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Phosphoinositide 3-kinase delta (PI3Kδ) plays key roles in normal B cell activation and is chronically activated in malignant B cells. Targeting of PI3Kδ using FDA-approved drugs Idelalisib or Umbralisib has shown efficacy in treatment of multiple B cell malignancies. Duvelisib, an inhibitor targeting both PI3Kδ and PI3Kγ (PI3Kδγi) has also been used for treatment of several leukemias and lymphomas and was suggested to offer potential additional benefits in supressing T cell and inflammatory responses. Transcriptomics analyses indicated that while most B cell subsets predominantly express PI3Kδ, plasma cells upregulate PI3Kγ. We thus assessed whether PI3Kδγi treatment can impact chronic B cell activation in the context of an autoantibody-mediated disease. Using the TAPP1R218LxTAPP2R211L (TAPP KI) mouse model of lupus-like disease driven by dysregulated PI3K pathway activity, we performed 4 week PI3Kδγi treatments and found significant reduction in CD86+ B cells, germinal center B cells, follicular helper T cells and plasma cells in multiple tissues. This treatment also significantly attenuated the abnormally elevated serum levels of IgG isotypes observed in this model. The profile of autoantibodies generated was markedly altered by PI3Kδγi treatment, with significant reductions in IgM and IgG targeting nuclear antigens, matrix proteins and other autoantigens. Kidney pathology was also impacted, with reduced IgG deposition and glomerulonephritis. These results indicate that dual inhibition of PI3Kδ and PI3Kγ can target autoreactive B cells and may have therapeutic benefits in autoantibody-mediated disease.
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Introduction

Dysregulation in the phosphoinositide 3-kinase (PI3K) signalling pathway has continually been implicated in multiple types of disease such as cancers, immune metabolic diseases and auto-immune conditions (1). This signalling pathway is critical in modulating immune cell functions such as homeostasis, metabolism and proliferation. In lymphocytes, the activation of class 1 PI3Ks is controlled by antigen receptor, co-stimulatory receptors, cytokines and chemokine receptors (2). Of the four class I PI3K enzymes, PI3Kδ and PI3Kγ are selectively expressed in immune cells (3, 4) PI3Kδ has critical functions in B cells as well as T cells (5), whereas the functions of PI3Kγ in T cells, macrophages and neutrophils are most well established (6). We found that chronic lymphocytic leukemia cells upregulate PI3Kγ and this isoform has non-redundant functions in chemokine responses (7).

Autoimmune diseases result from chronic lymphocyte activation targeting self-antigens resulting from disruption of normal mechanisms maintaining immune tolerance (8, 9). There are over 100 auto-immune diseases affecting a wide range of the population (3-5%), and although there is paucity of information on the exact etiological events leading up to the disease, certain factors such as genetics, environment, sex, diet have been attributed as risk factors (10–13). Systemic lupus erythematosus (SLE) is an autoantibody-mediated disease characterized manifested by a broad spectrum of antibodies targeting nuclear proteins and nucleic acids and immune-complex deposition in the kidney (8). The traditional treatment options for autoantibody-mediated conditions such as SLE include immune suppressive drugs (cyclophosphamide) and non-specific anti-inflammatory (corticosteroids) (9). While more specific and effective treatment options are clearly needed, only two new treatments have been approved in the last 60 years: antibodies targeting the B cell growth factor BAFF (Belimumab) (14) or the type 1 interferon receptor (Anifrolumab) (15).

Several lines of evidence implicate the PI3K pathway in autoimmunity. The inhibitory phosphatase PTEN is primarily known as a tumour suppressor, but has also been described as one of the “gatekeepers” of immunological tolerance (16). Reduced expression of PTEN in SLE patient B cells was suggested as one mechanism of PI3K pathway dysregulation and breaking tolerance (17). Another PI phosphatase SHIP is also known to restrain autoreactive B cells, with acute deletion of SHIP leading to development of autoimmune disease in mice (18). Thus, uncontrolled PI3K pathway activity is implicated in both driving malignant B cell proliferation and driving activation of autoreactive B cells. While the specific PI3K isoforms important in the context of autoreactive B cells remain unknown, treatment with a PI3Kδ-specific inhibitor was able to restore B cell tolerance in PTEN +/- x SHIP +/- mice (19).

