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Adult stem cells ensure tissue homeostasis and regeneration after injury. Due to their longevity and functional requirements, throughout their life stem cells are subject to a significant amount of DNA damage. Genotoxic stress has recently been shown to trigger a cascade of cell- and non-cell autonomous inflammatory signaling pathways, leading to the release of pro-inflammatory factors and an increase in the amount of infiltrating immune cells. In this review, we discuss recent evidence of how DNA damage by affecting the microenvironment of stem cells present in adult tissues and neoplasms can affect their maintenance and long-term function. We first focus on the importance of self-DNA sensing in immunity activation, inflammation and secretion of pro-inflammatory factors mediated by activation of the cGAS-STING pathway, the ZBP1 pathogen sensor, the AIM2 and NLRP3 inflammasomes. Alongside cytosolic DNA, the emerging roles of cytosolic double-stranded RNA and mitochondrial DNA are discussed. The DNA damage response can also initiate mechanisms to limit division of damaged stem/progenitor cells by inducing a permanent state of cell cycle arrest, known as senescence. Persistent DNA damage triggers senescent cells to secrete senescence-associated secretory phenotype (SASP) factors, which can act as strong immune modulators. Altogether these DNA damage-mediated immunomodulatory responses have been shown to affect the homeostasis of tissue-specific stem cells leading to degenerative conditions. Conversely, the release of specific cytokines can also positively impact tissue-specific stem cell plasticity and regeneration in addition to enhancing the activity of cancer stem cells thereby driving tumor progression. Further mechanistic understanding of the DNA damage-induced immunomodulatory response on the stem cell microenvironment might shed light on age-related diseases and cancer, and potentially inform novel treatment strategies.
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INTRODUCTION

Stem cells are undifferentiated cells essential for tissue growth and maintenance (Blanpain and Simons, 2013). They can be classified according to their origin in embryonic stem cells, induced pluripotent stem cells (iPSCs) and tissue-specific stem cells (also known as adult or somatic stem cells) (Shevde, 2012). Embryonic and iPSCs are pluripotent stem cells, derived from an early stage embryo and reprogramming of somatic cells, respectively, able to differentiate into any specialized tissue cell type (Kingham and Oreffo, 2013). On the other hand, tissue-specific stem cells are multi- or unipotent cells able to give rise to specialized cell type(s) present in a specific tissue and belonging to a particular lineage. Tissue-specific stem cells are present in small numbers in several adult tissues or organs ensuring tissue homeostasis and regeneration upon damage (Wagers and Weissman, 2004). Similarly to normal tissues, most tumors also possess a population of cells characterized by stem cell-like features that are defined as cancer stem cells (CSCs) (Coppes and Dubrovska, 2017). Like normal stem cells, CSCs have the ability to self-renew and generate differentiated cell types, which foster the growth and maintenance of many types of neoplasms alongside being often attributed to treatment resistance and cancer recurrence (Vitale et al., 2017).

Stem cells constantly receive signals from the surrounding microenvironment, also known as the stem cell niche, a ‘home’ that supports the maintenance and proper function of stem cells to ensure tissue homeostasis and respond to damage (Jones and Wagers, 2008). These niche signals can be either extrinsic, mediated by secreted factors, cell surface molecules/receptors, cell-cell interactions and gap junctions, or intrinsic resulting in persistent intracellular changes in the stem cell epigenetic profile and metabolism (Pennings et al., 2018). Additionally, the stem cell microenvironment is composed by specific cells, often distributed in a defined spatial order, such as differentiated cells, stromal cells, immune cells, vasculature- and nervous system-related cells (Figure 1, left panel). These cells work together to ensure structure and appropriate reception of local as well as systemic signals (Lane et al., 2014).
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FIGURE 1. Changes in the stem cell microenvironment upon DNA damage. Simplified schematic representation of the tissue microenvironment during homeostasis (Left) and inflammation (Right). DNA damage can impair tissue homeostasis by promoting senescence, cytokine and SASP release. Cytokines and chemokines present in the microenvironment can lead to recruitment of immune cells and activation of tissue-resident macrophages.


The non-cellular physical properties of the microenvironment itself, such as the extra-cellular matrix (ECM) molecule composition and oxygen levels, can also affect stem cell behavior by affecting stem cell related pathways. A classic example of this is the role of the YAP/TAZ signaling pathway in mechanotransduction (Dupont et al., 2011). While hypoxia inducible factors (HIFs) have been shown to modulate other stem cell-related pathways, such as Notch signaling (Keith and Simon, 2007) and autophagy (Li et al., 2015).

The structure and function of the stem cell microenvironment have been extensively reviewed in Jones and Wagers (2008). Additionally, notions described for the hematopoietic stem cell (HSC) niche (Mendelson and Frenette, 2014; Crane et al., 2017; Pinho and Frenette, 2019), such as the maintenance of HSCs via specific factors secreted by endothelial and stromal cells as well as immune cells and sympathetic nerve fibers, can be applied to solid tissues. Importantly, the stem cell microenvironment has been shown to be a dynamic compartment rapidly adapting in response to insults, diseases (including oncogenesis) and aging (Scadden, 2006). Aging is a pleiotropic process characterized by multiple factors, including increased levels of DNA damage (Schumacher et al., 2021) due to various sources (as described in the following section) coupled with a reduced cellular DNA repair capacity.

Throughout life stem cells are significantly exposed to DNA damage due to their longevity and functional requirements, such as ensuring tissue homeostasis and replenishment of damaged or lost cells via prolonged proliferation (self-renewal) and differentiation (Mandal et al., 2011; Schumacher et al., 2021). In particular, cell proliferation is intrinsically related to replication stress, a phenomenon characterized by DNA synthesis slow down and stalled replication forks that in turn can result in DNA damage as previously shown in aged HSCs (Flach et al., 2014).

In this review, we describe how the recently discovered immunomodulatory responses initiated by DNA damage can alter different aspects of the stem cell microenvironment thereby affecting the function of both tissue-specific and cancer stem cells. The main cytosolic nucleic acid sensing pathways activated upon cytosolic DNA and RNA recognition and involved mechanisms, which can induce microenvironmental changes that affect stem cell function, are discussed. Additionally, an overview of immune cell infiltration and the importance of DNA damage-induced cellular senescence in tissue homeostasis, stem cell regeneration potential and CSC recognition is provided.



DNA DAMAGE IN ADULT STEM CELLS

Different endogenous sources of DNA damage can affect adult stem cells and their microenvironment, such as reactive oxygen species (ROS) produced by metabolic intermediates and dysfunctional mitochondria, alcohol and endogenous aldehydes, glycolytic by-products and advanced glycation end products, replication stress depending on the proliferation status of the cells, transcriptional disruption and telomere shortening. Importantly, although it is difficult to reliably assess such endogenous sources of DNA damage, they are thought to increase with age (Chaudhuri et al., 2018; Schumacher et al., 2021). As a result of such physiological cellular processes, in a day each cell may be exposed to nearly 100,000 DNA lesions, including different types of base modifications, single-strand breaks (SSBs) and double-strand breaks (DSBs) (Madabhushi et al., 2014). Additionally, external sources can lead to DNA damage, such as ionizing radiation (most commonly UV and X-rays) and certain chemicals. This is especially relevant for CSCs and normal tissue stem cells co-exposed to DNA damaging cancer therapies, such as radiotherapy and many chemotherapeutic agents.

