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Abstract
Human B cells can be divided into four main subsets based on differential expression of immunoglobulin (Ig)D and CD27. IgD-CD27- double negative (DN) B cells make up a heterogeneous group of B cells that have first been described in relation to aging and systemic lupus erythematosus but have been mostly disregarded in B cell research. Over the last few years, DN B cells have gained a lot of interest because of their involvement in autoimmune and infectious diseases. DN B cells can be divided into different subsets that originate via different developmental processes and have different functional properties. Further research into the origin and function of different DN subsets is needed to better understand the role of these B cells in normal immune responses and how they could be targeted in specific pathologies. In this review, we give an overview of both phenotypic and functional properties of DN B cells and provide insight into the currently proposed origins of DN B cells. Moreover, their involvement in normal aging and different pathologies is discussed.
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1. Introduction
Traditionally, B cells are recognized for their role in humoral immune responses directed by antibody-secreting cells (ASCs), including plasma cells and plasmablasts. In addition, B cells exert antibody-independent functions including cytokine production, antigen presentation and costimulation in the induction of T cell responses (as reviewed in [1-3]). Multiple B cell subsets exist that can be identified in humans with the pan B cell marker CD19 together with IgD and/or CD27 expression depending on their maturation state [4]. Precursor B cells develop from hematopoietic stem cells to immature B cells in the bone marrow and further mature in the periphery into naive B cells (CD19+IgD+CD27-) [5]. After antigen recognition in the secondary lymphoid organs, naive B cells differentiate into memory B cells (CD19+CD27+) and ASCs (CD19+IgD-CD27+/hi). In T cell-dependent or germinal center (GC) dependent B cell responses, GCs are formed in which B cell proliferation, immunoglobulin (Ig) isotype switching and affinity maturation through somatic hypermutation of Ig genes take place. High-affinity B cells are hereby selected via interaction with follicular dendritic cells and antigen-specific follicular helper T cells (as reviewed in [6-9]). The output of this GC reaction consists out of high-affinity switched memory (SM) B cells (CD19+IgD-CD27+) and long-lived plasma cells. In the extrafollicular T cell-independent or GC-independent pathway, innate stimuli such as Toll-like receptor (TLR) signals lead to the development of unswitched memory (USM) B cells (CD19+IgD+CD27+), short-lived plasmablasts but also long-lived plasma cells [10-12]. Double negative (DN) B cells (CD19+IgD-CD27-) make up a small, poorly understood B cell subset that was first described in systemic lupus erythematosus (SLE) patients [13] and aged individuals [14]. This subset has gained interest in recent years due to its elevated frequency in patients with autoimmune and infectious diseases and its association with pro-inflammatory and autoimmune characteristics. Recently, multiple DN subsets have been described in diseases. However, the origin and functional properties of DN B cells and DN subsets remain largely unknown. In this review, we describe the general characteristics of DN B cells and discuss current hypotheses about the origin and function of DN B cells and DN subsets. Furthermore, we provide an overview of their association with diseases in terms of DN B cell frequencies and clinical correlations.

2. General characteristics of DN B cells
DN B cells are generally described as antigen-experienced and mostly Ig isotype switched B cells. However, they are similar to naive B cells in their lack of CD27 expression. CD27 is a member of the tumor necrosis factor (TNF) receptor superfamily that interacts with CD70 on activated helper T cells and facilitates memory B cell differentiation into plasma cells [15]. Nevertheless, as IgD is downregulated after Ig isotype switching of activated B cells [16], the lack of IgD on DN B cells suggests that they underwent Ig isotype switching similar to SM B cells. Indeed, we and others previously reported that the majority of circulating DN B cells of young and aged healthy donors (HD) and multiple sclerosis (MS) patients is IgG+, similar to SM B cells [14,17,18]. In addition, expression of the developmental markers CD10, CD24 and CD38 was similar between DN and SM B cells of SLE patients [19]. In HD and MS patients, DN B cells showed similar expression of CD10 as SM B cells, but higher CD38 and CD5 expression and lower CD95 expression [18]. Further resemblance with SM B cells was seen when analyzing the expression of the ATP-binding-cassette-B1 transporter (ABCB1). Both in aged HD and SLE patients, DN B cells were negative for ABCB1, similar to SM B cells, and in contrast to naive and USM B cells [14,19,20]. Additionally, the telomere length of DN B cells was highly similar to that of SM B cells and significantly shorter than that of naive and USM B cells [14]. Morphologically, DN B cells of HD appeared to be highly similar to USM and SM B cells in terms of size and granularity, which were significantly higher compared to those of naive B cells [21]. Interestingly, increased frequencies of DN B cells were found after vaccination against influenza or tick-borne encephalitis virus, suggesting an antigen-driven maturation process of DN B cells upon stimulation [22]. Moreover, as affinity maturation of B cells in a GC reaction results in somatically mutated Ig genes, the finding of a significant level of somatic hypermutation in the Ig heavy chain variable (VH) genes of DN B cells further emphasizes their antigen-experienced nature [18,19].