Once activated, class I PI3Ks phosphorylate inositol lipid headgroups in the plasma membrane leading to the generation of two major phosphoinositide (PI) species PI(3,4,5)P3 and PI(3,4)P2. These PI products are key players that function in the binding and activation of other downstream signaling molecules with a PI-binding motif (20, 21). The tandem PH domain containing proteins TAPP1 and TAPP2 are adaptor proteins recruited to the plasma membrane by binding specifically to PI(3,4)P2 via their C-terminal PH domains (22, 23). In B cells, TAPP adaptor proteins have functions in regulating germinal centre responses and humoral immunity that depend on PI(3,4)P2 binding. This has been demonstrated by introducing point mutations to TAPP1 and 2 genes within their PI-binding regions, thereby compromising their ability to bind PI(3,4)P2 (24). Uncoupling TAPPs from PI(3,4)P2 resulted in dysregulated activation of the kinase Akt, another PI3K-dependant signaling molecule, as well as dysregulated B cell metabolic programming (25). These TAPP mutant mice develop chronic B cell activation and germinal centres, generate autoantibodies and ultimately develop a lupus-like autoimmune disease.

PI3K pathway inhibition with kinase inhibitor drugs has been extensively explored in anti-cancer therapy, based on genetic or regulatory abnormalities leading to constitutive pathway activity in various cancers (26). Currently approved PI3Ki such as Idelalisib and Alpelisib potently inhibit specific class I PI3Ks isoforms (delta and alpha respectively). Duvelisib is another new generation class I PI3Ki that has been developed to exert dual PI3Kδ/γ inhibition in B cell malignancies (7, 27–31). Several studies have found that dual PI3Kδ/γ inhibitor can also have anti-inflammatory activity in mouse models (32, 33); for example, in an arthritis disease model, individual inhibition of PI3Kδ or γ played a subtle role in diminishing joint disease, while the dual inhibition of PI3Kδ/γ was superior in reducing the induction and progression of inflammatory cells and neutrophils into the joints (34). The impact of PI3Kδ/γ inhibition in the context of autoantibody-mediated disease remains to be explored.

Here we sought to assess the potential of current clinical-grade PI3K inhibitors as therapy for SLE by treating TAPP KI mice with the dual PI3Kδ/γ inhibitor Duvelisib. We find that treatment with dual PI3Kδ/γ inhibitor diminished chronic GC and plasma cells as well as autoantibody levels within these mice. These findings indicate that PI3K inhibition pathway is a potential therapeutic target in controlling SLE type autoimmune disease.





Materials and methods




Mice

All animal experiments were conducted according to the Canadian Council on Animal Care guidelines under a protocol approved by the University of Manitoba Animal Care Committee. The origin and phenotype of TAPP1R211L/R218L x TAPP2R218L/R218L (TAPP KI) mice used for the study have previously been reported (24, 35). TAPP KI mice contain mutations in the C-terminal PH domains of both TAPP1 and TAPP2 that abrogate their binding to the phosphoinositide PI(3,4)P2 as described. All mice used for the study were females between 8-9 months old housed in the University of Manitoba Central Animal Care Services (CACS), University of Manitoba Winnipeg, Canada.





In vivo PI3Kδ/γ inhibitor (Duvelisib) treatment

TAPP KI mice with established autoantibody- mediated disease were separated randomly into treatment and sham-treatment groups (drug vehicle only). Duvelisib (IPI-145, Selleck Chemicals LLC, TX, USA) was dissolved according to manufacturer’s instruction and administered at 0.1mg/mouse intraperitoneally (i.p) twice daily for 4weeks. Blood was collected for flow cytometry and autoantibody assessment prior to onset of treatment and weekly post-treatment until endpoint.





Flow cytometry

Blood, spleen, peyer’s patch, bone marrow and mesenteric lymph nodes were collected and processed to single cell suspensions. Cells were prepared for surface staining with the indicated antibodies. To identify the varying B cell responses fluorochrome-conjugated antibodies against B220 PerCP (clone RA3-6B2), CD19 PE/Cyanine7 (clone 6D5), CD86 PE (clone PO3), CD80 APC (clone 16-10A1), GL7 FITC (clone GL7) and CD95 (Fas) PE/Cyanine7 (clone SA367H8) (Biolegend®) were used, and CD4 FITC (clone GK1.5), CD3APC-Cy™7 (clone 17A2), PECy7 CXCR5 BV421 (clone 2G8) (BDBioscience™) and PD1 PE-Cyanine7 (BDBioscience™) were used to assess T cell responses. Cells were stained for 30 minutes and then washed before analysis using a BD FACS Canto II instrument (BD Bioscience, San Diego CA). Data analyses were performed using the FlowJo software (BD Bioscience).





