and the receptors LILRB1 and LILRB2 may play a crucial role in eliminating endometriotic cells and the development of endometriosis [34].



Patients with endometriosis have a higher expression of the CD94/NKG2A receptor on NK cells, and upon binding of its ligand HLA-E, NK cell function is inhibited. The study of Galandrini et al. compared PB, PF, endometriotic tissue, and endometrial tissue samples of 20 women with confirmed endometriosis to the samples of 12 controls. By flow cytometry, reverse-transcription PCR, and a cytotoxicity assay, the authors showed that a significantly higher proportion of PF NK cells in the endometriosis group expressed CD94/NKG2A compared to the control group. Furthermore, transcription of the HLA-E gene is high in endometriotic tissue, resulting in a high HLA-E mRNA level. After cloning NK cells, which were isolated from the PF by negative selection, the cytotoxic activity of CD94/NKG2A-positive and -negative NK cells toward the HLA-E-expressing DT360 cell line was investigated. CD94/NKG2A-positive NK cells could not kill DT360 cells, while CD94/NKG2A-negative clones could. When masking CD94/NKG2A receptors with anti-NKG2A antibodies, lysis of the NK cells was restored and comparable to the lysis of HLA-E-negative 721.221 cells. From these results, it can be concluded that the CD94/NKG2A receptor on PF NK cells is functionally active and that the cytotoxic function is inhibited upon interaction with HLA-E [35].




2.2. Checkpoint Inhibition


Checkpoint inhibition with anti-PD-1/anti-PD-L1 therapy could also be a treatment for endometriosis [32]. Wu et al. found in 2018 that the PD-1/PD-L1 expression in the eutopic and ectopic endometrium was increased in endometriosis patients. Blood and eutopic and ectopic endometria from 15 endometriosis patients and 15 controls were tested for PD-1/PD-L1 expression by immunohistochemistry, Western blot, and flow cytometry. When PD-1 on NK cell binds to PD-L1 on endometriosis cells, NK cell function is inhibited [36]. See Figure 2.




2.3. Inhibitory Cytokine Therapy


The role of TGF-β to inhibit factors that could be involved in the decreased NK cell cytotoxicity was explored in a study with 51 patients with confirmed endometriosis and 15 controls (Sikora et al.). A cytokine assay was performed to examine the levels of TGF-β1, TGF-β2, TGF-β3, and other cytokines. The levels of all TGF-β isoforms were higher in women with endometriosis in both PF and serum. Moreover, the levels of the pro-inflammatory cytokines IL-1, IL-6, and IL-17AF, and the anti-inflammatory cytokine IL-10, were increased in both PF and serum [37]. Zhang et al. observed that both the expression levels of angiotensin receptor 1 (AGTR1) and the activity of NF-κβ were increased in human endometriosis tissues and stromal cells. Moreover, oestrogen was found to regulate the expression levels of AGTR1 in stromal cells, thereby, possibly contributing to the pathogenesis of endometriosis [38]. Unfortunately, there is no data available in humans on the blocking of angiotensin receptors. In an endometriosis rat model, the angiotensin II receptor blocker losartan reduced TGF-β, and the surface area of endometriosis lesions was decreased as were the plasma levels of the angiogenic factors and inflammatory markers VEGF, TNF-α, PTX-3, and CRP [39,40]. Sprague–Dawley albino rats underwent surgery to implant autologous endometrial tissue onto the peritoneal surface. The rats were divided into two groups: eight rats received oral treatment with water and eight rats received oral treatment with losartan. After four weeks, the size of the implants was determined as were the plasma cytokine levels. The surface of the implant and the extent and severity of adhesions were significantly decreased in the losartan group as were the VEGF, TNF-α, PTX-3, and CRP plasma levels [39].