In response to DNA damage cells initiate a coordinated series of events known as the DNA damage response (DDR), which encompasses various DNA repair pathways, cell cycle checkpoints and cell death pathways, and extensively described in Jackson and Bartek (2009). The DDR initiates with the sensing of DNA damage by protein complexes and kinases, and the subsequent signaling mediated by post-translational modifications, such as protein phosphorylation. Although these complex molecular mechanisms can vary between different types of somatic cells and stem cells (Vitale et al., 2017), the main DNA repair pathways are usually conserved and depending on the type of DNA lesion comprise: base excision repair (BER) and single strand break repair (SSBR), which promote the repair of small DNA lesions, such as base modifications and SSBs, through the excision of damaged bases; nucleotide excision repair (NER), which promotes the repair of DNA lesions such as adducts and structures that distort the DNA double helix; DNA mismatch repair (MMR), essential for the correction of base mismatches and small insertions or deletions; non-homologous end joining (NHEJ) and homologous recombination (HR), which are the classical pathways involved in DSB repair (Jackson and Bartek, 2009; Scully et al., 2019). Collectively with DNA repair, DNA damage signaling can lead to the activation of cell cycle checkpoints, which are points throughout the cell cycle in which movement is paused or slowed down to allow time for the cell to repair the damage, or to the induction of cell death, mainly by apoptosis and necrosis, or to an irreversible state of growth arrest so-called cellular senescence (Jackson and Bartek, 2009).

As stem cells age, DNA damage coupled with a reduced DNA repair capacity has been shown to contribute to the development of age-related disorders from cancer to tissue degeneration (Behrens et al., 2014). Oncogenesis is often a result of aging due to DNA damage misrepair and the consequent accumulation of mutations (Jeggo et al., 2016). A decline in stem cell function has also been related to defects in different DDR components, which in the HSC system cause reduced self-renewal and long-term exhaustion leading to bone marrow failure and anemia (Vitale et al., 2017) or pre-mature differentiation in non-HSCs such as neural stem cells (NSCs) (Barazzuol et al., 2017) and melanocyte stem cells (McSCs) (Inomata et al., 2009). Additionally, as a consequence of DNA damage, the microenvironment, the resulting signaling pathways and infiltrating cells adapt to this new state (Figure 1, right panel).

Although long-term self-renewal and differentiation capabilities are the defining features of stem cells, their regeneration potential is restricted to a definite number of times during the lifespan of an organism (Pazhanisamy, 2009). This can represent an important limitation; indeed, stem cells can be induced to self-renew more often upon damage or genotoxic stress, such as irradiation (Sémont et al., 2006). A prolonged activation of this process can inevitably lead to stem cell exhaustion and loss of tissue homeostasis maintenance (Pazhanisamy, 2009). Furthermore, many types of stem cells, including HSCs and NSCs (Barazzuol et al., 2017; Schumacher et al., 2021), reside in a quiescent state, which, although limits the amount of endogenous DNA damage (such as that caused by replication stress or metabolic by-products), may lead to the accumulation of DNA lesions due to the restricted availability of error prone NHEJ in non-cycling cells with subsequent stem cell functional impairment and premature aging (Schumacher et al., 2021). Moreover, DNA damage upon genotoxic stress has been shown to promote premature differentiation of McSCs, hair follicle stem cells and NSCs, thus preventing their expansion (Inomata et al., 2009; Matsumura et al., 2016; Barazzuol et al., 2017). However, it remains unclear whether DNA damage-induced premature differentiation can be linked to the DNA damage-mediated inflammatory process. Defects in DNA repair as in rare genetic disorders can also promote the decline of tissue stem cell functions leading to age-related diseases, such as bone marrow failure, and tumor formation via the generation of CSCs (Biechonski et al., 2017; Vitale et al., 2017; Tiwari and Wilson, 2019). For example, similarly to other stem cells, NSCs have the ability to migrate from their niche in order to differentiate and promote the repair of damaged brain tissue; however, abnormalities in this process may lead to stem cell transformation and glioblastoma formation (Vescovi et al., 2006). These events can be extended also to other tissues and organs, such as skin, liver, muscle and gut, whose repair depends on the activity of specific adult stem cells (Kenyon and Gerson, 2007).



INTERPLAY BETWEEN DNA DAMAGE AND INFLAMMATION IN THE STEM CELL MICROENVIRONMENT

One of the main roles of the immune system is to mediate the recognition of dangerous and invasive elements through the expression of specific pattern recognition receptors (PRRs). These elements can be distinguished in pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) (Gong et al., 2019). PAMPs are exogenous components that are unique to invading microorganisms, such as specific membrane-associated lipids, lipopolysaccharides (LPS) and lipoglycans (Silva-Gomes et al., 2014). In contrast, DAMPs are endogenous molecules released by damaged or dying cells and are not related to a pathogen infection (Gong et al., 2019). Although PAMPs and DAMPs have different origins, the recognition of such molecules is mediated by similar PRRs, such as Toll-like receptors (TLRs), NOD-like receptors, intracellular nucleic acid-sensing receptors and C-type lectin receptors. Activation of these proteins is essential for the secretion of cytokines and attracting innate immune cells into the infected or damaged tissue (Gasteiger et al., 2017). The innate immune system can then intervene with cell-dependent mechanisms, such as phagocytosis, cytotoxicity and secreted factors, in order to eliminate the pathogens or damaged cells (Gasteiger et al., 2017). Several in vitro and in vivo studies have demonstrated that an aberrant activation of these mechanisms can trigger the host immune response leading to inflammatory events and autoimmune diseases (Nakad and Schumacher, 2016). Interestingly, receptors and adaptor proteins related to DAMP and PAMP recognition processes strongly overlap and interconnect often in a positive feedback loop. This tight relation might explain why infection as well as stress factors like DNA damage can trigger the activation of similar inflammatory pathways leading to pro-inflammatory cytokine release and immunity activation (Jounai et al., 2013; Foell et al., 2007; Paludan and Bowie, 2013).

It is well established that in normal physiological conditions DNA is largely located within the nucleus and mitochondria. However, DNA leakage within the cytosol can occur as result of adverse events, such as DNA damage, triggering the induction of specific cytosolic DNA sensors and activation of DAMP-related immune responses (Ishikawa et al., 2009; MacKenzie et al., 2017; Maekawa et al., 2019). Genotoxic events are usually accompanying by the formation of micronuclei into the cytoplasm, small extra-nuclear bodies formed by lagging chromosomes and chromosome fragments upon mitotic errors or DNA damage (Kwon et al., 2020). Importantly, due to defects in nuclear lamina organization (Hatch et al., 2013), the envelope of these isolated nuclear structures is fragile (Kwon et al., 2020). It has been shown that its rupture can lead to release of the micronuclear content into the cytoplasm with consequent chromothripsis (a mutational process characterized by the shattering and reassembly of a chromosome from a micronucleus) (Crasta et al., 2012; Koltsova et al., 2019). Alongside these processes, ruptured micronuclei have also been linked with the activation of various cytoplasmic nucleic acid sensors that boost the production of pro-inflammatory cytokines and activate the immune response (Crasta et al., 2012; MacKenzie et al., 2017). Interestingly, the activation of these pathways reflects a sign of microbial infections, which also alert the host innate immune system to mount a defense response.