ELISA and auto-antibody analysis

Total antibody levels for IgA, IgM, IgG1, IgG2a, IgG2b and IgG3 in serum were measured by Mesoscale Discovery U-PLEX assay, according to the manufacturer’s instructions. Auto-antibody profiling of over 120 known auto-antibodies was done pre-treatment and at endpoint by protein microarray at the University of Texas, Southwestern Medical Centre Microarray core facility. Net fluorescent intensity (NFI) and signal-to-noise ratio (SNR) values were used to calculate the antibody score which is the log2 transformed (NFI x SNR+1). Anti-nuclear antibodies were also measured using a kit from Alpha Diagnostics International (Catalog number: #5210) and performed according to the manufacturer’s instruction.





Kidney pathology analysis

Excised kidneys we embedded in OCT compound, snap frozen in liquid nitrogen and 10uM sections cut on a cryostat. After air drying, sections were fixed in 4% paraformaldehyde for 30 minutes at room temperature (RT) and then rinsed before staining. For immunofluorescence staining, sections were blocked with 5% goat serum in PBS for 30 minutes at RT, then incubated with directly-labeled antibodies diluted in TBST+BSA for one hour at RT and rinsed 3 times with PBST. APC-labelled goat anti-mouse IgG was from Jackson ImmunoResearch (cat#115-135-164) and FITC-labeled rat anti-mouse IgM was from BD Bioscience (clone II/41; Cat#553437). Slides were mounted with ProLong gold antifade solution (Invitrogen #P36935) and images captured using an EVOS cell imaging system (ThermoFisher Scientific). Images were analyzed using Fiji software as follows: lines were drawn across the maximum diameter of each individual glomeruli and the Measure function was used to determine the average fluorescence intensity and length (as an estimate of glomeruli size).





Statistical analysis

Statistical data analysis was carried out using GraphPad prism program (GraphPad Software Inc., CA, USA). Data are presented as means and standard error of mean (SEM). The Student’s t-test were used for comparisons between groups. Figures use the following representation for significance: *p, 0.05, **p, 0.01, and ***p, 0.001.






Results




TAPP KI mice show decreased B cell activation following Duvelisib treatment

TAPP KI mice develop a lupus-like autoimmunity driven by PI3K pathway dysregulation that is similar in phenotype to other lupus mouse models. While several mouse models of PI3K pathway dysregulation, such as mutation of SHIP, or its binding site in the inhibitory receptor FcγRIIB, result in autoantibody-mediated disease, it is unknown which PI3K isoforms may drive disease. PI3Kδ is generally considered to be the most critical isoform for B cell activation, but PI3Kγ has also been implicated in pathological B cell functions as well as T cell responses. Analysis of public transcriptome data indicates that antibody-secreting plasmablasts and plasma cells in the spleen show increased expression of the PI3Kγ catalytic subunit Pik3cg and lower expression of the PI3Kδ catalytic subunit Pik3cd (Figure 1A), indicating that targeting this isoform may also be required to impact autoantibody-mediated disease. Thus, we determined the effect of inhibiting both the PI3Kδ and PI3Kγ isoforms on autoimmune phenotypes by administering dual PI3Kδ/γ inhibitor Duvelisib (PI3Kδγi) to TAPP KI mice with established disease. After daily treatment for 30 days, we assessed the expression of B cell activation markers compared with vehicle-treated littermate controls. We observed that while there was no effect on CD80 expression, PI3Kδγi treatment decreased CD86 expression on B cells from spleen, Peyers patch and lymph node (Figure 1B), indicating significant impact on chronic B cell activation observed in this model.




