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Abstract

:

Myelodysplastic syndromes (MDS) constitute a very heterogeneous group of diseases with a high prevalence in elderly patients and a propensity for progression to acute myeloid leukemia. The complexity of these hematopoietic malignancies is revealed by the multiple recurrent somatic mutations involved in MDS pathogenesis and the paradoxical common phenotype observed in these patients characterized by ineffective hematopoiesis and cytopenia. In the context of population aging, the incidence of MDS will strongly increase in the future. Thus, precise diagnosis and evaluation of the progression risk of these diseases are imperative to adapt the treatment. Dysregulations of both innate and adaptive immune systems are frequently detected in MDS patients, and their critical role in MDS pathogenesis is now commonly accepted. However, different immune dysregulations and/or dysfunctions can be dynamically observed during the course of the disease. Monitoring the immune system therefore represents a new attractive tool for a more precise characterization of MDS at diagnosis and for identifying patients who may benefit from immunotherapy. We review here the current knowledge of the critical role of immune dysfunctions in both MDS and MDS precursor conditions and discuss the opportunities offered by the detection of these dysregulations for patient stratification.
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1. Introduction


Myelodysplastic syndromes (MDS) represent a heterogeneous group of clonal or oligoclonal disorders affecting hematopoietic stem and progenitor cells (HSPCs), with a high prevalence in elderly patients. These diseases are characterized by ineffective hematopoiesis, peripheral cytopenia, dysplastic morphology, genetic instability and a propensity for transformation to acute myeloid leukemia (AML) [1,2]. In most cases, MDS are preceded by an asymptomatic phase with preserved blood counts termed clonal hematopoiesis of indeterminate potential (CHIP) [3], during which abnormal hematopoietic stem cells (HSCs) harboring mutations found in hematological malignancies can be detected in the bone marrow (BM) [4]. Other precursor states of MDS are now also well defined, such as clonal cytopenia of undetermined significance (CCUS) and idiopathic cytopenia of undetermined significance (ICUS), both characterized by relevant cytopenia without morphologic dysplasia but, respectively, with or without somatic mutation confirmed by high-throughput sequencing (HTS) [5]. At MDS diagnosis, the revised International Prognostic Scoring System (IPSS-R) by encompassing different parameters such as the depth of cytopenia, BM blast percentage and cytogenetic subsets allows the identification of different groups of patients with a high/very high, intermediate or low/very low risk of progression to AML and will therefore guide treatment decisions tailored to each case [6]. However, the IPSS-R is not considered as an efficient tool for predicting response to treatment such as erythropoiesis-stimulating agents (ESAs) or hypomethylating agents (HMAs). Furthermore, relative rapid progression of MDS can still occur in some MDS patients classified as low risk according to the IPSS-R. Recent advances in HTS have led to the identification of a dynamic genomic landscape with multiple recurrent somatic mutations involved in MDS pathogenesis [7,8,9]. Although not disease-defining as they are not fully specific to MDS, accumulating evidence suggests that the identification of recurrent mutations and thus clonal hematopoiesis is highly informative for predicting outcome and treatment response [10,11], and for increasing therapeutic options with novel molecular targets. Considering that MDS display marked heterogeneity regarding prognosis and risk of disease progression to AML, the monitoring of each patient at diagnosis in daily clinical practice remains challenging. Furthermore, given the global aging of the population, the incidence of MDS and their precursor states (CHIP, CCUS, ICUS) will strongly increase in the next decades. A better understanding of the process leading to the progression of CHIP to MDS and finally to AML therefore becomes timely and imperative.



It is also well known that a dynamic interplay between mutated hematopoietic cells and both mesenchymal and immune cell populations is critical to the pathogenesis and the outcome of MDS. Indeed, it was recently suggested that aberrant innate immune signaling and a pro-inflammatory environment could have a central role in the pathogenesis of MDS and could contribute to explain, at least partially, the paradoxical common hematological phenotype observed despite the high molecular complexity of MDS [12]. Clinical and laboratory findings clearly suggested that immune dysregulations may represent a key driver for the genesis and/or evolution of MDS, but their characterization is not integrated into the diagnosis workflow of MDS. However, different dysregulations and dysfunctions of the immune system can be dynamically observed during the course of the disease. Monitoring the immune system at the time of MDS diagnosis could therefore be very helpful to more precisely assess the stage of the disease and the inherent risk of progression to AML for each case of MDS, in addition to current prognosis models based on cytogenetic and mutational data. Finally, deep characterization of deregulated immune pathways could also offer perspectives for the use of immunomodulatory drugs in some subtypes of MDS specifically adapted to the patient’s immune status as already recently reviewed [13], and this will probably lead to the development of new targeted therapies. Here, we therefore review the different immune dysregulations which can be detected during the course of MDS, i.e., from the MDS precursor conditions (CHIP, CCUS, ICUS) to their leukemic progression. We also discuss how these data could be integrated for routine diagnosis and risk stratification of these malignant or premalignant neoplasms and their clinical implications for treatment decisions.