Multiple studies in normal aging and infectious diseases have evidenced that, at least part of, DN B cells are exhausted cells due to repeated antigenic stimulation. In young and aged HD, circulating DN B cells showed low expression of the anti-apoptotic protein B cell lymphoma 2 (Bcl2) [14] as well as expression of the senescence-associated secretory phenotype markers TNF-α, interleukin (IL)-6 and IL-8 (pro-inflammatory cytokines), p16INK4 (cell cycle regulator) and the inflammatory micro-RNAs (miR) miR-155, miR-16 and miR-96 [23]. In addition, DN and CD20hiCD27-CD21lo B cells have been reported to express multiple inhibitory receptors (e.g. FcRH3-5, CD22, CD85j) in HIV- and malaria-infected individuals, anti-SARS-CoV-2 immunized individuals and young and aged HD [24-28]. However, DN B cells lacking inhibitory receptor expression have been described in the autoimmune diseases SLE and Hashimoto’s thyroiditis [19,29].
Thus, DN B cells can be defined as memory cells as they resemble SM B cells in their telomere length, expression of Ig isotypes, developmental markers and ABCB1, and in their somatically hypermutated Ig genes. Part of the DN B cells shows characteristics of exhausted cells in aged and virally infected individuals, while it is suggested that DN B cells in autoimmune diseases have a higher activation state. However, more research is needed to support this.   

3. Classification of DN subsets
The greatest difficulty in interpreting DN B cell studies is the lack of consensus regarding their classification. DN B cells are made up of multiple subsets with different origins and functional capacities [18,30]. Furthermore, DN B cells overlap to some extent with CD21-/low or CD11chi age-associated B cells (ABCs) or atypical memory B cells [31]. Additionally, various phenotypes of DN B cells have been described using CD11c, CD21, T-box expressed in T cells (T-bet) and C-X-C chemokine receptor (CXCR)5. In this review, we focus on human DN B cells defined as CD19+IgD-CD27- B cells unless mentioned otherwise. 
In 2018, the Sanz group identified two separate DN subsets, namely DN1 and DN2, in SLE patients and HD. DN1 cells were defined as CD19+IgD-CD27-CD11c-CD21+CXCR5+ and DN2 as CD19brightIgD-CD27-CD11c+CD21-CXCR5- [32]. Increased proportions of DN B cells in SLE patients were ascribed to the DN2 subset, which could differentiate into autoantibody-producing plasma cells driven by TLR7 stimulation. DN2 cells were also characterized by expression of the transcription factor T-bet and therefore closely resemble CD21-/low or CD11chi ABCs that were previously described in relation to immune aging [33], infectious diseases and autoimmunity (reviewed in [31]). In 2020, a third subset of CD19+IgD-CD27-CD11c-CD21-CXCR5- DN3 cells was identified by the same group in COVID-19 [34]. DN1-3 subsets were thereafter confirmed by others in COVID-19 patients [35,36] and HD [30]. In addition, another group recently classified DN B cells into three populations based on CXCR5 and CD19 expression: CD19intIgD-CD27-CXCR5+ (DNint), CD19hiIgD-CD27-CXCR5- (DNhi) and CD19lowIgD-CD27-CXCR5+ (DNlow) [37]. DNint and DNhi shared phenotypic characteristics with DN1 and DN2 cells, respectively, whereas DNlow cells were described as a new antigen-experienced DN B cell subset that was increased in SLE, lacked CD11c expression but shared the phenotype and transcriptome with plasmablasts. However, more studies are needed to validate this new DNlow subset and how it relates to the previously described DN1-3 cells [37]. 