These pro-inflammatory events can have important consequences on a variety of cell types, including stem cells, which function is modulated by their microenvironment (Voog and Jones, 2010). In fact, it has been shown that stem cell activity and their ability to self-renew can be strongly affected by either stress events, such as oxidative stress (Vono et al., 2018), or by chronic inflammatory diseases, such as bone marrow failure (Pronk et al., 2011; Vono et al., 2018). These events lead to the release of specific cytokines and chemokines into the microenvironment with consequent abnormal stem cell proliferation, mobilization and differentiation as well as premature quiescence and self-renewal decline (Jahandideh et al., 2020). Thus, excessive production and release of pro-inflammatory cytokines upon DNA damage can highly affect the stem cell regeneration capacity contributing to long-term dysfunction in aging tissues, including skin, bone marrow and adipose tissue (Crop et al., 2010; Shin et al., 2017; Hormaechea-Agulla et al., 2020).

Like normal tissue-specific stem cells, also CSCs can be influenced by changes in their surrounding microenvironment; indeed, it has been shown that pro-inflammatory stimuli are an essential component of the CSC niche (Zhang S. et al., 2018) able to potentially alter their function. The presence of inflammatory cytokines can have conflicting effects on CSCs. Growing evidence suggest that inflammation may be an important source of tumor progression and CSC expansion (Jeong et al., 2018), while other studies showed that specific type of cytokines, in particular interferons, can exert anti-tumor activity and obstruct angiogenesis (Martin-Hijano and Sainz, 2020).


Cytosolic DNA Sensors and STING Activation

Cytokines are in fact powerful mediators of stem cell function and their wide range of effects highlights the importance of DNA-sensing pathways, and activation and release of inflammatory molecules. In particular, one of the main adaptor proteins activated upon cytosolic DNA recognition and essential for the initiation of these inflammatory responses is stimulator of interferon genes (STING) (Ishikawa and Barber, 2008).

STING has been identified as an essential component for the initiation of innate immune signaling processes following activation of pathways related to cytosolic nucleic acid recognition (Ishikawa and Barber, 2008). The activation of this endoplasmic reticulum adaptor protein is essential for the triggering of transcription pathways and efficient production of type 1 interferon (IFN1) in several mammalian cell types (Ishikawa and Barber, 2008; Ishikawa et al., 2009). Specifically, STING activation promotes the nuclear translocation of the transcription factors NF-κB and IRF3 leading to cytokine production and innate immune gene transcription with a strong impact on cell fate and tissue homeostasis (Yum et al., 2021) (Figure 2). The specific mechanisms and pathways involved in NF-κB and IRF3 activation, cytokine release, IFN1 expression and immunity regulation have been extensively reviewed in Liu et al. (2017) and Jefferies (2019).
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FIGURE 2. Overview of the main pathways responsible for cytosolic nucleic acid recognition. DNA damage can trigger the formation of micronuclei and the release of double stranded DNA (dsDNA) into the cytoplasm. Mitochondria can also be a source of cytoplasmic DNA and RNA upon genomic stress. AIM2 and NLRP3 are part of two distinct inflammasome complexes, responsible for the bioactivation of Caspase-1 (CASP1); activated CASP1 in turn cleaves and promotes the activation of IL-1β and IL-18, which leave the cell upon inflammasome-mediated pyroptosis. cGAS is the main protein responsible for cytoplasmic dsDNA recognition; upon dsDNA binding cGAS promotes the formation of cGAMP, which binds and activates STING; STING in turn promotes the activation of IRF3 and NF-kB transcription factors responsible for the expression of IFN1 and various cytokines. IFN1 is then able to leave the cell and interact with its receptor; this interaction leads to STAT1, STAT2 and IRF9 complex (ISGF3) translocation into the nucleus and transcription of interferon stimulated genes (ISGs). ISGF3 activation can also lead to expression of ancestor endogenous retroviruses (ERVs) in form of double stranded RNA (dsRNA). Cytoplasmic dsRNA is recognized by RIG-1 and MDA5, which trigger the activation of IRF3. On the other hand, Dicer can sense and cleave both cytoplasmic and nucleic dsRNA. IFI16 is an ISG able to recognize dsDNA and activate STING. ZBP1 promotes IRF3 and NLRP3 activation, and Caspase-8 (CASP8)-mediated necroptosis upon recognition of Z forms of dsDNA.


Upon conformational changes, STING translocates to the Golgi apparatus thereby inducing the activation of IRF3 and NF-κB, which function together in order to promote the transcription of cytokines like IFN1 (Ablasser and Chen, 2019; Li and Chen, 2018).

Interferons are a group of cytokines able to modulate the immune response and related inflammatory events. IFN1 shows autocrine, paracrine, and systemic functions and upon interaction with its receptor is able to induce the expression of more than 200 interferon stimulated genes (ISGs), which reinforce the expression of IFN1 leading to inflammation and innate immune signaling activation (Dunphy et al., 2018; Lee and Ashkar, 2018; Martin-Hijano and Sainz, 2020). Although the secretion of IFN1 can be beneficial for the resolution of viral infection events, the chronic exposure to this cytokine can influence stem cell proliferation and thereby induce functional defects. For example, chronic expression of IFN1 as a consequence of DNA damage has been shown to be a critical mechanism that connects DNA damage accumulation with premature aging and inhibition of intestinal stem cell function both in vitro and in vivo (Yu et al., 2015). Furthermore, IFN1 was shown to be implicated in proliferation and exhaustion of HSCs, and suppression of IFN signaling safeguards stem cell self-renewal and differentiation capacity providing the basis for potential improvements of bone marrow transplantation (Sato et al., 2009). Due to the large spectrum of ISGs produced upon IFN1 activation, the presence of this cytokine might be critical for the treatment of some cancer types leading to the regression of CSCs and an overall decrease in tumor viability (Doherty et al., 2017; Martin-Hijano and Sainz, 2020). In fact, IFNs have been shown to impede tumor expansion by inducing prolonged cell cycle arrest and angiogenesis downregulation (Shang et al., 2011). Furthermore, IFNs are fundamental regulators of the immune response against tumors as exemplified by the IFN1-mediated immunogenicity of tumor cells increasing the immune system recognition (Martin-Hijano and Sainz, 2020).

One of the main proteins related to genotoxicity and mediation of immune responses upon cytosolic double-stranded DNA (dsDNA) recognition is the DNA-sensing enzyme cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS) (Table 1). Activated cGAS promotes the conversion of ATP and GTP into cyclin GMP-AMP (cGAMP), which binds and activates STING (Xia et al., 2016).


TABLE 1. List of DNA and RNA sensors mentioned in this review, the relative downstream effect and examples of stem cell types shown to express these sensors.