2. Innate Immune Signaling in Response to Inflamm-Aging in the Context of CHIP


The incidence of MDS markedly increases in elderly people, making advanced age the greatest risk factor for developing MDS [14]. It is well known that during the process of aging, the hematopoietic system is characterized by (1) an increased number of myeloid-biased hematopoietic stem cells (HSCs), (2) a decreased number of B-cell progenitors and (3) an expansion of memory B and T cells [15]. Altogether, this leads to a spontaneously increased level of pro-inflammatory cytokines/chemokines and a functional decline of the immune system [16]. Although it cannot be excluded that this hematopoietic and immune remodeling represents an adaptive phenomenon necessary for human longevity [17], it is currently accepted that these processes of immune senescence and inflamm-aging result in infections, cancers, autoimmune disorders and chronic inflammatory diseases in the elderly. Furthermore, aging is frequently associated (10–20% of individuals with age >70) with clonal expansion of specific HSCs carrying recurrent somatic mutations including DNMT3a, TET2 and ASXL1 [18]. The presence of clonal hematopoiesis attested by a variant allele frequency (VAF) of >2% of a somatic mutation in a hematologic malignancy-associated gene in a subset of individuals without a known hematologic cancer or other clonal state defines the precursor condition of myeloid neoplasm termed CHIP. Indeed, the presence of CHIP was associated with a ~10-fold increased relative risk of these malignancies over several years of follow-up [3,19]. In addition to the increased risk of hematological malignancies, CHIP is also associated with a 30–40% increased mortality risk [19,20]. However, this risk is reported to be due rather to atherosclerotic cardiovascular disease and ischemic stroke [21], and an increased incidence of pulmonary disease [22,23] and type 2 diabetes [24,25].



Interestingly, there is emerging evidence that these mutations are implicated in the regulation of innate immunity. This was suggested by the frequent detection of mutations associated with CHIP with a similar allelic burden in CD34+ progenitors, granulocytes and monocytes, but also in lymphoid cells such as natural killer (NK) cells. These mutations were also detected in T and B cells with a lower VAF [26], but differences were observed according to the type of CHIP mutation [26,27]. Indeed, in patients carrying the DNMT3a CHIP mutation, T cells were mutated in 30 to 50% of cases but rarely in patients with TET2, ASXL1 or SF3B1 mutations [26]. The involvement of CHIP-associated genes in lymphoid cell function is also highlighted by the detection of TET2 and DNMT3a mutations in human T-cell lymphoma [28,29]. The higher rates of graft-versus-host disease and the reduced relapse rates observed in patients who received a BM transplantation from a donor carrying a CHIP mutation also reveal the probable role of these genes in the regulation of the adaptive immune response [30,31].



Recent studies have also precisely described the role of TET2 and DNMT3a in immunity. Mice deficient in Tet2 developed more severe inflammation in response to endotoxin or low-density lipoprotein stimulation attested by the up-regulation of several inflammatory mediators, including IL-6, and the increased expression of Il1b and IL-8 family chemokines in Tet2-deficient macrophages [18,32,33,34]. Similarly, Dnmt3a inactivation promoted the expression of Cxcl1, Cxcl2, IL-6 and Ccl5 in an LPS-stimulated macrophage cell line [35]. In mast cells lacking Dnmt3a, an exacerbated response to IgE stimulation characterized by a higher level of IL-6, TNF-α and IL-13 was also observed [36]. Several studies also reported a high level of pro-inflammatory cytokines such as IL-6 and IL-8 in individuals with CHIP [21,37]. Accordingly, a similar pro-inflammatory cytokine profile including TNF-α, INF-γ, TGF-β, IL-6 and IL-8 has also been observed in patients with low-risk MDS [38,39]. The global level of pro-inflammatory and suppressive cytokines from pre-MDS conditions to the late phase of MDS is shown in Figure 1.




3. Selective Expansion of MDS Clones at the Early Phase of MDS Is Driven by Innate Immune Dysregulation


Aging and either MDS or pre-MDS HSPCs themselves clearly concomitantly contribute to the creation of a chronic inflammatory BM environment which promotes the expansion of mutated HSPCs over normal HSPCs and therefore the risk of MDS development. However, the mechanisms of how preleukemic or MDS HSPCs selectively acquire a clonal dominance over normal HSPCs are not precisely understood. Evidence recently emerged to highlight the role of the aberrant innate immune activation within the malignant clone and the BM microenvironment in the competitive advantage of MDS HSPCs over normal HSPCs during low-grade and chronic inflammation.