4. Possible origins of DN B cells
Different hypotheses exist on the potential origin of the three DN subsets, which are summarized in Figure 1. 
4.1 DN B cells originate from early termination of the GC reaction
Most DN B cells show signs of a GC reaction, namely in their Ig isotype-switched phenotype and somatically mutated Ig genes [18,19]. DN1 cells express CXCR5, a chemokine receptor involved in migration to lymphoid follicles [32]. Moreover, the number of cell divisions and Ig mutations was similar for IgG+CD27- B cells (proportion of DN1 cells) and GC B cells [38]. However, the Ig mutation load of DN B cells was shown to be lower than that of SM B cells in multiple studies [17-19,21]. When analyzing Ig isotype-specific DN B cells, class-switched (IgA+ and IgG+) CD27- B cells did show significantly higher Ig VH mutation levels than naive and USM B cells but lower levels compared to SM B cells [21]. This could point towards a premature exit of the GC reaction by DN B cells and more specifically DN1 cells. Consequently, DN B cells (especially DN1) could be precursor CD27+ memory cells that are in an earlier developmental state. In this regard, high-throughput Ig VH repertoire analysis indicated bidirectional developmental pathways between DN and SM B cells with some genealogical trees pointing to DN B cells as the progenitor of SM B cells [21]. In the same study, Ig complementarity determining region (CDR)3 regions of DN B cells were smaller, more hydrophilic and basic when compared to those of naive B cells, but larger, more hydrophobic and more acidic than those of USM and SM B cells. Recently, single-cell RNA sequencing velocity analysis showed a high flow from DN1 cells towards SM B cells, further suggesting a role for DN1 cells as SM precursors [30].
4.2 DN B cells originate from SM B cells
DN B cells can also develop from SM B cells. We previously showed a small clonal overlap between DN and SM B cells (0.2-2.2%) using adaptive immune receptor repertoire (AIRR) sequencing [18]. The clonally related cells had a similar mutation load, suggesting that a small proportion of DN B cells could be derived from SM B cells. Another AIRR sequencing study also demonstrated clonal relationships between DN and SM B cells with some genealogical trees pointing towards SM B cells as the progenitor of DN B cells [21]. Hereby, no significant differences were present in Ig VH gene family usage, types and locations of Ig mutations between class-switched DN and SM B cells. The authors concluded that most class-switched DN B cells were memory cells that acquired Ig mutations through a similar mechanism as GC-derived SM B cells. Additionally, a similar transcriptomic profile was reported for DN1 and SM B cells with only 22 differentially expressed genes [32]. More recently, single-cell RNA sequencing analysis showed a high flow from SM B cells towards DN1 cells [30]. Similarities between DN and SM B cells have also been discussed in more detail in section 2. It is not yet known under which stimulations SM B cells could differentiate into DN B cells. One potential mechanism is the downregulation of CD27 expression due to immunosenescence, which is characterized by chronic antigen stimulation that occurs during normal aging, in viral infections and some autoimmune diseases. In these conditions, part of the DN B cells has previously been described as exhausted memory B cells [14,17,23,24,39-41]. 