2.4. Stimulatory Cytokine Therapy


Besides anti-inhibitory cytokine therapy, stimulatory cytokine therapy with IL-2 could be a treatment option [32]. Again, no human data are available. Velasco et al. showed in 2006 in a rat model with endometriosis that treatment with IL-2 caused a reduction in endometriosis lesion size. In this in vivo study, 20 female Wistar rats underwent surgery to implant autologous endometrium tissue onto the inner surface of the abdominal wall, and 20 rats underwent sham surgery. After one month, the rats were treated with IL-2 or placebo intraperitoneally and one month later underwent surgery to determine the implant size and received a second dose of treatment. Blood samples and PF were collected at the first surgery and before sacrifice. After IL-2 treatment, the rats showed a significant reduction in implant size compared to initial size after the third and last measurement. At the last measurement, the size was also significantly different from the placebo group. Furthermore, peritoneal NK cells and DCs were enhanced in rats with endometriosis treated with IL-2, and a greater number of activated lymphocytes, macrophages, NK cells, and DCs was observed in the implants [41].




2.5. Mycobacterial Treatment


Treatment with mycobacteria in endometriosis causes effective killing of endometrial stromal cells. In the study by Clayton et al., endometrial stromal cells were obtained from women with endometriosis, and PBMCs were obtained from healthy female donors from which NK cells were isolated using CD56-labelled MACS beads. Different multiplicities of infection (m.o.i.) of two different strains Bacillus of Calmette and Guérin (BCG), BCG Pasteur and BCG Connaught, were used as treatment to stimulate NK cells. [42]. Clayton et al. found that PBMCs stimulated with 0.1 m.o.i. of BCG Connaught for seven days, showed an increased cytotoxicity by 51Cr release compared to untreated PBMCs. When NK cells were depleted from the treated PBMCs, no change in 51Cr release was observed compared to the untreated PBMCs. NK cells isolated from the BCG-treated PBMCs caused the highest increase in 51Cr release, meaning that BCG treatment mostly affects NK cell cytotoxicity and treated NK cells are more effective in killing endometrial stromal cells.




2.6. Adoptive NK Cell Therapy


Recently, the first study into autologous NK cell therapy in endometriosis patients was started. At the Shenzhen People’s Hospital in China, 60 women diagnosed with stage III–IV endometriosis are taking part in this phase 1 trial. Half of them will receive standard care with a gonadotrophin-releasing hormone agonist (GnRH agonist) combined with reverse addition therapy, and the other half will receive the same therapy combined with autologous NK cell therapy. The outcome measures will be incidence of treatment-emergent adverse events, purity and function of NK cells, endocrine hormone levels, pain score, and percent of pregnancy (NCT03948828).





3. Discussion


In this review, the current status of NK cell therapy research in endometriosis is summarized. NK cells have a prominent role in the pathogenesis of endometriosis, but research in humans describing the possibilities of NK cell therapy to reduce the symptoms of this disease is limited. Although more research should be performed with regard to the use of NK cell therapy in endometriosis, promising results are available of possible targets for NK cell therapy. With these data, there is a basis for further research into the application of NK cell adoptive therapy and for the development of strategies to improve NK cell function in endometriosis patients.



Most data in this review were obtained from animal models. These models are useful to check how in vitro experiments work out in a microenvironment that resembles the situation in humans. However, there are limitations on animal models in endometriosis. The validity of endometrium tissue in the peritoneal cavity in predicting effect in human endometriosis can be debated. Moreover, the peritoneal cavity is a very specific microenvironment for many aspects such as cytokines, immune cells, microbioma, and steroid hormones. In this difficult-to-mimic environment, we tried to place the results in a frame, realizing that more research in humans is essential to find new possible therapies for endometriosis.



Research into NK cell stimulating therapies for endometriosis can be divided into four categories: (1) blocking of inhibitory receptors such as KIR2DL1, LILRB1/2, NKG2A and PD-1/PD-L1; (2) inhibiting cytokines such as TGF-β; (3) stimulating NK cell with IL-2, and (4) mycobacterial treatment with BCG. Besides, research is being done on the use of adoptive NK cell therapy in endometriosis. In Figure 1, an overview is provided about NK cell therapy options in endometriosis.