The innate immune system is known to be activated following the detection of pathogen-associated molecular patterns (PAMPs) or host cell-derived danger-associated molecular patterns (DAMPs) by pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) or cytosolic nucleotide-binding domain and leucine-rich repeat pattern recognition receptors (NLRs) [40]. Activation of these PRRs promotes the recruitment of intracellular adaptors (TIRAPS, MyD88), kinases (IRAK, TRAF6) and effector molecules to form a complex called an inflammasome. This platform serves to activate caspase 1 through pyrin-domain containing receptors (NLRPs) which can lead to the inflammatory-mediated cell death pyroptosis. HSCs express innate immune receptors and are therefore able to directly respond to inflammatory mediators [41]. In the context of aging, chronic activation of the TLR signaling due to prolonged inflammation impaired normal hematopoiesis through activation of the NLRP3 inflammasome, leading to the functional decline of HSCs [42,43]. Recent reviews precisely described the different innate immune dysregulations on HSCs from patients with either MDS or their precursor states [12,44]. The expression of immune-related genes in HSPCs was reported to be frequently increased in MDS patients [45]. TLRs were reported to be overexpressed on HSCs and progenitor cells of MDS patients compared with controls but with specific patterns along the course of the disease, therefore suggesting that TLR expression likely influences the pathogenesis of MDS in lower-risk patients [46,47,48,49,50]. An increased level of the DAMP S100A8/9, an endogenous ligand of TLR4, and downstream activation of the NLRP3 inflammasome are also well described in MDS mainly in low-risk patients [51,52,53,54,55]. S100A8/A9, through the activation of NADPH oxidase (NOX), induces increased generation of reactive oxygen species (ROS), resulting in inflammasome assembly and stabilization of β-catenin [52]. This signaling pathway leads to pyroptosis of MDS cells and therefore contributes to the common feature observed in MDS patients i.e., ineffective hematopoiesis resulting in cytopenia(s) [56]. Accordingly, this NLRP3–pyroptosis axis was found to be activated in primary MDS samples regardless of the mutation profile detected by HTS [52]. In contrast, interestingly, the pyroptosis level can be monitored by quantification through flow cytometry of plasmatic ASC specks, adaptor apoptosis-associated speck-like proteins containing a caspase recruitment domain that accumulate following inflammasome assembly, to provide an index of medullary pyroptotic cell death and ineffective hematopoiesis in patients with MDS [57]. In this study, the authors showed that the peripheral blood (PB) ASC speck percentage was significantly higher in MDS patients compared to control samples, especially in low-risk MDS. Notably, the percentage of ASC specks also increased with the number of mutations detected by HTS, attesting, therefore, the relevance of this parameter in the physiopathology of these diseases and its usefulness for detecting specific MDS-associated inflammation, especially in low-risk MDS patients. The pyroptosis-mediated cell death also induces the release of active IL-1β and IL-18 and other intracellular proteins that contribute to local inflammation, and maintains this inflammatory circuit [52]. Furthermore, S100A8/A9 stimulates the expansion of myeloid-derived suppressor cells (MDSCs) in the BM of patients with MDS which, in turn, also secrete S100A8/A9, therefore leading to an amplification of inflammatory signals [58]. However, in this context of increased inflammatory-mediated cell death, the expansion of the mutated MDS clone of cells remains paradoxical. Interestingly, recent evidence has emerged to understand the mechanisms that give a competitive advantage to MDS HSCs in this inflammatory environment. Indeed, activation of NLRP3 by S100A8/A9 drives β-catenin activation, a signaling pathway known to promote leukemia stem cell self-renewal [52]. Furthermore, in both mouse models of MDS and primary samples, Muto et al. observed that MDS HSPCs exhibited a preferential activation of the noncanonical NF-κB pathway which protects these cells from chronic inflammation, while normal HSPCs exhibited activation of canonical NF-κB signaling [59]. The switch from canonical to noncanonical NF-κB signaling is dependent on the TLR-TRAF6-mediated activation of A20, a dual ubiquitin editing enzyme that suppresses TRAF6-mediated canonical NF-κB activation while simultaneously having the ability to induce noncanonical NF-kB activation through the stabilization of NIK. Interestingly, the competitive advantage of TLR-TRAF6-primed HSPCs could be restored by deletion of A20 or inhibition of the noncanonical NF-κB pathway, therefore suggesting that interfering with noncanonical NF-κB signaling could prevent MDS progression [59].



Although the NLRP3–pyroptosis axis was found to be activated regardless of the mutation profile detected by HTS [52], some innate immune deregulations were found to be specifically associated with some molecular and/or cytogenetic abnormalities. For example, many investigations clearly demonstrated that genetic alterations such as the deletion 5q (del(5q)) directly lead to abnormal activation of innate immunity. Indeed, del(5q) induces miR-145 and miR-146a haploinsufficiency, therefore resulting in inappropriate activation of innate immune signaling in MDS HSCs due to overexpression of (1) Toll–interleukin-1 receptor domain–containing adaptor protein (TIRAP), which is important to Myddosome formation, and (2) tumor necrosis factor receptor–associated factor-6 (TRAF6), a protein adaptor that lies in the TLR-MyD88 pathway [60,61]. In mice, knockdown of miR-145 and miR-146a together or enforced expression of TRAF6 in mouse HSPCs phenocopies several clinical features of del(5q) MDS (thrombocytosis, mild neutropenia and megakaryocytic dysplasia) and can lead to marrow failure or AML [61]. Notably, a typical del(5q) phenotype with severe anemia and pathognomonic megakaryocyte morphology was observed in mice with combined deficiency of different genes within the deleted segment in del(5q) MDS such as Rps14/Csnk1a1/miR-145/146a [62]. Furthermore, deletion in mice of the DIAPH1 gene located on 5q31.3, which encodes mDia1, also leads to cytopenia and myeloid dysplasia characterized by increased TLR4-IL6 signaling and a specific up-regulation of CD14 messenger RNA in granulocytes [63,64,65]. Mechanistically, the severe anemia observed in patients with del(5q) MDS was also demonstrated to be linked to the abnormal innate immune signaling induced by the p53-dependent increase in the endogenous TLR ligand S100A8/A9 [66]. Indeed, genetic inactivation of S100a8 expression rescues the erythroid differentiation defect of Rps14-haploinsufficient HSCs, whereas simple addition of recombinant S100A8 is sufficient to induce a differentiation defect in wild-type erythroid cells [66]. Similarly, in another model characterized by del(20q), a frequent cytogenetic abnormality detected in hematologic malignancies such as MDS but also in myeloproliferative neoplasm (MPN), the STK4 gene encoding for the Hippo kinase MST1 was identified as a key 20q deleted gene with a central role in the biology of del(20q)-associated hematologic malignancies. Indeed, loss of MST1 induces hyperactivation of innate immune signaling through IRAK1 and downstream activation of the NF-κB pathway that may be therapeutically exploitable via IRAK1 inhibition [67]. Finally, a direct link between a specific MDS-associated mutation and innate immune deregulation was shown in the context of U2AF1 mutation. Indeed, mutation in the splicing factor U2AF1 leads to the production and the overexpression in MDS HSPCs of a longer hyperactive isoform of Interleukin-1 receptor associated kinase 4 (IRAK4-L). In contrast to the normal isoform expressed in normal HSPCs, this longer isoform can directly bind MyD88 for assembling the Myddosome, therefore leading to the maximal activation of NF-κB even in the absence of receptor activation with ligands which can be therapeutically targeted [68]. However, the expression of the hyperactive isoform IRAK4-L is also detected in MDS with SF3B1 mutation or without an underlying splicing factor mutation, hence the common implication of enhanced innate immune activation in MDS pathogenesis [68,69].