Figure 1 | Dual Inhibition of PI3Kδ/γ decreases CD86 expression on B cells. (A) Analysis of public RNAseq data showing the differential expression of PI3Kγ (Pik3cg) and PI3Kδ (Pik3cd) catalytic subunits in different B cell subsets. Data were obtained from the Immunological Genome Project (https://www.immgen.org/ImmGenData.html) (36). (B) TAPP KI mice were treated for four weeks with dual PI3Kγ and PI3Kδ inhibitor Duvelisib and then sacrificed. Spleen, mesenteric lymph nodes and Peyer’s Patch cells we collected and analyzed by flow cytometry. B cell CD80 and CD86 expression was determined by flow cytometry. Results are pooled from 2 independent experiments with similar results. *, p< 0.05; **, P< 0.01 by Student’s T-test.







PI3Kδγi treatment reduces chronic germinal center responses in TAPP KI mice

Autoimmune diseases are associated with chronic germinal center (GC)-like structures which persist for months or years and are thought to be important for generation of somatically mutated pathogenic autoantibodies (37). Mouse autoimmune models such as TAPP KI also develop chronic GC with age, and we investigated the effect of PI3Kδγi treatment on these chronic GCs. We found a marked reduction in splenic GC B cells in PI3Kδγi-treated mice compared with the control TAPP KI group (Figure 2A). We also noted a decrease in Peyers patch GC B cells, as well a trend of reduced GC B cells in mesenteric lymph nodes of treated mice, suggesting that dual inhibition of the delta and gamma isoforms of PI3K leads to partial dissolution of chronic germinal centers. Since the GC response requires the interaction of the GC B cells with follicular helper T cells (TFH) cells (38), we also examined TFH frequencies. A significant reduction in TFH frequencies was observed in spleen, as well as a trend of reduced TFH in mesenteric lymph nodes and Peyer’s patches (Figure 2B), indicating a corresponding decrease in these cells as GCs are reduced by PI3Kδγi treatment.




Figure 2 | Chronic germinal centre B cell and follicular helper T cell populations in TAPP KI mice are reduced following treatment with PI3Kδ/γ inhibitor. TAPP KI mice were treated for four weeks with Duvelisib and then sacrificed. The indicated tissues were collected and analyzed by flow cytometry. (A) Top panels show representative gating of germinal centre B cells (GL7+Fas+) gated from live B220+ cells. Bottom graphs show results pooled from 2 independent experiments with similar results. (B) Top panels show representative gating of follicular helper T cells (CXCR5+ PD1+) gated from live CD4+ cells. Bottom graphs show results from a representative experiment. *, p< 0.05; ***, P<0.001 by Student’s T-test.







PI3Kδγi treatment reduces elevated plasma cells and serum antibodies in TAPP KI mice

Plasma cells are a critical target cell in autoantibody-mediated disease, but also secrete protective natural antibodies and are a key component of humoral memory (39). We found that PI3Kδγi treated mice exhibited a trend toward reduced frequencies of CD138+Sca1+IgD-B220+ plasmablasts in spleen and bone marrow, but this did not reach statistical significance (Figure 3). However, frequencies of CD138+Sca1+IgD-B220- plasmacytes were significantly reduced in spleen (p<0.005) and bone marrow (p=0.052) after treatment (Figure 3). TAPP KI mice also exhibit hypergammaglobulinemia in conjunction with development of autoimmunity. We therefore examined serum antibody levels within the TAPP KI mice pre- and post-Duvelisib treatment, quantifying total IgA, IgM, IgG1, IgG2a IgG2b and IgG3 (Figure 4). Over the four-week treatment period we observed reductions in all antibody isotypes except IgA, with the most significant reductions observed for IgG2a and IgG1. These findings indicate that plasma cells and antibody secretion might be sensitive to therapeutics targeting both PI3Kδ and γ.




Figure 3 | Impact of PI3Kδ/γ inhibition on plasma cells in TAPP KI mice. TAPP KI mice were treated for four weeks with Duvelisib and then sacrificed. The indicated tissues were collected and analyzed by flow cytometry. Top panels show representative gating of plasmablast (CD138+B220+) and plasmacyte (CD138+B220+) cells gated from live Sca1+IgD- cells. Decreased plasmablasts and plasma cells in the spleen and bone marrow of TAPP KI treated mice in comparison to control group by Flow cytometry. Bottom graphs show results pooled from 2 independent experiments with similar results. *, p< 0.05; **, P< 0.01 by Student’s T-test.