The inhibitory receptor KIR2DL1 is upregulated on both peripheral blood and peritoneal NK cells in endometriosis patients. Upon binding of its ligand HLA-C2, this ITIM-KIR inhibits NK cell cytotoxicity [32,33]. Binyamin et al. observed that blocking KIR2DL1 on NK cells of a healthy donor expressing a high level of KIR2DL1 resulted in an increase in NK cell cytotoxicity against B cells. Blocking KIR2DL1 combined with the anti-CD20 monoclonal antibody rituximab resulted in a higher cytotoxicity compared to rituximab alone. This shows that blocking KIR1DL2 has a positive effect on NK cells but may be not effective enough on its own [43]. Blocking the interaction between KIR2DL1 and its ligand could be a possible treatment in endometriosis but should be examined further on endometriosis cells and lesions before conclusions can be drawn.



Since Bylinska et al. demonstrated the importance of HLA-G binding to LILRB1/LILRB2 in the pathogenesis of endometriosis; inhibiting this interaction might be a good treatment strategy [34]. However, HLA-G is of value in protecting the foetus from destruction by the immune system of the mother [44]. Therefore, blocking the interaction between LILRB1/LILRB2 while the patient is trying to get pregnant, will not be an option. Furthermore, HLA-G is important in organizing immune responses and maintaining the tolerance in inflammatory and autoimmune diseases. Because of this, blocking the interaction with its receptors probably has side effects [45]. To our knowledge, no treatment exists that disturbs the interaction between this ligand and receptors.



CD94/NKG2A is upregulated in the peritoneal fluid of endometriosis patients and decreases NK cell cytotoxicity upon binding of its ligand HLA-E. Inhibiting this interaction results in an increase in NK cell reactivity, as shown by Galandrini et al. [35]. In 2018, André et al. reported that NKG2A targeting with monalizumab enhanced NK cell activity against tumour cells [46]. A phase II trial with monalizumab plus the EGFR inhibitor cetuximab in 40 patients with squamous cell carcinoma of the head and neck resulted in a response rate of 31%. The most common reported side effects due to monalizumab were fatigue (17%), pyrexia (13%), and headache (10%) [46]. Monalizumab is also studied in gynaecologic malignancies. The response rate to monalizumab was 39% in a phase II trial that included 58 pre-treated patients. The most common adverse events were fatigue, headache, and vomiting reported in more than 20% of the patients [47]. Since this treatment is effective in cancer, NK cell therapy with anti-NKG2A could be a promising therapy in endometriosis although the efficacy should be increased, and the treatment has some side effects.



Because of the increased expression of PD-1/PD-L1 in endometriosis tissue, blocking this interaction could be interesting as an endometriosis treatment [36]. Nowadays, anti-PD-1/PD-L1 therapy is effectively used in the treatment of, amongst others, non-small cell lung cancer, classical Hodgkin lymphoma, melanoma, and renal cell carcinoma [48]. Treatment with anti-PD1-1/PD-L1 can give rise to adverse events such as diarrhoea, abdominal pain, immune-related hepatitis, or other autoimmune-related features such as rash, arthralgia, and myalgia [49]. More research is needed before PD-1/PD-L1 treatment can be implemented in endometriosis since the mechanism of PD-1/PD-L1 regulation in this disease is not fully understood yet [36].