4. Clinical Immune Manifestation in MDS


From a clinical point of view, systemic inflammatory and autoimmune diseases (SIAD) are frequently observed in MDS patients, with the incidence ranging from 10 to 28% in the overall MDS population [70,71,72,73,74]. This increased incidence in MDS is confirmed by the lower prevalence of SIAD in the general population or other neoplastic entities such as lymphoma or breast cancer [75,76,77]. Clinical manifestations are very heterogeneous but systemic vasculitis, connective tissue diseases and hypothyroidism were reported to be the most frequent immune phenomena associated with MDS [70,71]. Interestingly, the onset of SIAD frequently precedes the diagnosis of MDS (31–37% of cases) but can also be detected concomitantly (7–31%) or during the course of MDS (32–61%), with a mean of 8.6 months between the diagnosis of the two diseases [71,74]. The strong association between the two diseases is attested by the increased risk of developing myeloid malignancies such as MDS and/or AML in patients with different SIAD [78,79]. Furthermore, a hematologic improvement is observed in nearly half of the selected patients with MDS receiving immunosuppressive treatment such as ciclosporin or antithymocyte globulin [80,81,82,83]. Finally, the interconnection between MDS and autoimmunity is reinforced by the fact that, in most MDS patients treated with HMA, SIAD response was achieved in 80–86% of cases [71,72]. Interestingly, this high sensitivity to hypomethylating agents could be linked to the specific pattern of mutation more frequently observed in MDS patients with SIAD (TET2/IDH in 59% vs. 38% of patients with or without SIAD, respectively) and the better response to HMA observed in patients with a TET2 mutation [10]. Furthermore, the authors of this study also revealed a specific immune pattern in patients with TET2/IDH mutations characterized by a reduction in Treg, naive/memory T-cell imbalance and defects in immune checkpoint receptor expression. Their results suggest a more activated status of T cells with a reduced control against autoimmunity which could explain the higher incidence of SIAD in these MDS patients. Somatic mutation in the gene encoding for UBA1 has been recently described in patients with adult-onset inflammatory diseases, defining a novel disease called VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) syndrome which is frequently associated with MDS (25 to 50% of VEXAS cases) [84,85]. The presence of the UBA1 mutation was detected in some MDS patients with SIAD (12%) [86]. However, in contrast to other MDS patients with SIAD, those harboring a UBA1 mutation tend to be less sensitive to HMA [86].




5. Abnormal Immune Cell Repartition and/or Functions during the Course of MDS


The repartition and the function of a large number of immune cell subsets have been investigated in MDS patients. The global amount and activity of these cells are shown in Figure 2.