[image: Table 1]In addition to cGAS, other key DNA sensors are known to be important modulators of STING-dependent IFN1 production (Table 1). An example is the IFNγ-inducible protein 16 (IFI16), which can recognize both cytosolic and nuclear dsDNA (Almine et al., 2017). Importantly, this protein is not only a DNA sensor but it is itself an ISG, and the activation of this positive feedback loop can further enhance the inflammatory response and immune activation triggered by DNA damage and cytosolic DNA recognition (Dunphy et al., 2018) (Figure 2). Hence, excessive accumulation of IFI16 may have important consequences on IFN1-related autoimmune diseases, such as systemic lupus erythematosus and Sjogren syndrome (Li et al., 2019). Interestingly, a recent study showed that upon etoposide-induced DNA damage, DNA damage response factors, such ATM and PARP1, are able to activate p53 and TRAF6, which assemble into a protein complex together with IFI16 outside the nucleus. This complex can then activate STING in a non-canonical way leading to a more pronounced activation of NF-κB compared to IRF3 (Dunphy et al., 2018). Importantly, a higher induction of NF-κB can result in the expression of various pro-inflammatory related-genes, adhesion molecules and cell cycle regulators, such as IL-6, TNFα, RANTES, CXCL10, MMPs and BCL-2 family proteins (Liu et al., 2017; Dunphy et al., 2018).

Both canonical and non-canonical activations of NF-κB are known to be involved in immune and inflammatory responses. Promotion of this family of transcription factors leads to expression of a broad range of molecules leading to inflammation as well as cell survival, proliferation, angiogenesis, cell adhesion and metastasis (Liu et al., 2017). It has been observed that genotoxic stress and NF-κB autocrine and paracrine signaling are able to influence mesenchymal and hematopoietic stem cell characteristics affecting their proliferation capacity and regeneration potential (Ping et al., 2019). Furthermore, chronic exposure to inflammatory molecules induced through activation of NF-κB has been associated with uncontrolled NSC proliferation with consequent risk of mutagenesis and hence cancer development (Widera et al., 2008). NF-κB is also known to be a powerful activator of immune cells through the secretion of several chemokines and cytokines (Hayden et al., 2006). Immune cell infiltration in normal tissue can compromise tissue homeostasis and physiological function. Indeed, a recent study showed that loss of sensory neurons and decreased olfactory function in chronic rhinosinusitis can be linked to a prolonged inflammatory state alongside immune cell infiltration (Chen M. et al., 2019). NF-κB deregulation can indeed lead to overexpression of specific cytokines and chemokines, such as CCL19 and CCL20, with consequent recruitment and proliferation of macrophages and T cells causing a loss in olfactory mucosa horizontal basal stem cell regeneration potential and tissue homeostasis in vivo (Chen M. et al., 2019).

Recent studies have also shown a strong relation between specific types of stem cells and cytosolic DNA sensors (Liao et al., 2020). For example, proteins of the cGAS-STING pathway might be highly expressed in hematopoietic stem and progenitor cells (HSPCs) allowing a quick response to stress events and thus becoming critical components of HSPC-driven hematopoiesis (Qian et al., 2016; Liao et al., 2020). Hence, dysregulation of this pathway may lead to myeloid malignancies and inflammation-related diseases such as cardiovascular and metabolic diseases (Liao et al., 2020). Furthermore, recent works showed that activation of STING enhances the formation of a stem cell-like memory phenotype in T cells with a potential beneficial effect for immunotherapy (Li et al., 2020). STING may also play a pivotal role in the differentiation of neuronal progenitor cells (NPCs) into neurons by sensing DNA damage during brain development (Zhang et al., 2020).

Z-DNA binding protein 1 (ZBP1), also known as DLM-1 and DAI (DNA-dependent activator of IFN-regulatory factors), is another potential cytoplasmic recognition receptor able to sense nucleic acids from endogenous and exogenous sources (Table 1). Its role as Z-DNA/Z-RNA sensor has been long questioned and further studies are required to elucidate its exact function in inflammation and cell death. However, it has been observed that its activation upon cytoplasmic DNA recognition is sufficient to induce the expression of IFN1 through the activation of IRF3 and IRF7, independently from STING, as well as to induce necroptosis and the NLRP3 inflammasome complex (Takaoka et al., 2007; Kuriakose and Kanneganti, 2018) (Figure 2). Importantly, an uncontrolled execution of necroptosis and the release of immunogenic molecules by dying cells may result in detrimental inflammatory responses further driving autoimmune and chronic diseases such as skin inflammation, pulmonary diseases, kidney fibrosis, cardiovascular diseases, and neurodegenerative disorders (Choi et al., 2019; Devos et al., 2020).



Inflammasome Activation and Cytokine Release

Activation of the inflammasomes, formed by innate immune system receptors and sensors (Guo et al., 2015), is another key event for the regulation and induction of inflammation. Upon sensing of PAMP and DAMP molecules inflammasomes are assembled by self-oligomerization into a caspase-1-activating scaffold leading to proinflammatory IL-1 family cleavage and bioactivation (Guo et al., 2015). Inflammasomes are mostly expressed by immune cells and the activation of caspase-1 is not only linked to pro-inflammatory cytokine promotion, but it is also a defining feature of a peculiar type of cell death called pyroptosis. This type of immunogenic cell death is caused by the formation of pores into the cell membrane that are generated upon cleavage of gasdermin D (Liu et al., 2016). This leads to a rapid plasma-membrane rupture and consequent release of proinflammatory molecules into the extracellular environment (Bergsbaken et al., 2009) (Figure 2). IL-1β together with IL-18 are the main pro-inflammatory cytokines produced upon inflammasome activation and after being released they can activate a broad spectrum of immunological and inflammatory responses (Strowig et al., 2012; Dinarello, 2018).

Different types of inflammasomes have been identified and described in literature (Schroder and Tschopp, 2010) and among them NLRP3 and AIM2 inflammasomes are the ones that are mostly related to DNA damage and cytokine release (Inoue and Shinohara, 2013; Wei et al., 2019). NLRP3 is part of the NLR protein family (He et al., 2016) and can be activated upon recognition of viral components as well as cytosolic danger signals (Zhao and Zhao, 2020). In the activated form, NLRP3 inflammasome is a multi-protein complex, constituted by NLRP3, ASC and procaspase-1, that is able to bioactivate IL-1β and IL-18 upon caspase-1 activation (Sharma and de Alba, 2021) (Figure 2). In particular, it has been observed that DNA damage in skin cells does not cause apoptosis but activation of a fibroblast-specific NLRP3 inflammasome and IL-1β secretion, which lead to defects in stem cell specification and consequent epithelial and dermal hyperplasia (Seldin and Macara, 2020). Similar results have been observed in human keratinocytes upon exposure to UV light. UV-induced DNA damage mediates an increase in NLRP3 gene expression and inflammatory cytokine production, such as IL-1β, IL-6 and TNFα, indicating that DNA damage induces the activation of NLRP3 inflammasome potentially leading to cutaneous tissue disorders (Hasegawa et al., 2016). Moreover, IL-1β and TNFα have been shown to affect adipogenic and osteogenic potential of murine mesenchymal stem cells (MSCs) in vitro, which might correlate with collagen-induced arthritis in vivo (Sullivan et al., 2014).