Figure 4 | Reduced hypergammaglobulinemia with dual PI3Kδ/γ inhibition. Serum was collected weekly from TAPP KI mice during treatment with Duvelisib. The levels of IgA, IgM, IgG1, IgG2a, IgG2b and IgG3 in TAPP KI mice were then measured by Mesoscale assay. Data were normalized to pre-treatment values for each mouse to determine changes over time after treatment, compared to untreated TAPP KI littermate controls. Results are pooled from 2 independent experiments with similar results (n= 14 mice per group). ns=not significant; *, p< 0.05; **, p< 0.01; ***, p<0.001 by 2-way ANOVA.







PI3Kδγ inhibitor alters the pathologic auto-antibody profile of TAPP KI mice

Having observed that GC and plasma cells were significantly impacted following inhibition of the PI3K δ  and γ,  we investigated whether this treatment could impact the profile of autoantibodies produced in this model. An assessment of IgM and IgG antibodies binding to 120 different autoantigens revealed Duvelisib treated TAPP KI mice show generally reduced IgM and IgG autoantibodies compared to mock treated littermate controls (Figure 5; Supp Table 1). Antibodies against over 20 individual autoantigens were significantly reduced for IgM (Figure 6A) and IgG (Figure 6B), including antibodies against DNA, nuclear antigens, extracellular matrix components and complement components. For 7 antigens, both IgM and IgG antibodies were significantly reduced by treatment. These included histone H2A (Figure 6C), interferon-inducible nuclear antigen SP100 (Figure 6D), collagen IV (Figure 6E), vimentin (Figure 6F) and ribosomal antigen phosphoprotein P1 (Figure 6G). We also examined total anti-nuclear antibody (ANA) levels using an ELISA-based assay and found a significant reduction after 4 weeks of treatment (Figure 6H). These results indicate that PI3Kδγ inhibition can alter the profile of autoantibodies, including specific reductions in antibodies known to be pathogenic in autoimmune disease.




Figure 5 | Altered pathologic auto-antibody profile with Duvelisib treatment. Heat map analysis of (A) IgM and (B) IgG antibodies binding to 120 different autoantigens using proteomic microarray. (NV= Naïve mice, T= Treated, U= Untreated).






Figure 6 | Pharmaceutical inhibition of PI3Kδ/γ reduces auto-antibodies in TAPP mice. (A) Volcano plot illustrating significant reductions in specific IgM (A) and IgG (B) autoantibodies in treated versus untreated mice. (C-G) Data for specific significantly reduced autoantibodies. Each data point represents an individual WT C57BL6 mouse, untreated TAPP KI mouse or treated TAPP KI mouse. *, p< 0.05; **, p< 0.01 by Student’s T-test. (H) Total anti-nuclear antibody (ANA) levels were assessed pre- and post-treatment using an ELISA-based assay. Pre- and post-treatment values for individual mice are connected by lines. *, p< 0.05 by paired T-test.







Impact of PI3Kδγ inhibitor on antibody deposition in kidney

Our previous studies found that TAPP KI mice exhibit kidney pathology, with antibody deposition and glomerulonephritis; thus we examined whether PI3Kδγ inhibition is sufficient to reverse these hallmark pathologies of lupus. We compared hematoxylin-eosin stained sections from control, TAPP KI or TAPP KI mice treated with PI3Kδγi for 4 weeks (Figure 7A). TAPP KI mice showed glomerulonephritis with a variable degree of mesangial proliferation as expected, and post-treatment glomeruli exhibited returned to a more normal histological appearance. Assessment of IgM or IgG deposition by immunofluorescence microscopy (Figures 7B, C) staining revealed that treated mice still have obvious antibody deposition in glomeruli, but glomeruli were visibly smaller and more regularly-shaped in the post-treatment group. Digital image analysis indicated that average IgM staining intensity in glomeruli was not reduced after treatment, however IgG staining intensity was reduced (Figure 7D). Image analysis also confirmed the significant reduction in average size of glomeruli after treatment (Figure 7D). Together these results indicate that four week treatment with PI3Kδγi led to partially improvement of glomerulonephritis in TAPP KI mice.