As Sikora et al. showed, TGF-β is upregulated in women with endometriosis and inhibits the function of NK cells. Furthermore, TGF-β also inhibits the function cytotoxic T cell, DCs, macrophages, and neutrophils and induces Treg and Th17 differentiation. Because of this, it is thought that TGF-β is important in the pathogenesis of endometriosis [37]. Losartan can reduce the size of endometriotic lesions as was shown in a rat model. However, the main goal of losartan is not to reduce TGF-β but to block the angiotensin II receptor in hypertension patients, angiotensin II induces TGF-β. It cannot be concluded from the study by Cakmak et al. that TGF-β reduces endometriotic lesions, especially because there are no studies in humans [39]. Several anti-TGF-β therapies are being developed and tested in clinical trials. Because TGF-β is expressed all over the body by almost all cell types and is involved in many physiological processes such as angiogenesis, cell proliferation, and differentiation, systemic inhibition could have severe side effects. A study to the anti-tumour effects in mice showed that a long-term effect of anti-TGF-β therapy with LY2109761 is the growth of aggressive carcinomas non-responsive to this drug. However, this is only one of the drugs developed to inhibit TGF-β, and other therapies show more promising results in the treatment of cancer [50]. Anti-TGF-β therapy is studied in other diseases such as systemic sclerosis, skin fibrosis, and diabetes [51]. A few of the currently used anti-TGF-β drugs are statins for hypercholesterolaemia and endothelin-1 blockers for pulmonary hypertension [52]. These drugs result in partial abrogation of TGF-β activity, with only modest toxicity in animal models. Despite the potential side effects, anti-TGF-β therapy shows promising results. Therefore, it might be interesting to look further into this treatment as an option for endometriosis when the efficacy is higher and the long-term effects are known.



Stimulation of NK cell by IL-2-generated lymphokine-activated killer (LAK) cells, which shows an increase in cytotoxic potential against tumour cells. Therefore, IL-2 therapy is used as treatment in metastatic renal cell carcinoma and metastatic melanoma [53]. LAK cells were also found to have an increased cytotoxicity against endometriotic cells [54]. However, as mentioned in the introduction, IL-2 also has a stimulating effect on Tregs. Because of the positive results in cancer and the results from the study by Velasco et al., IL-2 as treatment for endometriosis should be looked into further.



Although BCG treatment seems to be promising in stimulating NK cells, Clayton et al. point out that the treatment, as it is currently used in cancer treatment, is unlikely to be acceptable as treatment in endometriosis because of the small mortality risk from BCG sepsis. Therefore, mycobacterial therapy for endometriosis is not the most promising option [42].



Taken together, these findings show interesting approaches for new treatment options for endometriosis. However, none of the optional treatment strategies described are being studied specifically for endometriosis in clinical trials and most of them have serious side effects in animal models. Only IL-2 and losartan treatment have been tested in an endometriosis rat model with promising results. Before we can conclude whether NK cell therapy is an option for endometriosis, more research should be performed into the role of NK cells in the pathogenesis of endometriosis, and additional clinical trials targeting NK cells should be performed.




4. Materials and Methods


In order to answer our question, a search in PubMed was performed in December 2021, using a combination of the search terms: NK cell therapy, natural killer cell therapy, immunotherapy, immune therapy, and endometriosis. With these terms, 26 articles were found from 2000 to 2021, and screened for relevance by title and abstract. By cross references, relevant articles were selected. The articles were screened, and the reasons for exclusion were as follows: articles not on endometriosis or not on immunotherapy, reviews, and description of murine model development. Ten articles were included for the narrative review. To find current and future trials on NK cell therapy or immunotherapy and endometriosis, a search was performed at clinicaltrials.gov. Five trials were found of which one was relevant and included. Other trials did not include immunotherapeutic treatment of endometriosis.







Author Contributions


Conceptualization, J.H.-v.E., R.v.d.M., A.N. and R.P.; methodology, R.P.; investigation, R.P.; resources, R.v.d.M. and A.N.; data curation, J.H.-v.E.; writing—original draft preparation, R.P. and J.H.-v.E.; writing—review and editing, R.v.d.M. and A.N.; visualization, R.P.; supervision, R.v.d.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thiruchelvam, U.; Wingfield, M.; O’Farrelly, C. Natural Killer Cells: Key Players in Endometriosis. Am. J. Reprod. Immunol. 2015, 74, 291–301. [Google Scholar] [CrossRef] [PubMed]

	



Maruyama, T.; Yoshimura, Y. Molecular and cellular mechanisms for differentiation and regeneration of the uterine endometrium. Endocr. J. 2008, 55, 795–810. [Google Scholar] [CrossRef] [PubMed]

	



Burney, R.O.; Giudice, L.C. Pathogenesis and pathophysiology of endometriosis. Fertil. Steril. 2012, 98, 511–519. [Google Scholar] [CrossRef] [PubMed]