Like NLRP3, AIM2 inflammasome activation is also important for the recognition of cytosolic dsDNA (Table 1). Indeed, AIM2 is an HIN-200 protein family member able to activate caspase-1 upon sensing of cytoplasmic DNA (Fernandes-Alnemri et al., 2009). Similarly to the NLRP3 inflammasome, interaction of AIM2 with ASC allows the activation of procaspase-1 leading to IL-1β and IL-18 activation and pyroptosis induction (Hornung et al., 2009; Sagulenko et al., 2013) (Figure 2). Interestingly, a recent study showed that AIM2 can also sense radiation-induced DNA damage into the nucleus of epithelial and bone marrow cells leading to AIM2 inflammasome assembly (Hu et al., 2016). As a consequence, AIM2 inflammasome can promote caspase-1 activation, immunogenic cell death and release of mature cytokines into the surrounding environment (Hu et al., 2016). As mentioned previously, CSCs also strongly depend on their microenvironment and events, like pyroptosis, with the consequent release of IL-1β and IL-18 into the extracellular environment might potentially lead to stimulation of dormant CSCs, leading to increased tumor treatment resistance and metastases (Tulotta et al., 2019; Van Gorp and Lamkanfi, 2019). This further supports pharmacologic inhibition of IL-1β as a potential cancer treatment strategy (Tulotta et al., 2019).



Role of RIG-1-Like Receptors in dsRNA Sensing

The activation of nucleic acid sensors is not only limited to the recognition of cytosolic self-DNA but can also be induced by the presence of endogenous double-stranded RNA (dsRNA). Activation of retinoic acid-inducible gene 1 (RIG-1) like receptors (RLRs) can be triggered by both viral and host-derived RNAs leading to strong immune activation and inflammatory responses (Table 1) (Rehwinkel and Gack, 2020; Onomoto et al., 2021).

Several studies have shown a connection between the promotion of the IRF3-IFN1 axis and activation of RLRs in response to DNA damage. In particular, deregulation of both RIG-1 and MDA5 has been associated to autoimmune and inflammatory diseases induced by a STING-mediated IFN1 production (Ghosh et al., 2018; Onomoto et al., 2021).

Although why and how dsRNA is being released after DNA damage largely remains to be elucidated, recent studies showed an activation of latent endogenous retroviruses (ERVs) upon irradiation and DNA DSB formation. ERVs are originated from retroviruses that are thought to have infected early ancestor’s germ cells millions of years ago and most of these ERVs are normally silent or suppressed (Gao et al., 2021). However, it has been observed that after stress events, such as ionizing radiation-induced DNA damage, there is an activation of these dormant genes with consequent formation and release of dsRNA and IFN1 expression through the activation of STING (Lee et al., 2020). The promotion of these ERVs upon DNA damage may enhance the activation of transcription factors leading to innate immunity activation and secretion of molecules with similar consequences as the ones observed upon dsDNA recognition and cytosolic DNA sensor activation (Figure 2).

Another protein involved in dsRNA sensing is the endoribonuclease Dicer (Table 1), this enzyme is usually required for the processing and maturation of miRNAs (a class of small ncRNAs important for the regulation of gene expression at the post-transcriptional level) (Kuehbacher et al., 2007). However, recent studies showed its essential role also in the recognition and clearance of dsRNA localized in both the cytoplasm and the nucleus (Much et al., 2016; Burger et al., 2017). In fact, its downregulation has been shown to correlate with dsRNA accumulation and consequent IFN1 production in vitro (White et al., 2014). Interestingly, Dicer and its isoform (aviD) (Poirier et al., 2021) have been shown to be upregulated in NSCs, embryonic stem cells and adult intestinal stem cells (Kawase-Koga et al., 2010; Park et al., 2017; Gurung et al., 2021), and knock down of aviD has been shown to be related to higher levels of stem cell apoptosis upon viral infection (Poirier et al., 2021). Moreover, a DNA damage-inducible phospho-switch of Dicer has been linked with accumulation of this protein into the nucleus and consequent dsRNA clearance and prevention of RLR activation (Burger et al., 2017). Although central in dsRNA clearance upon viral infection, it remains unknown whether Dicer and aviD might play a role in the modulation of DNA damage-induced IFN1 expression in both normal and cancer stem cells.



Role of Mitochondrial DNA in Inflammation and Immunity

Mitochondria are dynamic and essential organelles important for cellular bioenergetic maintenance, calcium metabolism and apoptotic processes (Detmer and Chan, 2007), and a proper function of this organelle is also important for stem cell self-renewal and differentiation (Zhang H. et al., 2018). Next to the DNA in the nucleus, also mitochondria contain several copies of their own circular DNA and changes in mitochondrial DNA (mtDNA) are often implicated in gene expression alterations, loss of tissue function, cancer and diseases (Singh et al., 2015; Castellani et al., 2020). DNA damage has been associated to mitochondrial dysfunction either via direct damage to the mtDNA or via depletion of nicotinamide adenine dinucleotide (NAD+) through activation of PARP1, a DDR protein that consumes NAD+, causing an imbalance in energy levels (Schumacher et al., 2021). Other processes such as DNA damage-associated defects in mitophagy and mtDNA replication might also contribute to mitochondrial dysfunction (Fang et al., 2014).

Mitochondrial disfunction and the consequent mtDNA leakage into the cytoplasm have been related to inflammatory responses upon activation of DNA sensor molecules. Similar to cytosolic self-DNA, recognition of cytosolic mtDNA can trigger the induction of inflammatory pathways, such as cGAS and NOD-like receptors leading to STING activation, promotion of IFNβ expression, release of NF-κB-related cytokines release as well as increased transcription and activation of IL-1β and IL-18 (Dib et al., 2015; Mussil et al., 2019; Guo et al., 2020). As mentioned previously, the release of these pro-inflammatory cytokines into the stem cell microenvironment can strongly affect stem cell function and self-renewal. Additionally, mitochondria are a major source of ROS and mitochondrial dysfunction can lead to the release of ROS, which in turn further damages the mitochondria and their mtDNA reinforcing the associated inflammatory response. Interestingly, specific inhibition of mitochondrial ROS was shown to prevent the activation of the NLRP3 inflammasome (Chen et al., 2018).

Furthermore, DSBs of mtDNA upon genotoxic events have been associated with mitochondrial disfunction and consequent mitochondrial RNA (mtRNA) release thereby triggering RIG-1-dependent pathways. Recognition of cytoplasmic mtRNA leads to IFN1 activation and ISG promotion in order to cope with the damaged mtDNA emphasizing the importance of mitochondria-nucleus communication and immunity activation (Tigano et al., 2021). In conclusion, release and recognition of mtDNA upon DSBs can trigger similar immunostimulatory events as the ones observed upon recognition of cytoplasmic self-DNA suggesting that also mtDNA can potentially be implicated in stem cell functional defects and immunity activation. The specific role of mtDNA recognition in inflammation has been recently reviewed by Riley and Tait (2020) (Figure 2).