Figure 7 | Impact of PI3Kδγ inhibitor on antibody deposition in kidney. (A) Kidney sections from the indicated mouse groups were stained with hematoxylin-eosin. Immunofluorescence staining was performed to detect IgM (B) or IgG (C) deposition. (D) Analysis of average IgM or IgG staining intensity across individual glomeruli, as well as maximum glomeruli diameter, was determined using Fiji software. The graph represents data for individual glomeruli (10-15 per mouse) pooled from 4 mice per group, with mean and SEM indicated. *, p< 0.05; ***, p< 0.001 by Student’s T-test.








Discussion

Novel and innovative strategies for targeting autoantibody-producing B cells in diseases such as SLE are urgently needed. The use of small molecule kinase inhibitors to shut down chronic BCR signaling is a concept that is now well established for treatment of B cell malignancies, with several clinically approved drugs being widely used and more in development. Several lines of evidence suggest that targeting BCR signaling may be of benefit in SLE. A significant fraction of SLE susceptibility genes identified in genome-wide association studies are B cell signaling molecules, indicating that genetic perturbations in B cell signaling pathways can underlie development of SLE (40, 41). Numerous mouse models with disruptions in BCR and co-receptor signaling have been found to lead to development of SLE-like disease pathology (42–44). Finally, as described below a growing number of studies have indicated that treatment of mouse autoimmunity models with pre-clinical kinase inhibitors can reduce disease pathology. Together this evidence suggests that some clinically approved kinase inhibitors initially developed for treatment of B cell malignancies could potentially be repurposed for treatment of autoantibody-mediated disease.

The PI3K pathway is most well-known for its roles in cancer, however multiple lines of evidence have implicated it in autoantibody-mediated disease. Mouse models exhibiting elevated PI3K pathway activity due to deficiency in the activity of PI phosphatases such as SHIP1 or PTEN were found to develop autoantibody-mediated pathology (18, 45). Indeed the key inhibitory receptor on B cells FcγRIIB functions to recruit SHIP (46), and this inhibitory circuit has been implicated in human and mouse SLE studies (47). PTEN has been described as a “gatekeeper” of B cell tolerance, and has been found to be dysregulated in human SLE patients (16, 48). Recent studies found that PI3Kδ gain-of-function mutations led to generation of autoantibodies (49). While most studies indicate that PI3Kδ is the most critical isoform activated by BCR signaling, we chose to examine a dual PI3Kδ/γ inhibitor after noting that plasma cells can downregulate PI3Kδ and increase PI3Kγ expression (Figure 1). Another potential benefit of this approach is that both the PI3Kδ and γ isoforms are restricted to hematopoietic cells, unlike PI3Kα inhibitors being actively developed for treatment of solid tumours (50).

In this study we have assessed a PI3K inhibitor drug developed and approved for treatment of B cell leukemia and lymphoma in the TAPP KI mouse model. We previously found that this model exhibits chronic B cell activation and germinal center responses driven by dysregulated PI3K pathway activity (24, 25, 44). Our findings here indicate that the dual PI3Kδ/γ inhibitor Duvelisib can significantly reduce chronic GC and plasma cells responsible for auto-antibody production. The significant reduction of autoantibodies observed within a four-week treatment period is remarkable given that we are reversing established disease and that the half-life of pre-existing IgG antibodies is in the order of weeks. However, in most cases, the reduction was only partial in that it did not reduce autoantibodies to the baseline level of C57BL6 mice. Interestingly, the treatment selectively altered the profile of autoantibodies produced, with the majority showing a trend of reduced levels, but only ~20% being significantly lower. Consistent with a partial reduction in autoantibodies, we found evidence for reduced IgG deposition in kidney and improvement of glomerulonephritis. Improvements in kidney pathology could potentially reflect the effect of PI3Kδ/γi on other elements of the inflammatory process beyond the autoantibodies themselves.

While PI3Kδ/γ inhibition can clearly impact directly on B cells, it is likely to also impact on other cells of the immune system including T cells and myeloid cells. Indeed, we observed reductions in TFH cell populations, which could be due either to direct effects of the treatment on T cells or indirect effects since interactions with GC B cells are known to promote TFH activation and differentiation. Both PI3Kδ and PI3Kγ are expressed and functional in CD4+ T cells and PI3Kδ has been shown to be important for TFH development and function (51, 52). It should be noted that the aim of our study was to assess the potential of repurposing a clinically approved PI3K inhibitor and was not designed to assess B cell-intrinsic versus extrinsic affects.