	



Stratton, P.; Berkley, K.J. Chronic pelvic pain and endometriosis: Translational evidence of the relationship and implications. Hum. Reprod. Update 2011, 17, 327–346. [Google Scholar] [CrossRef]

	



Nnoaham, K.E.; Hummelshoj, L.; Webster, P.; d’Hooghe, T.; de Cicco Nardone, F.; de Cicco Nardone, C.; Jenkinson, C.; Kennedy, S.H.; Zondervan, K.T.; World Endometriosis Research Foundation Global Study of Women’s Health. Impact of endometriosis on quality of life and work productivity: A multicenter study across ten countries. Fertil. Steril. 2011, 96, 366–373.e8. [Google Scholar] [CrossRef]

	



Alimi, Y.; Iwanaga, J.; Loukas, M.; Tubbs, R.S. The Clinical Anatomy of Endometriosis: A Review. Cureus 2018, 10, e3361. [Google Scholar] [CrossRef]

	



Falcone, T.; Flyckt, R. Clinical Management of Endometriosis. Obstet. Gynecol. 2018, 131, 557–571. [Google Scholar] [CrossRef]

	



Bulun, S.E.; Yilmaz, B.D.; Sison, C.; Miyazaki, K.; Bernardi, L.; Liu, S.; Kohlmeier, A.; Yin, P.; Milad, M.; Wei, J. Endometriosis. Endocr. Rev. 2019, 40, 1048–1079. [Google Scholar] [CrossRef]

	



Mehedintu, C.; Plotogea, M.N.; Ionescu, S.; Antonovici, M. Endometriosis still a challenge. J. Med. Life 2014, 7, 349–357. [Google Scholar]

	



Riccio, L.; Santulli, P.; Marcellin, L.; Abrao, M.S.; Batteux, F.; Chapron, C. Immunology of endometriosis. Best Pract. Res. Clin. Obstet. Gynaecol. 2018, 50, 39–49. [Google Scholar] [CrossRef]

	



Izumi, G.; Koga, K.; Takamura, M.; Makabe, T.; Satake, E.; Takeuchi, A.; Taguchi, A.; Urata, Y.; Fujii, T.; Osuga, Y. Involvement of immune cells in the pathogenesis of endometriosis. J. Obstet. Gynaecol. Res. 2018, 44, 191–198. [Google Scholar] [CrossRef]

	



Tosti, C.; Pinzauti, S.; Santulli, P.; Chapron, C.; Petraglia, F. Pathogenetic Mechanisms of Deep Infiltrating Endometriosis. Reprod. Sci. 2015, 22, 1053–1059. [Google Scholar] [CrossRef]

	



Selam, B.; Kayisli, U.A.; Garcia-Velasco, J.A.; Arici, A. Extracellular matrix-dependent regulation of Fas ligand expression in human endometrial stromal cells. Biol. Reprod. 2002, 66, 1–5. [Google Scholar] [CrossRef]

	



Fainaru, O.; Adini, A.; Benny, O.; Adini, I.; Short, S.; Bazinet, L.; Nakai, K.; Pravda, E.; Hornstein, M.D.; D’Amato, R.J.; et al. Dendritic cells support angiogenesis and promote lesion growth in a murine model of endometriosis. FASEB J. 2008, 22, 522–529. [Google Scholar] [CrossRef]

	



Pencovich, N.; Luk, J.; Hantisteanu, S.; Hornstein, M.D.; Fainaru, O. The development of endometriosis in a murine model is dependent on the presence of dendritic cells. Reprod. Biomed. Online 2014, 28, 515–521. [Google Scholar] [CrossRef]

	



Stanic, A.K.; Kim, M.; Styer, A.K.; Rueda, B.R. Dendritic cells attenuate the early establishment of endometriosis-like lesions in a murine model. Reprod. Sci. 2014, 21, 1228–1236. [Google Scholar] [CrossRef]