IMMUNE CELL INFILTRATION IN THE STEM CELL MICROENVIRONMENT

The immune system works as the main body’s line of defense against pathogens, toxins and tumors while simultaneously being involved in other cellular processes such as tissue development, homeostasis, and repair. The immune response is traditionally classified into innate and adaptive (Vivier and Malissen, 2005). The innate immune cells, such as natural killer cells, mast cells and phagocytic cells, are activated by PAMPs and DAMPs and their non-specific response includes phagocytosis, cell locomotion, killing of pathogens or cells and cytokine production. On the other hand, the adaptive immune response is antigen specific and able to create a long-term immunological memory mediated by cells, like dendritic cells, specialized T cells and B cells (Netea et al., 2020). Interestingly, the innate immune response can be also mediated by stem cells such as HSCs. Indeed, it has been shown that HSCs can create an epigenetic memory in response to genotoxic stress or pathogens and that IFNγ can specifically lead to proliferation and myeloid-biased progenitor differentiation during an innate immune response to infection (Aurora and Olson, 2014; Matatall et al., 2014).

As previously described pathways related to immune cell activation and DNA damage recognition are strongly interconnected and the release of immune modulators upon DNA damage responses can recruit and activate immune cells emulating pathogen infections or tissue injury. An uncontrolled infiltration of immune cells may severely compromise stem cell self-renewal capacity by affecting the local stem cell microenvironment leading to a loss in cellular homeostasis in healthy organs and tissues (Naik et al., 2018). Indeed, it has been observed that infiltration of macrophages can influence skeletal muscle regeneration by affecting the activity and recruitment of fibroadipogenic progenitor cells into the injury site (Low et al., 2017; Dort et al., 2019).

Macrophages are highly dynamic and essential innate immune cells implicated in tissue homeostasis and regeneration. Their activity is highly controlled by specific signals and their polarization toward a proinflammatory (M1) or anti-inflammatory (M2) phenotype is strongly dependent on the presence of specific cytokines within the environment (Barcellos-Hoff et al., 2005). Pro-inflammatory macrophages are mostly induced my microbial elements as well as TLR ligands and cytokines such as IFNs and TNFα, while anti-inflammatory macrophages can be induced by cytokines like IL-4 and IL-13 (Barcellos-Hoff et al., 2005; Viola et al., 2019). IRFs and NF-κB are the main transcription factors involved in cytokine and chemokine release and chronic activation of these pathways upon DNA damage can thereby influence the recruitment and functionality of unpolarized macrophages (Platanitis and Decker, 2018) (Figure 3, points 1–3).


[image: image]

FIGURE 3. Infiltration of immune cells into the normal stem cell and cancer stem cell niche. DNA damage can trigger the release of various cytokines and chemokines into the microenvironment (1); these can lead to migration and recruitment of macrophages (2) that exit the circulation and infiltrate into the tissue (3). The inflammatory microenvironment is then able to trigger the polarization of these macrophages (4) into M1 or M2 subtypes. Tissue-resident macrophages are normally present into the stem cell microenvironment, and they are important for the maintenance of the stem cell niche (5). The tumor microenvironment can lead to recruitment of various immune cells (6); tumor associated macrophages (TAM) can secrete inflammatory cytokines important for tumor growth and expansion (7); natural killer (NK) cells can potentially recognize and eliminate cancer stem cells (CSC) upon infiltration (8). T-cells can infiltrate into the normal stem cell niche (9) influencing stem cell proliferation and homeostasis; some types of stem cells are able to secrete molecules able to inhibit activation and differentiation of infiltrated T-cells (10).


Other immune regulatory cells, such as MSCs, are able to differentiate into a variety of cell types promoting repair and remodeling of tissues such as bone, cartilage, muscle, adipose and connective tissues (DiMarino et al., 2013; MacDonald and Barrett, 2020). MSCs foster the regeneration of these tissues by controlling immune cell activation, angiogenesis, and extracellular matrix deposition (DiMarino et al., 2013). Recent studies showed that inflammatory cytokines produced by polarized macrophages (Figure 3, point 4) can influence migration and differentiation of human MSCs toward an osteoblastic lineage essential for effective bone tissue regeneration and spinal cord repair (Maldonado-Lasunción et al., 2018; Vallés et al., 2020). Furthermore, it has been shown that MSCs can maintain tissue homeostasis upon injury by inhibiting macrophage activity and T-cell mediated immune responses and thus preserving the activity of corneal epithelial precursor cells (Ko et al., 2020).

Macrophage’s polarization has been suggested to influence not only MSCs but also HSC self-renewal capacity and quiescence status. In fact, macrophages are essential regulators of HSC pool size and mobilization, and the cytokines produced by pro-inflammatory macrophages can directly affect haematopoiesis by acting on the HSC niche and function (McCabe and MacNamara, 2016; Seyfried et al., 2020). It has been described that in physiological conditions tissue resident-macrophages positively contribute to bone marrow homeostasis by promoting HSC niche maintenance and activity. Indeed, these tissue-resident immune cells can produce matrix metalloproteinases in order to degrade the matrix that surrounds HSCs leading to HSC escape into the circulation (Winkler et al., 2010). However, another study showed that resident macrophages are also important for the retention of HSCs in the spleen through the expression of adhesion molecules (Figure 3, point 5). Thus, this demonstrates that elimination of tissue resident macrophages can cause HSC escape into the circulation influencing extramedullary hematopoiesis (Dutta et al., 2015).

The dual proinflammatory and anti-inflammatory feature that macrophages can acquire upon infiltration plays a pivotal role in tissue homeostasis and stem cell function. This seems to be particularly important also for the CSC niche and tumor progression. Macrophage infiltration has been recently associated with many types of tumors and their presence in the tumor environment together with their paracrine signaling have been linked to glioblastoma growth and spread of the CSC phenotype (Shi et al., 2017). Recent works have observed a correlation between the presence of tumor associated macrophages (TAMs) and CSC niche modification and expansion. TAMs are crucial components of the tumor microenvironment, able to exert pro-tumor features through the activation of specific signaling pathways and secretion of a broad range of inflammatory cytokines. For instance, it has been observed that TAMs are able to physically interact with CSCs leading to induction of NF-κB and release of cytokines for the sustainment of the CSC phenotype (Lu et al., 2014). Furthermore, TAMs are also able to promote CSC-like properties through the secretion of higher levels of TGFβ1 compared to other type of macrophages (Fan et al., 2014). Lastly, the presence of TAMs has been positively associated with CSC density in human tumors and the consequent release of pro-inflammatory cytokines has been correlated with an increase of CSC-like cells and invasiveness (Fan et al., 2014) (Figure 3, point 6–7).

Unlike macrophages, natural killer (NK) cells possess abilities to infiltrate and selectively kill CSCs. They are major effectors of innate immunity and therefore able to display a strong cytolytic activity against many tumors or virus-infected cells. Although the role of NK cells in cancer surveillance remains still under debate, recent in vivo and in vitro studies suggested that NK cells may be able to specifically detect CSCs through the recognition of surface markers leading to a possible decrease in tumor malignity (Tallerico et al., 2017). Furthermore, reduced function of NK cells has been associated with increased risk of developing tumors together with an increased risk in tumor-related mortality (Luna et al., 2017) (Figure 3, point 8).