5.1. Natural Killer Cells


Among these immune populations, many studies specifically focused on cytotoxic T cells and NK cells which are well known to be critical in host defense against malignant transformation and to be potent anti-leukemic cytotoxic effectors. Initially, it was shown that MDS patients have a severe and selective deficiency of IFN-gamma-producing natural killer T (NKT) cells [87]. Furthermore, although the peripheral NK cell population was quantitatively normal in most MDS patients [88], a small subgroup of patients have a selective deficiency in these cells which is associated with a poor prognosis [89]. Moreover, a phenotypic shift from the mature to the immature state was observed in NK cells from MDS patients and was shown to constitute an adverse factor for overall survival [89,90,91]. In addition, NK cells from MDS patients exerted a highly decreased constitutive cytolytic activity partially due to down-regulation of the activating receptors NKp30 and NKG2D or reduced levels of perforin and granzyme B [88,89,92]. The altered NK function was also significantly associated with a higher IPSS, an abnormal karyotype, excess blasts and BM hypercellularity. Altogether, these data clearly suggest, therefore, that the inefficient generation of mature, functionally competent natural killer cells observed in MDS probably contributes to MDS disease progression through impaired immune surveillance [92], and that restoring the full anti-tumor potential of these cells could be an attractive therapeutic strategy for these patients as previously reviewed [93]. Thus, monitoring the quantity of NK cells, their maturation and their cytotoxic function through the expression of killer-cell immunoglobulin-like (KIR) receptors represents an opportunity to assess the global immune state of the patient at MDS diagnosis and to potentially evaluate the progression risk independently of the IPSS-R. Furthermore, it could also be helpful for predicting response to treatment such as HMA. Indeed, it was shown in vitro that HMA treatment enhanced NK cell-mediated recognition of malignant cells by increasing the expression of KIR [94]. However, a basal severe impairment of NK cytotoxicity was shown to be associated with a shorter duration of response to 5-azacytidine and shorter survival [95].




5.2. T Lymphoid Cells


T cells play a central role in immune responses against tumor cells. They express a T-cell receptor (TCR) that can specifically recognize tumor antigens. Based on their functional properties, different populations have been identified: (1) CD8+ cytotoxic T cells act directly by killing tumor cells; (2) CD4+ helper T cells organize the immune response against tumor cells; and (3) T regulatory cells (Treg) suppress the immune response. A clear understanding of the role of each subset in MDS pathology, according to disease severity and treatment, represents an opportunity for the development of new therapies targeting these populations (i.e., immunotherapy).




5.3. CD8+ Cytotoxic T Cells


After recognition of tumor antigens presented by tumor cells through their MHC class I, activated CD8+ T cells release cytotoxic molecules leading to tumor cell apoptosis [96]. In the BM of MDS patients, a decrease in CD8+ T-cell cytotoxicity has been observed [97,98]. This loss of cytotoxicity is confirmed by the observation of an exhausted-like phenotype of bone marrow CD8+ T cells in MDS. This phenotype is characterized by an up-regulation of inhibitory receptors such as PD-1 [99], Tim-3 [100,101] or TIGIT [102]. Studies have shown that the exhaustion and loss of cytotoxicity on T cells are defining features of many cancers [103]. T-cell dysfunction is influenced by the microenvironment, notably the cancer cell and immunosuppressive cell populations (see below the MDSC and Tregs sections). This exhausted phenotype can be reverted by the use of immune checkpoint blocking antibodies, such as anti-PD-1 therapy (i.e., nivolumab, pembrolizumab). Although preclinical studies suggested potential benefits of anti-PD-1 treatment, clinical trial outcomes after applying this treatment as a monotherapy are disappointing [104]. However, when combined with HMA, treatment with anti-PD-1 shows improvement in clinical response [104].



Clonal CD8+ T-cell expansion is observed in the BM of low-risk MDS patients [105]. This expansion is associated with a skewed TCR repertoire, suggesting a clonal expansion of tumor-specific CD8+ T cells [105,106]. The identification of tumor antigens represents a promising approach for the development of immunotherapies in MDS, such as tumor antigen vaccination or tumor-specific T-cell adoptive transfer. The tumor antigen Wilms’ tumor gene 1 (WT1) is expressed in MDS patients [107]. The presence of WT1-specific CD8+ T cells is observed in the BM of MDS patients [108]. Phase I clinical trials of vaccination with WT1 are safe and well tolerated and demonstrate the induction of a tumor-specific CD8+ T-cell response in MDS patients [109,110]. Similarly, vaccination of MDS patients with the NY-ESO-1 tumor antigen induces a tumor-specific CD8+ T-cell response [111]. Among tumor antigens, neoantigens (i.e., antigens derived from mutations specific to tumor cells) represent a target of interest. Phase I clinical trials demonstrate that neoantigen-specific CD8+ T cells from MDS patients can be expanded in vitro and are capable of killing autologous tumor cells [112]. Infusion of these neoantigen-specific CD8+ T cells into MDS patients is safe and well tolerated [109]. Overall, these data demonstrate that MDS patients could be good candidates for immunotherapies targeting CD8+ T cells, but treatment efficacy could be improved by the identification of appropriate therapeutic targets (e.g., tumor antigens shared by a group of patients) and a better delineation of the patient subgroups. Additional studies are needed to assess the dysfunctional status of these cells according to MDS stages.




5.4. CD4+ Helper T Cells


After recognition of tumor antigens presented by antigen-presenting cells through their MHC class II, activated CD4+ helper T cells (Th cells) release cytokines which are essential for antigen-presenting cells and CD8+ T-cell activation. Accumulating evidence has shown the ability of CD4+ T cells to eradicate tumor cells [113]. According to their cytokine production profile, CD4+ helper T cells are divided into distinct subsets: Th1 (IFN-γ), Th2 (IL-4), Th17 (IL-17), Th22 (IL-22). Th1 cells are detected in the BM of MDS patients, with a decreased frequency compared to control individuals [114]. No abnormalities in Th2 cell response have been reported. The frequency and the function of Th17 cells were elevated in low-risk MDS while being decreased in high-risk MDS [115]. This observation was closely related to clinical parameters including karyotype and blast percentage [116]. In late-stage MDS patients, an increased frequency of Th22 cells is observed in their blood, suggesting a role for these cells in this group of patients [116]. Furthermore, an up-regulation of the inhibitory receptor PD-1 (up to 50% of Th cells) is observed in the BM of MDS patients [99]. These observations highlight an abnormal profile of Th subsets in MDS. Additional studies are needed to assess these abnormal Th cell profiles according to phenotypic markers (e.g., CTLA-4, TIGIT) and correlated with MDS stages. Furthermore, tumor antigen-activating Th cells remain to be identified to confirm the role of CD4+ helper T cells in MDS pathology.