4.3 DN B cells originate from a GC independent pathway
There is also evidence to assume that at least part of DN B cells are precursors of ASCs in GC-independent reactions. Although AIRR sequencing analysis indicated clonal relations in a minority of DN and SM B cells, the majority of these cells were clonally distinct with differences in Ig V(D)J family and gene usage [18]. This suggests differential activation pathways or different stimulating antigens, potentially pointing towards a GC-independent or extrafollicular differentiation pathway for DN B cells. In this regard, it was already shown that Ig isotype switching and somatic hypermutation can occur outside of B cell follicles [11]. More specifically, DN2 cells have been described as products of GC-independent immune responses. DN2 cells lack the expression of CXCR5 and CD62 ligand, both involved in B cell migration towards lymphoid follicles [32]. In SLE and HD, DN2 cells were shown to be related to activated naive B cells (IgD+CD27-CD21-CD24-T-bet+). These two B cell subsets presented with a similar phenotype, including high CD19 and CD11c expression and lack of CD21, CXCR5, CD24 and CD38 [32]. Both activated naive B cells and DN2 cells were responsive to stimulation with TLR7 ligand, interferon (IFN)-γ and IL-21 in vitro, indicating an extrafollicular developmental pathway. Besides a similar phenotype, DN2 and activated naive B cells also displayed a similar transcriptome and shared expanded clones [32]. In addition, a proportion of activated naive B cells could differentiate into DN2 cells following in vitro stimulation with TLR7, IFN-γ and IL-21 [32]. These DN2 cells originating from GC-independent pathways are prone to differentiate into ASCs, which is further addressed in section 6. Furthermore, single-cell RNA sequencing velocity analyses showed a flow from USM B cells towards DN2/3 cells, suggesting another developmental pathway for DN B cells [30]. 
In conclusion, these hypotheses suggest that DN1-3 cells have different origins although conclusive evidence is still lacking. Most studies have focused on DN2 cells so far, providing evidence for their GC-independent development and further differentiation into ASCs. However, the origin of DN1 cells is less clear. Some DN1 cells could be precursors of SM B cells, while others could be progeny of SM B cells. In addition, the origin of the recently identified DN3 subset needs further investigation.

5. DN B cell responsiveness
As discussed above, a proportion of DN B cells could be exhausted cells, suggesting that DN B cells are unresponsive towards stimulation and show a reduced activation potential. However, based on the origin hypotheses, it is also suggested that DN B cells could be induced via B cell receptor (BCR) or TLR signaling. We here provide an overview of the different studies examining the activation potential of DN B cells to gain more insight into the responsiveness of DN B cells.
A first study showed the proliferation of DN B cells from young and elderly HD following in vitro BCR but not TLR9 (CpG) stimulation [14]. Later, the same group did show significant proliferation of DN B cells following CpG or anti-BCR+anti-CD40 stimulation from young but not elderly HD while triple stimulation (CpG+anti-BCR+anti-CD40) strongly activated DN B cells of both young and elderly HD [28]. DN B cell proliferation following CpG stimulation was furthermore indicated to be at a similar level as proliferation of SM B cells [19]. In contrast, DN B cells of young and aged HD did not proliferate after anti-BCR+CpG+IL-4 stimulation [42]. Discrepancies between studies could be due to the use of different proliferation markers, stimulatory conditions and HD cohorts. We additionally showed a decreased percentage of activated CD86+ cells in DN B cells following triple (CpG+anti-BCR+CD40 ligand(CD40L)) and CD40L stimulation compared to total B cells in HD and MS patients [43]. Interestingly, MS DN B cells showed an increased ability to become activated after CD40L stimulation compared to HD DN B cells. In this regard, a recent study evidenced that DN1-3 cells of HD, those with mild and severe SARS-CoV-2 infection and anti-SARS-CoV-2 immunized individuals maintained BCR signaling after IgG stimulation [27]. Here, DN2 cells of HD showed the highest expression of activation markers (CD69, CD86) and the largest BCR signaling capacity. TLR7 stimulation further increased the expression of CD25, HLA-DR and CD86 on DN2 cells, indicating their hyper-responsiveness to TLR7 stimulation [32].