Other studies have examined the impact of pre-clinical inhibitor compounds selectively targeting PI3Kδ or PI3Kγ on development of various pathologies in mouse models of SLE (53–55); however their impact on B cell subsets and autoantibody profiles were not determined. An inhibitor targeting Bruton’s tyrosine kinase (Btk), whose activity is dependent on binding to PIP3 produced by PI3K, was also found to inhibit generation anti-DNA antibodies in the MRL/Lpr mouse model (56). One study reported that treatment of NZB mice with IPI-145/Duvelisib for 20 weeks reduced anti-DNA antibodies and kidney pathology, consistent with our findings (32). More recently the Cambier group used an elegant model of inducible PI3K pathway dysregulation to acutely reactivate anergic BCR transgenic B cells and demonstrated that even low doses of PI3Kδ-specific inhibitor Idelalisib could prevent generation of autoantibodies in this context (19). Interestingly, reactivation of anergic B cells via deletion of the protein phosphatase SHP1 was not reversed by Idelalisib (19). Thus, our results extend previous findings, which collectively support the concept that dual PI3Kδγ inhibition can reverse autoimmunity driven by PI3K dysregulation.

As an expanding class of small molecule therapeutics, PI3K inhibitors are clearly highly bioactive with broad potential for applications in diseases beyond the initial applications for treatment of B cell malignancies. Notably, inhibitors of class I PI3Ks have been investigated in a number of other autoimmune and inflammatory disorders, including asthma/COPD, collagen-induced arthritis, experimental autoimmune encephalitis and type 1 diabetes (57). While PI3Ki are effective in B cell malignancies, their use has been limited by unexpected toxicities including T cell mediated inflammation (58, 59). Inflammatory toxicities have been largely observed in chronic lymphocytic leukemia patients treated with PI3Kdelta or delta/gamma inhibitors for prolonged periods of time (60, 61). As our study assessed a short-term treatment regimen, we did not assess the development of inflammatory toxicities, which are likely related to impairments in normal regulatory functions of lymphocytes and macrophages (62–64). Thus, a current challenge in developing and repurposing PI3K inhibitors will be to optimize specificity and dosing regimens to maximize benefits while minimizing unwanted effects depending on the disease context.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by University of Manitoba Animal Care Committee.





Author contributions

FA and SH carried out experimental work. FA and AM analyzed data. FA and AM wrote the paper. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by project grant number 162268 from the Canadian Institutes of Health Research (AM). FA was supported by a studentship from Research Manitoba.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1115244/full#supplementary-material




References

1. Fruman, DA, Chiu, H, Hopkins, BD, Bagrodia, S, Cantley, LC, and Abraham, RT. The PI3K pathway in human disease. Cell (2017) 170(4):605–35. doi: 10.1016/j.cell.2017.07.029

2. Okkenhaug, K. Signaling by the phosphoinositide 3-kinase family in immune cells. Annu Rev Immunol (2013) 31:675–704. doi: 10.1146/annurev-immunol-032712-095946

3. Okkenhaug, K. Rules of engagement: distinct functions for the four class I PI3K catalytic isoforms in immunity. Ann New York Acad Sci (2013) 1280(1):24–6. doi: 10.1111/nyas.12027

4. Okkenhaug, K, Bilancio, A, Farjot, G, Priddle, H, Sancho, S, Peskett, E, et al. Impaired b and T cell antigen receptor signaling in p110delta PI 3-kinase mutant mice. Science (2002) 297(5583):1031–4. doi: 10.1126/science.1073560

5. Okkenhaug, K, Ali, K, and Vanhaesebroeck, B. Antigen receptor signalling: a distinctive role for the p110delta isoform of PI3K. Trends Immunol (2007) 28(2):80–7. doi: 10.1016/j.it.2006.12.007

6. Lanahan, SM, Wymann, MP, and Lucas, CL. The role of PI3Kγ in the immune system: new insights and translational implications. Nat Rev Immunol (2022) 22(11):687–700. doi: 10.1038/s41577-022-00701-8

7. Ali, AY, Wu, X, Eissa, N, Hou, S, Ghia, JE, Murooka, TT, et al. Distinct roles for phosphoinositide 3-kinases γ and δ in malignant b cell migration. Leukemia (2018) 32(9):1958–69. doi: 10.1038/s41375-018-0012-5

8. Justiz Vaillant, AA, Goyal, A, and Varacallo, M. Systemic lupus erythematosus. in: StatPearls. Treasure Island (FL: StatPearls Publishing (2022). Available at: http://www.ncbi.nlm.nih.gov/books/NBK535405/.