5.5. Regulatory T Cells


Many studies also focused their attention on the possible involvement of regulatory T cells (Tregs) in MDS pathogenesis. Indeed, given their central role in maintaining immune tolerance, these cells are known to be expanded in malignant diseases, therefore contributing to the suppression of host anti-tumor responses. In MDS, an initial study observed a significant correlation between the increased number of CD4+ Tregs in the blood and MDS subgroups according to the percentage of blast cells, the IPSS and the disease progression, making the quantification of CD4+ Tregs a potential biomarker of high-risk MDS [117]. Indeed, the accumulation and activity of Tregs seem to follow the course of the disease, as the early phase of MDS is characterized by impaired BM homing of Tregs due to down-regulation of CXCR4, whereas the function and the migratory capacity are maintained in late-stage MDS, therefore allowing their BM expansion [118,119]. Interestingly, in patients with low-risk MDS, an altered Treg compartment was detected in 34.6% of cases [120]. Notably, a unique Treg subset (effector memory Tregs) characterized by greater suppressive activity in vitro was increased in some of these patients and negatively impacted the survival independently from myeloblast characteristics, cytopenia, karyotype and comorbidities [120]. Another study clearly demonstrated the prognostic value of the level of Tregs in the blood for the survival of patients with lower-risk MDS [121]. More recently, expansion of highly immunosuppressive Tregs characterized by an ICOShigh/PD-1neg phenotype was shown to be a highly significant independent predictor of inferior overall survival and more specifically associated with TP53 mutation [122]. The global expansion of Tregs, or more specifically of a more immunosuppressive subpopulation of Tregs, therefore marks a pivotal point of immune escape in MDS and constitutes a primary driver of poor outcomes in these diseases [123]. Accordingly, it was also observed that a decreased number of Tregs in the BM was associated with the expansion of cytotoxic T lymphocytes in low-risk MDS patients, therefore suggesting that the frequency of these cells at diagnosis inversely associates with an immune profile able to control disease progression [105]. Similar to NK cells, treatment with HMA seems to impact the functions of Tregs as the accumulation of Tregs and both their proliferative capacity and suppressive functions can be reduced by HMA [124,125].




5.6. Myeloid-Derived Suppressor Cells


More recently, different studies demonstrated the involvement of myeloid-derived suppressor cells (MDSCs) in the global immunosuppression which is observed during the course of MDS. Indeed, these cells are known to accumulate in patients with cancer and to contribute to tumor progression through their suppressive activity toward T cells partially driven by inflammation-associated signaling molecules, such as the DAMP heterodimer S100A8/S100A9 [126]. The first clear evidence of the implication of MDSCs in MDS pathogenesis came from the study of Chen et al. [58] which demonstrated their accumulation in the BM of MDS patients and their critical role in the development of ineffective hematopoiesis. Indeed, their expansion is driven by the interaction of the pro-inflammatory molecule S100A9 with CD33, which then stimulates the secretion by MDSCs of suppressive cytokines such as IL-10 and TGF-β. Although the identification of MDSCs remains challenging especially in MDS due to the very frequent abnormal expression of different myeloid markers on both granulocytes and monocytes [127], the increased number of MDSCs in blood samples from MDS patients was confirmed in other studies [128,129,130]. Similar to other immune cell populations, the accumulation of MDSCs seems to follow the course of the disease as their number is lower in very low/low-risk patients compared to intermediate/high/very high risk patients and correlates with Treg quantification [128]. Furthermore, MDSCs in MDS patients express a specific pattern of BM-homing chemokine receptors (CXCR4, CX3CR1) which probably contributes to their accumulation in the BM. Furthermore, in addition to their accumulation, the immunosuppressive function of MDSCs was suggested to be increased in higher-risk MDS [131]. The suppression of CD8+ T lymphocyte function was also shown to be mediated by different mechanisms such as the STA3-ARG1 or TIM3/Gal-9 pathways [101,129]. Altogether, these findings clearly identify a critical role of MDSCs in the dysregulation of immune surveillance in MDS and lead, therefore, to the development of therapeutic strategies directly targeting MDSC functions in MDS patients [132,133,134,135].