Other clues about the responsiveness of DN B cells have been gathered from the expression or lack of activation and inhibitory markers on ex vivo DN B cells. DN B cells expressing the inhibitory receptor FcRH4 were predominant in the tonsil while peripheral blood DN B cells were FcRH4- in HD and SLE patients [19]. Their lack of FcRH4 expression led the authors to speculate that circulating DN B cells are more responsive to activation and expansion [44]. Also in SLE patients, a DN subset showing cytoplasmic expression of the transcription factor Forkhead box protein O1 (FOXO1), involved in B cell development checkpoints, was significantly increased, correlated with disease activity and was hypothesized to be associated with a high activation state [45]. Furthermore, expression of the inhibitory receptor CD32b was significantly decreased on DN B cells from Hashimoto’s thyroiditis patients compared to HD, suggesting that these DN B cells are more susceptible to stimulation [29].
To conclude, the activation potential and responsiveness of DN B cells towards BCR and TLR signaling are still a topic of debate. Although the results in HD are conflicting, it is suggested that DN B cells in autoimmune diseases are more susceptible to activation and proliferation.

6. DN B cell functions
In recent years, interest in the function of DN B cells has increased. In SLE, a majority of DN2 cells have been identified as precursors of ASCs [32,46]. In HD and some autoimmune diseases such as MS, DN1 cells with presumably mostly antibody-independent functions are predominant [18,27,32,43,47].
6.1 DN B cells as precursors of ASCs
The differentiation fate of GC-independent DN2 cells into ASCs is evidenced by their transcriptomic profile that includes expression of interferon regulatory factor 4 (IRF4), a transcription factor essential for ASC differentiation, and lack of protein C-ets-1 (Ets-1) and BTB Domain and CNC homolog 2 (BACH2), that generally prevent plasma cell differentiation [32]. In addition, BCR sequencing showed shared clones between DN2 and plasma cells and stimulation of DN2 cells with TLR7, BCR ligation, IFN-γ and IL-21 resulted in plasma cell differentiation in vitro [32]. Another study reported that CD11c+ B cells, including DN2 cells, could differentiate towards ASCs after stimulation with CpG2006, Staphylococcus aureus Cowan I cells and IL-21 [48].
However, also GC-dependent DN1 cells were able to differentiate into ASCs in vitro following stimulation with TLR7, BCR ligation, IFN- γ and IL-21 [32]. It is not yet clear whether this ASC differentiation by DN1 cells is dependent on TLR7 or BCR signaling.
6.2 Antibody-independent functions of DN B cells
First, B cells are professional antigen-presenting cells that are highly efficient in the activation of antigen-specific CD4+ T cells by antigen presentation via human leukocyte antigen (HLA) molecules and expression of costimulatory molecules (CD40, CD80, CD86) [49,50]. Although no direct evidence is available for the induction of T cell responses by DN B cells, their expression of antigen presentation and costimulatory molecules points towards their antigen presentation capacity. In this regard, we previously demonstrated that the expression of HLA-DR, CD80 and CD86 on DN B cells of HD and MS patients was in between that of naive and SM B cells [43]. Furthermore, DN2 cells of SLE patients expressed higher levels of HLA-DR, CD69 and CD86 than SM B cells [32]. This limited number of studies indicates that at least part of DN B cells could function as antigen-presenting cells, although more direct evidence and comparison of different DN subsets is needed.
In addition, B cells can modulate immune responses by the secretion of cytokines. In a first study, DN B cells could not induce IL-10 and TNF-α expression following total B cell stimulation with anti-CD40 and IL-4 or CpG, PMA (phorbol 12-myristate 13-acetate) and ionomycin [17]. In our study, however, CD40L stimulation of total B cells from HD and MS patients resulted in lymphotoxin-α and TNF-α expression by DN B cells with similar levels of lymphotoxin-α+ cells and higher levels of TNF-α+ cells in the DN versus SM B cell population [43]. Interestingly, DN B cells of both young and elderly HD and MS patients  produced the cytotoxic molecule granzyme B following in vitro stimulation by IL-21+anti-BCR [43,51]. These studies showed that cytokines produced by DN B cells are pro-inflammatory or even cytotoxic in nature, although nothing is known about potential differences in cytokine production between DN subsets.