	



de Barros, I.B.L.; Malvezzi, H.; Gueuvoghlanian-Silva, B.Y.; Piccinato, C.A.; Rizzo, L.V.; Podgaec, S. What do we know about regulatory T cells and endometriosis? A systematic review. J. Reprod. Immunol. 2017, 120, 48–55. [Google Scholar] [CrossRef]

	



Delbandi, A.A.; Mahmoudi, M.; Shervin, A.; Moradi, Z.; Arablou, T.; Zarnani, A.H. Higher frequency of circulating, but not tissue regulatory T cells in patients with endometriosis. J. Reprod. Immunol. 2020, 139, 103119. [Google Scholar] [CrossRef]

	



Jeung, I.; Cheon, K.; Kim, M.R. Decreased Cytotoxicity of Peripheral and Peritoneal Natural Killer Cell in Endometriosis. BioMed Res. Int. 2016, 2016, 2916070. [Google Scholar] [CrossRef]

	



Gaynor, L.M.; Colucci, F. Uterine Natural Killer Cells: Functional Distinctions and Influence on Pregnancy in Humans and Mice. Front. Immunol. 2017, 8, 467. [Google Scholar] [CrossRef]

	



Flynn, L.; Byrne, B.; Carton, J.; Kelehan, P.; O’Herlihy, C.; O’Farrelly, C. Menstrual cycle dependent fluctuations in NK and T-lymphocyte subsets from non-pregnant human endometrium. Am. J. Reprod. Immunol. 2000, 43, 209–217. [Google Scholar] [CrossRef]

	



Wu, X.G.; Chen, J.J.; Zhou, H.L.; Wu, Y.; Lin, F.; Shi, J.; Wu, H.Z.; Xiao, H.Q.; Wang, W. Identification and Validation of the Signatures of Infiltrating Immune Cells in the Eutopic Endometrium Endometria of Women With Endometriosis. Front. Immunol. 2021, 12, 671201. [Google Scholar] [CrossRef]

	



Vallve-Juanico, J.; Houshdaran, S.; Giudice, L.C. The endometrial immune environment of women with endometriosis. Hum. Reprod. Update 2019, 25, 564–591. [Google Scholar] [CrossRef]

	



Faas, M.M.; de Vos, P. Uterine NK cells and macrophages in pregnancy. Placenta 2017, 56, 44–52. [Google Scholar] [CrossRef]

	



Fukaya, T.; Sugawara, J.; Yoshida, H.; Murakami, T.; Yajima, A. Intercellular adhesion molecule-1 and hepatocyte growth factor in human endometriosis: Original investigation and a review of literature. Gynecol. Obstet. Investig. 1999, 47 (Suppl. 1), 11–16. [Google Scholar] [CrossRef]

	



Maeda, N.; Izumiya, C.; Yamamoto, Y.; Oguri, H.; Kusume, T.; Fukaya, T. Increased killer inhibitory receptor KIR2DL1 expression among natural killer cells in women with pelvic endometriosis. Fertil. Steril. 2002, 77, 297–302. [Google Scholar] [CrossRef]

	



Valipour, B.; Velaei, K.; Abedelahi, A.; Karimipour, M.; Darabi, M.; Charoudeh, H.N. NK cells: An attractive candidate for cancer therapy. J. Cell. Physiol. 2019, 234, 19352–19365. [Google Scholar] [CrossRef]

	



Hoogstad-van Evert, J.S.; Bekkers, R.; Ottevanger, N.; Jansen, J.H.; Massuger, L.; Dolstra, H. Harnessing natural killer cells for the treatment of ovarian cancer. Gynecol. Oncol. 2020, 157, 810–816. [Google Scholar] [CrossRef]

	



Geller, M.A.; Miller, J.S. Use of allogeneic NK cells for cancer immunotherapy. Immunotherapy 2011, 3, 1445–1459. [Google Scholar] [CrossRef]

	



Sharma, R.; Das, A. IL-2 mediates NK cell proliferation but not hyperactivity. Immunol. Res. 2018, 66, 151–157. [Google Scholar] [CrossRef]

	