5.7. Mesenchymal Stem Cells


Given their key role in supporting hematopoiesis and their immune modulatory properties, mesenchymal stem cells (MSCs) have been extensively evaluated in MDS. In low-risk MDS patients, an impaired immuno-modulatory function was first described [136]. Significant differences in the immunoregulatory functions between low-risk and high-risk MDS MSCs were also detected. Compared to low-risk MDS MSCs, high-risk MDS MSCs are characterized by an increased TGF-β1 expression and a higher immunosuppressive rate, partially due to a stronger inducible rate of Tregs. Moreover, MSCs from MDS patients can acquire phenotypic and metabolic properties of myeloid-derived suppressor cells (MDSCs), with resulting suppression of NK cell function, along with T-cell proliferation [112]. Furthermore, in a murine model of Shwachman–Diamond syndrome (SDS), a rare congenital disorder notably characterized by ineffective blood cell production, MSCs were shown to induce, through an abnormal p53-mediated secretion of S100A8/A9, mitochondrial hyperpolarization and an increase in ROS and DNA damage response. Interestingly, the capacity of MSC-derived S100A8/A9 to induce genotoxic stress was also confirmed in human HSPCs [137]. In addition, MSCs also induced suppressive monocytes with reduced expression of the TGF-β transcriptional repressor MAB21L2 and with increased INHBA expression, a gene that encodes for a member of the TGF-β superfamily of proteins [112]. Thus, these results indicate the different immunoregulatory roles of MSCs in MDS compared to healthy controls, but also according to their progression risk, which may be important for understanding the pathogenesis of MDS and the development of novel immunomodulatory strategies for the treatment of these diseases.




5.8. Monocytes and Macrophages


Concerning the cells of the monocytic/macrophage lineage, it has been shown that the degree of BM apoptosis and the level of inflammatory cytokines correlate with the number of monocytes/macrophages in patients’ BM [138]. Furthermore, BM monocytes from MDS patients displayed up-regulation of TLR-4 and its downstream signaling pathway, which contributed to the production of inflammatory cytokines [56]. In this study, it was also demonstrated that patients’ macrophages had an impaired capacity to engulf apoptotic cells, which maintains and/or enhances an inflammatory BM microenvironment through an excessive release of high mobility group box-1 protein (HMGB1) by dying cells [56]. Although the number of monocytes is increased in MDS patients [139,140], their ability to differentiate into macrophages is reduced [139]. The phagocytosis activity of monocytes from MDS patients was also shown to be altered, with a low expression of genes involved in triggering immune responses, regulating immune and inflammatory response signaling pathways, and the response to LPS [139,141]. Furthermore, dendritic cells derived in vitro from MDS monocytes also demonstrated a qualitatively and quantitatively altered cytokine secretion [142] and a reduced expression of HLA-DR and CD86, suggesting that antigen-processing and T-cell activation capabilities are impaired [141]. This probably contributes to the increased susceptibility to infections observed in MDS patients. Recently, the number of PB monocyte subsets according to CD14 and CD16 expression was shown to be a key biomarker for the diagnosis of chronic myelomonocytic leukemia (CMML) [143,144]. Interestingly, accumulation of classical monocytes (CD14+ CD16-) was also detected in some MDS patients, which frequently evolved into CMML [145]. Another recent study revealed abnormal quantitative and functional characteristics of monocyte subsets in lower-risk MDS, substantiating their role in the immune deregulation associated with the disease. Indeed, MDS patients had a significantly increased number of intermediate monocytes with an increased ability to produce TNFα following stimulation with LPS, and differential gene expression mostly associated with biological pathways/processes relevant to hematopoiesis, immune signaling and cell adhesion [146].





6. Perspective on Immune Monitoring at MDS Diagnosis


All the immune dysregulations reviewed herein and shown in Figure 3 clearly support the role of immune monitoring at diagnosis as an important additional and independent factor for the stratification of patients with MDS, and more specifically low-risk patients according to the IPSS-R. Indeed, identification of patients with either a signature of smoldering inflammation or an immunogenic or immunosuppressive profile could potentially more precisely indicate the stage of the disease and guide treatment decisions notably for the use of immunotherapies. An Immunoscore, based on the analysis of immune cells that infiltrate the cancer and surround it [147], is now fully integrated into the standardized diagnosis of solid cancers such as colorectal and colon cancers for predicting both survival and response to chemotherapy [148,149,150]. Identification of immune cells such as T and B cells, monocytes and dendritic cells by multiparametric flow cytometry (MFC) is also recommended by the European LeukemiaNet International MDS-Flow Cytometry Working Group in patients with suspected MDS [151]. However, until now, there is no consensus about the method for global analysis of immunity in hematopoietic malignancies including MDS. Perspectives on the integration of the “Immunome” in the stratification of MDS were recently discussed with a proposed highly attractive strategy based on the combination of multi-omics-driven analysis with either HTS, single-cell RNAseq, CITE-seq, mass cytometry (CyTOF) or imaging mass cytometry [152]. Other innovative molecular techniques such as the use of liquid biopsies to detect alterations in nucleic acids in peripheral blood by HTS or digital PCR are also promising and could be useful in the future for the diagnosis, prognosis and response to treatment of hematological malignancies including MDS, as recently reviewed [153]. However, among these technologies, only HTS is currently available at MDS diagnosis in daily clinical practice. Interestingly, MFC is now a well-recognized tool that contributes to the diagnosis of MDS and also to the prognostication and the prediction/evaluation of response to therapy of MDS patients [151]. Currently, MFC analysis is mainly focused on the characterization of myeloid progenitor cells and maturation pathways of granulocytes, monocytes or erythroid cells in the BM [127,154,155,156,157]. Given the increased number of parameters already detected with routine flow cytometers currently and the attractive perspectives concerning the transfer to the clinic in the future of new technologies such as spectral flow or CyTOF, exploration of immune cell populations by MFC represents, therefore, a clearly feasible strategy which could be applied in routine daily practice. Questions about the precise panels of markers which have to be used preferentially and the types of immune cell populations which have to be analyzed remain to be answered. That is why prospective studies based on the combination of clinical data with multi-omics immunophenotypic data obtained with CyTOF or spectral flow technologies are clearly needed in order to have, in paired BM and PB MDS samples, a large view of the immune landscape in MDS patients at diagnosis and during the follow-up of the disease with or without treatment. CyTOF analyses have already been performed in MDS samples, but they were more specifically focused on myeloid populations [158,159]. Deciphering the immune profiles of MDS patients with such strategies will therefore allow the identification of the most relevant markers we have to use and the cell populations we have to focus on for routine analysis.