T cells coordinate multiple adaptive immune responses and are responsible for the recognition of pathogens, antigens and tumors. They originate from bone marrow progenitor cells and upon maturation in the thymus migrate to the periphery of the body in order to exert their patrolling functions. Upon antigen encounter, T cells are able to differentiate into effector cells, a key event for the elimination of pathogens through the production of several cytokines and cytotoxic mediators (Kumar et al., 2018; Goswami and Awasthi, 2020). It has been shown that MSCs can influence T cell proliferation and differentiation in vitro through the secretion of a number of soluble factors (Duffy et al., 2011). Galectin-1 in particular is highly expressed by MSCs and able to directly inhibit T cell activation. Indeed, knockdown of this protein in vitro has been shown to partially rescue proliferation of both killer and helper T lymphocytes (Gieseke et al., 2010). T cells can differentiate into different subsets of cells; however, dysregulation of this process can lead to immunological deficiencies and autoimmune diseases. For example, it has been observed that NPCs are able to selectively inhibit differentiation of pathogenic T cells through the expression of leukaemia inhibitory factor (LIF) receptors providing potential new insights into multiple sclerosis (Cao et al., 2011). On a separate study, using scRNA sequencing T cells have been shown to infiltrate the adult sub-ventricular zone NSC niche during aging. T cells in old brains secrete IFNγ which promotes a decrease in proliferation of NSCs in both co-culture experiments and in vivo (Dulken et al., 2019) (Figure 3, point 9).

Furthermore, MSCs are also able to indirectly modulate T cell activity by affecting maturation and differentiation of antigen presenting cells, such as dendritic cells, important for antigen processing and presentation (Jiang et al., 2005). While neoantigen presentation has been mostly studied in cancer (stem) cells with a focus on T cells and the expression of major histocompatibility complex I (MHC-I) after radiation- or chemotherapy-induced DNA damage in connection with an increased mutational load and subclonal neoantigen generation (McLaughlin et al., 2020), little is known about DNA damage and neoantigen presentation in normal tissue-specific stem cells and their microenvironment (Figure 3, point 10).



THE DUAL ROLE OF CELLULAR SENESCENCE IN STEM CELL FUNCTION

Cellular senescence is described as an irreversible state of growth arrest triggered by a number of oncogenic events, such as telomere shortening, chromatin perturbation, replication stress, DNA damage and chronic exposure to anti-proliferative cytokines like IFNβ. Unlike quiescence, the senescence state is permanent and cannot be reversed by known physiological stimuli (Campisi and D’Adda Di Fagagna, 2007; Collado et al., 2007). Senescent cells undergo morphological changes accompanying by apoptosis resistance and an altered gene expression pattern that leads to deep metabolic reprogramming and secretion of a wide range of soluble and insoluble factors collectively named senescence-associated secretory phenotype (SASP) (Herranz and Gil, 2018). Furthermore, senescence is associated with persistent DDR activation often correlated with high expression of cell-cycle inhibitors, such as p21 (also termed CDKN1a) and p16 (also termed CDKN2a) (Campisi and D’Adda Di Fagagna, 2007; Faget et al., 2019).

The SASP is a common feature of senescent cells, able to induce paracrine signaling through the secretion of factors including inflammatory cytokines and chemokines. Importantly, it has been observed that there is not a singular SASP phenotype and its composition can change depending on the senescence-inducing triggering factor and cell type (Gonzalez-Meljem et al., 2018). Recent studies have demonstrated that a prolonged DDR activation (Fumagalli et al., 2014) as well as activation of previously mentioned DNA damage-related mechanisms, such as cGAS/STING (Yang et al., 2017), inflammasomes (Yin et al., 2017) and mitochondrial stress pathways (Passos et al., 2007), are able to induce autocrine and paracrine senescence of neighboring cells through the secretion of SASP factors. The promotion of these pathways seems to converge on C/EBPB and NF-κB activation, responsible for the direct regulation of inflammatory cytokine expression and release, in particular IL-8, IL-6 and IL-1α (Herranz and Gil, 2018). IL-1 signaling has been linked to in vivo paracrine senescence upon activation of the inflammasome complex (Acosta et al., 2013), while IL-6 and IL-8 are specific interleukins able to act in a paracrine manner to promote senescence development, and their depletion has been shown to prevent senescence entry in vitro (Kuilman et al., 2008). Furthermore, STING activation and a sustained IFNβ signaling also cause senescence. Indeed, it has been shown that acute IFNβ stimulation can reversibly arrest cell growth while its chronic stimulation leads to p53-dependent cell cycle arrest and subsequent senescence (Moiseeva et al., 2006).

Although stem cells are able to divide and renew over a long period of time, they are also susceptible to cell cycle arrest and senescence upon exposure to genotoxic stress thereby affecting tissue regeneration and homeostasis (Vitale et al., 2017). A clear example is given by radiation induced-DNA damage, which can promote senescence in different types of stem cells (Chen Z. et al., 2019). In a recent study it has been observed that irradiation induces senescence of bone marrow-derived mesenchymal stem cells (BMSCs), which can be associated with decline in bone formation, a typical side effect of anticancer therapies. Importantly, the secretion of SASP components by senescent BMSCs worsens bone marrow remodeling by inducing osteogenic differentiation dysfunction via paracrine signaling. SASP can therefore be a potential target to ameliorate radiation-induced bone loss (Bai et al., 2020). Although quiescent HSCs are relatively radioresistant, they can be affected by radiation-induced ROS production (Shao et al., 2014; McBride and Schaue, 2020). Indeed, HSCs appear to be quite sensitive to oxidative stress generated upon irradiation or through the activation of proinflammatory pathways (McBride and Schaue, 2020). These events can cause HSCs to undergo premature senescence leading to long-term bone marrow suppression and decrease repopulation capacity (Shao et al., 2014). Cellular senescence has also been identified in NPCs of primary progressive multiple sclerosis (MS)-derived tissue linking DNA damage to remyelination failure and thus offering potential new treatments against MS (Nicaise et al., 2019). In salivary glands irradiation is able to induce accumulation of senescent cells in or near the salivary gland stem and progenitor cell (SGSC) niche both in vitro and in vivo leading to tissue-specific functional impairment. Selective elimination of senescent cells was shown to improve the self-renewal of SGSCs and to partially rescue salivary secretion activity (Peng et al., 2020). Furthermore, SASP release has been shown to play a pivotal role in salivary gland homeostasis and function upon radiation-induced senescence (Marmary et al., 2016). Sustained expression of IL-6 in particular is known to be essential for both induction of senescence and tissue hypofunction. However, exposure to this cytokine prior irradiation has been shown to enhance DNA repair preventing senescence and salivary gland dysfunction (Marmary et al., 2016). Senescence and SASP promotion can also cause perturbation of the intestinal stem cell niche contributing to potential gastrointestinal disorders, inflammation and carcinogenesis upon heavy ion irradiation and DNA damage (Kumar et al., 2019).