Mira, T.A.A.; Buen, M.M.; Borges, M.G.; Yela, D.A.; Benetti-Pinto, C.L. Systematic review and meta-analysis of complementary treatments for women with symptomatic endometriosis. Int. J. Gynaecol. Obstet. 2018, 143, 2–9. [Google Scholar] [CrossRef]

	



Sciezynska, A.; Komorowski, M.; Soszynska, M.; Malejczyk, J. NK Cells as Potential Targets for Immunotherapy in Endometriosis. J. Clin. Med. 2019, 8, 1468. [Google Scholar] [CrossRef]

	



Matsuoka, S.; Maeda, N.; Izumiya, C.; Yamashita, C.; Nishimori, Y.; Fukaya, T. Expression of inhibitory-motif killer immunoglobulin-like receptor, KIR2DL1, is increased in natural killer cells from women with pelvic endometriosis. Am. J. Reprod. Immunol. 2005, 53, 249–254. [Google Scholar] [CrossRef]

	



Bylinska, A.; Wilczynska, K.; Malejczyk, J.; Milewski, L.; Wagner, M.; Jasek, M.; Niepieklo-Miniewska, W.; Wisniewski, A.; Ploski, R.; Barcz, E.; et al. The impact of HLA-G, LILRB1 and LILRB2 gene polymorphisms on susceptibility to and severity of endometriosis. Mol. Genet. Genom. 2018, 293, 601–613. [Google Scholar] [CrossRef]

	



Galandrini, R.; Porpora, M.G.; Stoppacciaro, A.; Micucci, F.; Capuano, C.; Tassi, I.; Di Felice, A.; Benedetti-Panici, P.; Santoni, A. Increased frequency of human leukocyte antigen-E inhibitory receptor CD94/NKG2A-expressing peritoneal natural killer cells in patients with endometriosis. Fertil. Steril. 2008, 89 (Suppl. 5), 1490–1496. [Google Scholar] [CrossRef]

	



Wu, L.; Lv, C.; Su, Y.; Li, C.; Zhang, H.; Zhao, X.; Li, M. Expression of programmed death-1 (PD-1) and its ligand PD-L1 is upregulated in endometriosis and promoted by 17beta-estradiol. Gynecol. Endocrinol. 2019, 35, 251–256. [Google Scholar] [CrossRef]

	



Sikora, J.; Smycz-Kubanska, M.; Mielczarek-Palacz, A.; Bednarek, I.; Kondera-Anasz, Z. The involvement of multifunctional TGF-beta and related cytokines in pathogenesis of endometriosis. Immunol. Lett. 2018, 201, 31–37. [Google Scholar] [CrossRef]

	



Zhang, Z.; Yuan, Y.; He, L.; Yao, X.; Chen, J. Involvement of angiotensin II receptor type 1/NF-kappaB signaling in the development of endometriosis. Exp. Ther. Med. 2020, 20, 3269–3277. [Google Scholar] [CrossRef]

	



Cakmak, B.; Cavusoglu, T.; Ates, U.; Meral, A.; Nacar, M.C.; Erbas, O. Regression of experimental endometriotic implants in a rat model with the angiotensin II receptor blocker losartan. J. Obstet. Gynaecol. Res. 2015, 41, 601–607. [Google Scholar] [CrossRef]

	



Nataatmadja, M.; West, J.; Prabowo, S.; West, M. Angiotensin II Receptor Antagonism Reduces Transforming Growth Factor Beta and Smad Signaling in Thoracic Aortic Aneurysm. Ochsner. J. 2013, 13, 42–48. [Google Scholar] [PubMed]

	



Velasco, I.; Quereda, F.; Bermejo, R.; Campos, A.; Acien, P. Intraperitoneal recombinant interleukin-2 activates leukocytes in rat endometriosis. J. Reprod. Immunol. 2007, 74, 124–132. [Google Scholar] [CrossRef] [PubMed]

	