6.3 Migration capacity of DN B cells
The potential of DN B cells to migrate to pro-inflammatory sites has been demonstrated by analysis of chemokine receptor expression. One study reported an inflammatory tissue trafficking phenotype for DN B cells defined by CXCR3 expression in young HD and C-C motif chemokine receptor (CCR)6 expression in elderly HD [51]. DN B cells of HIV-infected individuals also showed CXCR3 and CCR6 expression [24]. An increased frequency of CXCR3+ DN B cells was observed in SLE and axial spondyloarthritis (axSpA) patients [52,53]. Furthermore, DN B cells were identified in the inflamed synovial tissue of rheumatoid arthritis (RA) patients [54] and cerebrospinal fluid (CSF) of MS patients [43,55,56]. 
Taken together, DN B cells can migrate towards pro-inflammatory sites where they can have both antibody-dependent and -independent functions. DN2 cells have only been linked with differentiation to ASCs up till now, while DN1 functions remain understudied. Future studies should focus on the functions of DN B cells, and more specifically of DN subsets, in different conditions of health and disease.

7. DN B cells in normal immune responses and aging
The role of DN B cells in normal immune responses is not known. Increased frequencies of DN B cells were found after vaccination against influenza or tick-borne encephalitis virus, indicating a role of this B cell subset in anti-viral immunity [22]. However, the exact function of DN B cells in such immune responses remains unknown. In addition, we and others have indicated increased DN B cell frequencies in the peripheral blood of aged HD (>60 years of age) compared with young HD (<60 years of age) [14,17,28,43,57]. Hereby, DN B cell levels positively correlated with age and levels of cytotoxic, age-associated CD4+CD28- T cells [43]. In normal aging, DN B cells have mostly been described as senescent or exhausted memory B cells. The age-related remodeling and expansion of DN B cells has been described in detail elsewhere [57,58]. Nevertheless, the function of DN B cells, the distribution of DN subsets and their potential role in decreased vaccination efficacy have not been properly addressed in aged individuals.

8. DN B cells in infectious and autoimmune diseases
Increased frequencies of DN B cells are reported in several pathologies, primarily those characterized by chronic inflammation (Table 1). 
8.1 DN B cells in infectious diseases  
DN B cell frequencies were reported to be increased in individuals with encephalitis/meningitis [22] and acute sepsis [59]. Increased frequencies of CD19+CD20+CD27-CD21-CD10- atypical memory B cells were found in people living in a malaria-endemic area and children with chronic malaria exposure [25,26]. These atypical memory B cells lacked expression of CD21, suggesting overlap with DN2 cells. Rotavirus-specific DN B cells were furthermore found in HD [40,60].
In HIV-viremic individuals, tissue-like memory cells (CD20hiCD27-CD21lo) resembling DN B cells were elevated compared to HIV-aviremic and -negative individuals [24]. Another study indicated increased frequencies of CD27- cells within IgA+ and IgG+ B cells of HIV patients [61]. Later, the same group confirmed elevated DN B cells in HIV-infected children and young adults [39,62,63]. Here, DN B cell frequencies correlated with those of terminal effector CD4+ T cells (CD3+CD4+CD57+CD45RO-) that predominate in aging [62]. Moreover, an expansion of CD21-T-bet+ cells was observed in HIV patients, showing similarities with DN2 cells [64].
Recently, DN3 cells were identified in the circulation of COVID-19 patients [34]. Severe COVID-19 patients (critically ill patients with intensive care unit admission) showed a shift towards elevated DN2 and DN3 cells and reduced DN1 cells. These findings were subsequently confirmed by others [27,36,37]. Interestingly, DN3 levels in severe COVID-19 positively correlated with increased titers of autoreactive antibodies [27] and clinical and laboratory parameters (e.g. ventilatory parameters, leukocytes, neutrophils, C-reactive protein (CRP), ferritin and D-dimers) [36]. The increase in DN2 and DN3 cells during severe COVID-19 was temporary since DN1-3 cell frequencies were similar in patients who recovered from COVID-19 [35]. More research is needed to examine if a transient shift in DN B cell subsets also occurs in other infectious diseases.