In contrast to normal tissue-specific stem cells, due to its pro-inflammatory features, cellular senescence plays a pivotal role in cancer promotion and stemness. SASP can create an immunosuppressive environment driving tumorigenesis, tumor progression and metastasis (Faget et al., 2019). In multiple myeloma, the release of chemokines, like IP-10 and RANTES, by senescent cells was shown to favor the emergence and maintenance of cancer stem-like cells (Cahu et al., 2012). In CSCs, a gain of stem cell-like features can severely impact tumor progression and aggressiveness. A recent study showed that chemotherapy-induced senescence can lead to a significant upregulation of stem-cell like markers, such as Kit and Sca1, in senescent cells compared to non-senescent cells thereby leading to a much more aggressive tumour phenotype (Milanovic et al., 2018).

Although senescence and SASP are generally associated with aging-related diseases and tumorigenesis, recent studies have also brought to light a positive impact of senescence and SASP in the regeneration and cell reprogramming of some tissues. In acute and chronic muscle injury, cellular plasticity and skeletal muscle reprogramming were shown to be promoted by muscle-damage-induced senescence and SASP release (Chiche et al., 2017). Furthermore, it has been observed that transient exposure to SASP factors promotes cell plasticity, tissue regeneration and stemness while chronic SASP exposure counteracts the regeneration stimuli by inducing cell cycle arrest. Specifically, Ritschka et al. (2017) showed that incubation of primary mouse keratinocytes with conditioned medium from oncogene-induced senescent cells during a short-term period of 2 days led to increased stem cell features and that transplantation of these cells generated more hair follicles compared to untreated cells. However, upon a prolonged exposure to the same SASP both cell-intrinsic and paracrine senescence was observed (Ritschka et al., 2017). Similar findings have been reported by Mosteiro et al. (2018), whose work showed that senescence is important for in vivo tissue reprogramming mediated by OCT4, SOX2, KLF4, and MYC (OSKM), four transcription factors used to reprogram somatic cells into iPSCs (Cai et al., 2015; Cevallos et al., 2020). Following this approach, the authors found that paracrine secretion of IL-6 and other soluble factors is essential for the reinforcement of cellular senescence and regeneration upon damage in vivo (Mosteiro et al., 2018). This has been recently observed also in fibro-adipogenic progenitor cells highlighting the importance of SASP and senescence in tissue remodeling and plasticity (Saito et al., 2020). Senescence is clearly a powerful mechanism important not only for cell cycle arrest but also for the induction of a state of regenerative inflammation that enhances tissue repair and function upon DNA damage.



CONCLUDING REMARKS

DNA damage profoundly affects the inflammatory microenvironment where stem cells reside, which can have detrimental consequences for their maintenance and long-term function. Indeed, it has been shown that DNA damage-induced immunostimulatory events can lead to tissue-specific stem cell exhaustion leading to degenerative conditions. Conversely, the release of specific cytokines can also positively impact tissue-specific stem cell plasticity and regeneration of damaged tissues in addition to enhance CSC activity leading to tumor progression.

This review provides an overview of the main biological mechanisms linked to changes in the stem cell microenvironment and activation of immune processes upon DNA damage induction. Although recent findings have brought to light new insights into these DNA damage-related inflammatory events, some questions remain unanswered. For instance, it is still not clear how to exploit the production of inflammatory cytokines in order to promote on one side immunostimulatory responses against the tumor and on the other side immunosuppressive responses against aging-related degenerative conditions. Especially since the activation of DNA and RNA sensors might change depending on the specific stimulus and cell type. For example, it has been shown that cytosolic DNA in keratinocytes of psoriatic lesions or exposure of hematopoietic cells to ionizing radiation can both trigger the activation of the AIM2 inflammasome (Dombrowski et al., 2011). However, exposure of keratinocytes to UVB has been shown to induce NLRP3 and cGAS activation with consequent production of a broad spectrum of cytokines including IL-1, IL-6, TNFα, and IFN1 (Hasegawa et al., 2016; Li et al., 2021). These studies exemplified how different stimuli can trigger the activation of different sensors within the same cell type. Whether such observations might also apply to adult stem cells and their self-renewal capacity leading to organ-/tissue-specific outcomes remains to be elucidated.

DNA damage-induced senescence plays a pivotal role in cell cycle arrest and can be used as a barrier against tumor expansion; however, due to the accompanying SASP, it is also responsible for loss of tissue function, aging-related diseases and tumor progression. Therefore, further studies are required to understand how to properly modulate the exposure to SASP factors toward the promotion of a regenerative state and against detrimental effects, such as paracrine senescence of neighboring cells and chronic inflammation. Furthermore, it would be interesting to explore how different types of DNA damage can influence senescence and its SAPS phenotype in different adult stem cells. It has been shown that the SASP associated with radiation-induced DNA damage can differ from SASP induced by other stress factors, such as mitochondrial dysfunction (Wiley et al., 2016; Aratani et al., 2018). Moreover, p53 plays a central role in the DDR and its activity is essential for the prevention of cancer development by promoting cell death and senescence (Mijit et al., 2020). However, it has been shown that in some types of adult stem cells, such as hair follicle bulge stem cells and HSCs, reduced p53 activation upon irradiation mediates resistance to apoptosis or senescence (Sotiropoulou et al., 2010; Insinga et al., 2013) indicating that DDR proteins can actually trigger distinct responses in different types of stem and progenitor cells (Lee et al., 2013).

Further understanding of DNA damage immunomodulatory mechanisms, cell- and stimulus-specific variability might unravel novel strategies to regulate the stem cell microenvironment. Recently developed 3D in vitro models, such as organoids and organs-on-a-chip (OOC), represent innovative strategies to address these questions by closely resembling the normal and cancer stem cell microenvironment. Furthermore, organoid co-culture systems and assembloids, organoids generated by incorporating multiple cell types or by fusing organoids of different identities (Vogt, 2021), can be used to study the interaction between immune cells and normal or cancer stem cells upon genotoxic stress. For instance, OOC allow to mimic the combined response to several stimuli and environmental changes by using multiple cell types/stimuli in different chambers (Wu et al., 2020; Almela et al., 2021). These advanced 3D in vitro models together with 3D bioprinting techniques, which can reproduce complex tissue structures by using a combination of multicomponent bioinks and cell types (Almela et al., 2021), allow to generate a similar organizational complexity to in vivo tissues/organs with the ability to regulate key parameters, such as tissue interactions, concentration gradients and cell patterning (Wu et al., 2020; Almela et al., 2021).

As mentioned in this review, genotoxic stress can affect the stem cell microenvironment leading to stem cell exhaustion, likely through a combination of a decline in cell number and functional capacity, with the emergence of aging-related pathologies (Schumacher et al., 2021). On the other hand, due to their self-renewal properties, CSCs are also affected by DNA damage and the associated inflammatory microenvironment, which can worsen tumor control and treatment efficacy. Understanding the mechanistic links between stem cell properties and microenvironmental changes initiated upon DNA damage will be critical to counteract the functional decline of adult stem cells in aging-related diseases and effectively diminish CSC activity and expansion.
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