Clayton, R.D.; Duffy, S.R.; Wilkinson, N.; Garry, R.; Jackson, A.M. Increase in peripheral blood mononuclear cell (PBMC)- and CD56+ cell-mediated killing of endometrial stromal cells by mycobacteria; a possible role in endometriosis immunotherapy? Hum. Reprod. 2004, 19, 1886–1893. [Google Scholar] [CrossRef] [PubMed]

	



Binyamin, L.; Alpaugh, R.K.; Hughes, T.L.; Lutz, C.T.; Campbell, K.S.; Weiner, L.M. Blocking NK cell inhibitory self-recognition promotes antibody-dependent cellular cytotoxicity in a model of anti-lymphoma therapy. J. Immunol. 2008, 180, 6392–6401. [Google Scholar] [CrossRef] [PubMed]

	



Carosella, E.D.; Rouas-Freiss, N.; Tronik-Le Roux, D.; Moreau, P.; LeMaoult, J. HLA-G: An Immune Checkpoint Molecule. Adv. Immunol. 2015, 127, 33–144. [Google Scholar] [CrossRef]

	



Amodio, G.; Sales de Albuquerque, R.; Gregori, S. New insights into HLA-G mediated tolerance. Tissue Antigens 2014, 84, 255–263. [Google Scholar] [CrossRef]

	



Andre, P.; Denis, C.; Soulas, C.; Bourbon-Caillet, C.; Lopez, J.; Arnoux, T.; Blery, M.; Bonnafous, C.; Gauthier, L.; Morel, A.; et al. Anti-NKG2A mAb Is a Checkpoint Inhibitor that Promotes Anti-tumor Immunity by Unleashing Both T and NK Cells. Cell 2018, 175, 1731–1743.e13. [Google Scholar] [CrossRef]

	



Tinker, A.V.; Hirte, H.W.; Provencher, D.; Butler, M.; Ritter, H.; Tu, D.; Azim, H.A., Jr.; Paralejas, P.; Grenier, N.; Hahn, S.A.; et al. Dose-Ranging and Cohort-Expansion Study of Monalizumab (IPH2201) in Patients with Advanced Gynecologic Malignancies: A Trial of the Canadian Cancer Trials Group (CCTG): IND221. Clin. Cancer Res. 2019, 25, 6052–6060. [Google Scholar] [CrossRef]

	



Marchetti, A.; Di Lorito, A.; Buttitta, F. Why anti-PD1/PDL1 therapy is so effective? Another piece in the puzzle. J. Thorac. Dis. 2017, 9, 4863–4866. [Google Scholar] [CrossRef]

	



Spiers, L.; Coupe, N.; Payne, M. Toxicities associated with checkpoint inhibitors-an overview. Rheumatology 2019, 58 (Suppl. 7), vii7–vii16. [Google Scholar] [CrossRef]

	



Hawinkels, L.J.; Ten Dijke, P. Exploring anti-TGF-beta therapies in cancer and fibrosis. Growth Factors 2011, 29, 140–152. [Google Scholar] [CrossRef]

	



Fabregat, I.; Fernando, J.; Mainez, J.; Sancho, P. TGF-beta signaling in cancer treatment. Curr. Pharm. Des. 2014, 20, 2934–2947. [Google Scholar] [CrossRef] [PubMed]

	



Varga, J.; Pasche, B. Transforming growth factor beta as a therapeutic target in systemic sclerosis. Nat. Rev. Rheumatol. 2009, 5, 200–206. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, T.; Zhou, C.; Ren, S. Role of IL-2 in cancer immunotherapy. Oncoimmunology 2016, 5, e1163462. [Google Scholar] [CrossRef] [PubMed]

	



Oosterlynck, D.J.; Lacquet, F.A.; Waer, M.; Koninckx, P.R. Lymphokine-activated killer activity in women with endometriosis. Gynecol. Obstet. Investig. 1994, 37, 185–190. [Google Scholar] [CrossRef]








[image: Ijms 23 05539 g001 550] 





Figure 1. Activating and inhibitory signals in NK cell microenvironment in the development of endometriosis. 
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Figure 2. Different NK cell therapy options in endometriosis, whereby cytokine release is improved and NK cell cytotoxicity increased. 
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