8.2 DN B cells in autoimmune diseases 
In 2002, elevated DN B cell levels were first reported in SLE [13], which was later confirmed by other studies [19,32,37,46,52,65,66]. Unlike what was seen in normal aging, DN B cell frequency was not correlated with age, pointing towards premature elevations of DN B cells in SLE [32]. While DN1 cells make up most of DN B cells found in HD, SLE patients showed a predominant expansion of DN2 cells [32]. Concerning clinical correlations, high DN B cell frequencies were linked to the occurrence of nephritis [19], disease flares [52], the severity of renal damage [67] and higher disease scores as indicated by the Systemic Lupus Activity Measure [19]. Additionally, frequencies of DN2 cells and activated CD95+CD27- B cells, but not of total DN B cells, correlated significantly with the SLE Disease Activity Index (SLEDAI) [32,52]. Positive correlations were furthermore demonstrated between total DN B cells or DN2 cells and autoreactive antibodies, including anti-Smith, anti-ribonucleoprotein or anti-9G4+ antibodies [19,32].
Both the frequency and absolute number of CD27-CD21-/low B cells were elevated in primary Sjögren’s syndrome (pSS) patients [41,53], especially in those patients with B cell lymphoproliferative disease [41]. CD27-CD21-/low B cells share similarities with DN2 cells, as they express CD11c and have the propensity to express autoreactive BCRs [41]. CD27-CD21-/low B cell levels were not correlated with age in pSS [53]. When analyzing DN subsets, DNint, DNlow and DNhi cells were elevated in pSS patients compared to HD [37]. In systemic sclerosis (SSc), circulating DN B cell frequencies were also significantly elevated compared to HD [68]. Hereby, DN B cells showed a higher expression of the inhibitory receptor FcγRIIB that was correlated with disease severity [68]. 
Several studies reported increased frequencies of DN B cells in the peripheral blood of RA patients [37,69-73]. DN B cell levels were even further increased in the synovial fluid [71]. CD11c+ DN B cells (similar to DN2 cells) were increased in RA patients with anti-citrullinated protein autoantibodies [74]. Again, circulating DN B cell levels did not correlate with age [69]. No significant correlation was found between DN B cell frequencies and clinical parameters or disease activity scores. In juvenile idiopathic arthritis (JIA), DN B cells were elevated only in the synovial fluid, especially for JIA patients with antinuclear antibodies, and mainly consisted of CD21low/-IgM- DN B cells [75,76]. In-depth immunophenotyping of the B cell compartment in axSpA revealed that CD27-CD38lowCD21low B cells were significantly elevated [53]. A minority of these B cells expressed T-bet and CD11c resembling DN2 cells. Interestingly, CD27-CD38lowCD21low B cell levels of axSpA patients showed a positive correlation with age, erythrocyte sedimentation rate and extra-skeletal manifestations [53]. 
[bookmark: _Hlk120787920]Significantly elevated DN B cell frequencies were described in the peripheral blood of MS patients [18,43,55]. Their positive correlation with cytotoxic age-related CD4+CD28- T cells and the absence of a correlation with age indicated their link with premature immune aging in MS [43]. We and others reported a further increase in DN B cell frequencies in the CSF of MS patients and clinically isolated syndrome patients [43,55,56], although one study could only confirm this finding for active and not stable MS patients [55]. A clonal relationship was described between Ig class-switched DN B cells and intrathecal Ig repertoires, suggesting DN B cell migration from the periphery to the central nervous system (CNS) or vice versa [77]. A clinical correlation was furthermore demonstrated between circulating DN B cells and the presence of inflammatory brain lesions [56]. DN subsets still have to be investigated in MS, although we previously showed that only a minority of DN B cells from MS patients could be retraced into the population of CD21-CD11c+ B cells, which highly correspond to DN2 cells [43]. Thus, the role of DN B cells in MS pathology could differ from that in SLE, where DN2 cells make up the majority of expanded DN B cells [32]. 