7. Conclusions


In conclusion, it is now clearly accepted that immune dysregulations and dysfunctions have, in combination with specific molecular defects, a critical role in MDS pathogenesis and contribute to the clinical evolution of these diseases, from MDS pre-conditions to leukemic progression. From a clinical point of view, immune dysregulation can be clinically relevant as SIAD are frequently observed in MDS patients and could lead, in these MDS cases, to the use of immunosuppressive therapies. Monitoring the innate and adaptive immune systems in MDS patients clearly requires the deep analysis of immune cell population repartition and function and/or the detection of an inflammatory or immunosuppressive microenvironment by cytokine profile analysis. Integration of data reflecting immune deregulation into the diagnosis workflow of MDS could be very informative for more precisely predicting the progression risk to leukemia and identifying patients who may benefit from novel therapeutic strategies such as vaccination therapies or direct targeting of inflammasome activation. Multiparametric studies on large cohorts of MDS patients are therefore necessary in order to identify key immune biomarkers and immune cell populations which have to be carefully analyzed for routine clinical investigations at MDS diagnosis.
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Figure 1. Schematic diagram showing a relative timescale for cytokines produced during MDS progression. The pro-inflammatory cytokines IL-6, IL-8, IL-1β and S100A8/9 are detected first during pre/early MDS (red), followed by the pro-inflammatory cytokines IFNγ and TNFα (yellow). Suppressive cytokines IL-10 and TGFβ (green) start to be detected during early MDS and increase during MDS progression. 
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Figure 2. Amount and intrinsic activity of the key immune cell subsets implicated in the genesis and/or the evolution of MDS. The thickness of the curve represents the number of cells detected during MDS progression. For each curve, the color gradient represents the activation status for functions described on the right of the figure (blue, low activity; red, high activity; white, absence of information about cell activity). 
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Figure 3. Immune dysregulations during the course of MDS. (1) With aging, the hematopoietic system is characterized by a myeloid bias and smoldering inflammation. In addition, aging is frequently associated with clonal expansion of specific HSPCs carrying recurrent somatic mutations including DNMT3a, TET2 and ASXL1 (DTA). Altogether, this leads to increased pro-inflammatory levels of cytokines (IL-6, IL-8) and DAMPs such as S100A8/A9. (2) Chronic inflammation through activation of the inflammasome induces the death of both normal and MDS HSPCs. Furthermore, CD8+ T cells associated with NK cells exhibit their cytotoxic activity toward both normal and MDS HSPCs, leading to the apoptosis of these cells. DAMPs such as S100A8/A9 also impair hematopoietic cell differentiation. Altogether, this leads to ineffective hematopoiesis and cytopenia, the common phenotype observed in early-phase MDS. In addition, the decreased number and phagocytic activity of macrophages allow the release by dying cells of pro-inflammatory cytokines and DAMPs. Monocytes and MSCs also release pro-inflammatory cytokines such as TNF-α and S100A8/A9, respectively. This therefore contributes to the maintenance and amplification of pro-inflammatory signals and induces deeper cytopenia. (3) In the context of increased inflammatory-mediated cell death, the expansion of the mutated MDS clone remains paradoxical. However, increased self-renewal and intrinsic activation of alternative signaling pathways protect these cells from chronic inflammation and finally promote the expansion of MDS HSPCs. (4) DAMPs such as S100A8/A9 induce MDSC expansion through interaction with CD33. These cells, in turn, release S100A8/A9 to enhance their own expansion but also immunosuppressive cytokines (IL-10 or TGF-β). Recruitment of highly immunosuppressive Tregs in the BM is also concomitantly increased, therefore leading to inhibition of both CD8+ T cells’ and NK cells’ cytotoxicity. In addition, the intrinsic impaired cytotoxicity of NK cells and the up-regulation of inhibitory receptors’ expression (TIM-3, PD-1 and TIGIT), leading to T-cell exhaustion, induce a global immune evasion which enhances the clonal dominance of MDS HSCs. This immune escape is also promoted by MSCs which directly (or through monocyte reprogramming) release immunosuppressive cytokines (TGF-β). (5) The global immune evasion promotes the expansion of MDS clones and the progression of the disease through genetic instability. 
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