In patients with neuromyelitis optica spectrum disorder (NMOSD), an inflammatory CNS disorder characterized by antibodies against aquaporin-4, the frequency of CD20low DN B cells was significantly increased compared to non-inflammatory neurological disease patients and HD [22]. BCR sequencing analysis indicated that CSF aquaporin-4-specific B cells were closely related to circulating DN B cells in NMOSD patients, emphasizing the potential importance of CD20low DN B cells in NMOSD pathology [78]. Furthermore, CD11c+T-bet+ B cells were identified in B cell transcriptomic profiles across CSF, blood and bone marrow of NMOSD patients, for which the authors suggested a possible association with DN B cells [79].
Elevated DN B cell levels were also detected in the circulation of patients with myasthenia gravis and Guillain-Barré syndrome, Hashimoto’s thyroiditis and Graves’ disease [22,29,80]. In Graves’ disease, DN B cells were positively correlated with the levels of thyroid autoantibodies [80]. In contrast to all above mentioned autoimmune diseases, DN B cell frequencies were reduced in the circulation of inflammatory bowel disease (IBD) patients, but enriched in the gut-associated lymphoid tissue [81]. The authors suggested that DN B cells are recruited from the circulation to the gut where they could contribute to the intestinal inflammatory milieu in IBD. 
8.3 DN B cells in other conditions
Elevated circulating DN and CD19+CD10-CD27-CD21-/lo B cell levels were also found in Alzheimer’s disease [82] and common variable immunodeficiency, respectively [83]. In amyotrophic lateral sclerosis (ALS) patients, increased DN B cell frequencies were observed and were predictors of shorter survival [84]. Young obese individuals showed elevated DN2 cells compared to young lean individuals [42,85]. An increased DN B cell frequency was also found in non-small cell lung cancer tumor tissue versus normal lung tissue, specifically in those patients with moderately differentiated versus poorly differentiated tumors [86].
In summary, increased DN B cell frequencies have been described in various chronic diseases, including infectious diseases, autoimmune disorders, neurological diseases, obesity, and cancer. DN B cells are not only present in the circulation but can also be detected at the site of inflammation. Despite promising correlations of DN B cells with clinical parameters in some diseases, their exact function in various disease pathologies remain unclear.

9. Conclusions
DN B cells are primarily antigen-experienced mature B cells that are heterogeneous in terms of DN subsets, functional and developmental properties. Their increased prevalence with age and in autoimmune and infectious diseases together with their pro-inflammatory and autoreactive functional properties designate DN B cells as pivotal players in both health and disease. More research is needed to unravel the origin of the different DN subsets and their interactions with each other and with other immune cells during normal and pathological immune responses. In SLE pathology, the importance of DN2 cells as precursors of ASCs has been evidenced. The involvement of (potentially other) DN subsets in other autoimmune diseases, such as SSc, MS and NMOSD, remains largely unknown until now. The identification of DN subsets using uniform classifications and phenotypes is crucial to take the next step in understanding their origin and (patho)physiology. Ultimately, because of their importance not only in in autoimmune diseases but also in infectious diseases, ALS and cancer, specific targeting of DN B cells and DN subsets could pave the way for new, more specific and personalized treatments that have application potential in multiple disorders.
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11. Figure legends 
Figure 1. Possible origins of DN B cells. Three different hypotheses are suggested regarding the origin of DN B cells, which can be divided into GC-dependent and GC-independent pathways. In the GC-dependent pathways, DN1 cells seem to prematurely leave the GC reaction. These DN1 cells can thus be considered as precursors of SM B cells (1). Another proportion of DN B cells shows characteristics indicating their development from SM B cells, possibly through senescence (2). DN2 and DN3 cells develop through GC-independent extrafollicular pathways, either from USM or activated naive B cells and are assumed to be precursors of ASCs (3). Dashed lines indicate potential developmental pathways that need further investigation. BCR: B cell receptor, Ig: immunoglobulin, TLR: toll-like receptor, GC: germinal center, TFH: follicular helper T cell, FDC: follicular dendritic cell, PB: plasmablast, PC: plasma cell, DN: double negative, SM: switched memory, USM: unswitched memory, T-bet: T-box expressed in T cells, IFN-γ: interferon gamma, IL: interleukin, CD40L: CD40 ligand, TCR: T cell receptor, MHC-II: major histocompatibility complex II
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