9. Liossis, SNC, and Staveri, C. B cell-based treatments in SLE: past experience and current directions. Curr Rheumatol Rep (2017) 19(12):78. doi: 10.1007/s11926-017-0707-z

10. Richard-Eaglin, A, and Smallheer, BA. Immunosuppressive/Autoimmune disorders. Nurs Clin North Am (2018) 53(3):319–34. doi: 10.1016/j.autrev.2020.102469

11. Lee, KH, Ahn, BS, Cha, D, Jang, WW, Choi, E, Park, S, et al. Understanding the immunopathogenesis of autoimmune diseases by animal studies using gene modulation: a comprehensive review. Autoimmun Rev (2020) 19(3):102469. doi: 10.1002/jcla.20248

12. Sun, XY, Shi, J, Han, L, Su, Y, and Li, ZG. Anti-histones antibodies in systemic lupus erythematosus: prevalence and frequency in neuropsychiatric lupus. J Clin Lab Anal (2008) 22(4):271–7. doi: 10.1016/j.autrev.2012.02.001

13. Hayter, SM, and Cook, MC. Updated assessment of the prevalence, spectrum and case definition of autoimmune disease. Autoimmun Rev (2012) 11(10):754–65. doi: 10.1016/j.autrev.2012.02.001

14. Levy, RA, Gonzalez-Rivera, T, Khamashta, M, Fox, NL, Jones-Leone, A, Rubin, B, et al. 10 years of belimumab experience: what have we learnt? Lupus (2021) 30(11):1705–21. doi: 10.1177/09612033211028653

15. Deeks, ED. Anifrolumab: first approval. Drugs (2021) 81(15):1795–802. doi: 10.1007/s40265-021-01604-z

16. Browne, CD, Nagro, CJD, Cato, MH, Dengler, HS, and Rickert, RC. Suppression of phosphatidylinositol 3,4,5-trisphosphate production is a key determinant of b cell anergy. Immunity (2009) 31(5):749–60. doi: 10.1016/j.immuni.2009.08.026

17. Al-Mayouf, SM, AlTassan, RS, and AlOwain, MA. Systemic lupus erythematosus in a girl with PTEN variant and transaldolase deficiency: a novel phenotype. Clin Rheumatol (2020) 39(11):3511–5. doi: 10.1007/s10067-020-05205-1

18. Getahun, A, Beavers, NA, Larson, SR, Shlomchik, MJ, and Cambier, JC. Continuous inhibitory signaling by both SHP-1 and SHIP-1 pathways is required to maintain unresponsiveness of anergic b cells. J Exp Med (2016) 213(5):751–69. doi: 10.1084/jem.20150537

19. Franks, SE, Getahun, A, and Cambier, JC. A precision b cell-targeted therapeutic approach to autoimmunity caused by phosphatidylinositol 3-kinase pathway dysregulation. J Immunol (2019) 202(12):3381–93. doi: 10.4049/jimmunol.1801394

20. Hawkins, PT, and Stephens, LR. Emerging evidence of signalling roles for PI(3,4)P2 in class I and II PI3K-regulated pathways. Biochem Soc Trans (2016) 44(1):307–14. doi: 10.1042/BST20150248

21. Li, H, and Marshall, AJ. Phosphatidylinositol (3,4) bisphosphate-specific phosphatases and effector proteins: a distinct branch of PI3K signaling. Cell Signalling (2015) 27(9):1789–98. doi: 10.1016/j.cellsig.2015.05.013

22. Dowler, S, Currie, RA, Campbell, DG, Deak, M, Kular, G, Downes, CP, et al. Identification of pleckstrin-homology-domain-containing proteins with novel phosphoinositide-binding specificities. Biochem J (2000) 351(1):19–31. doi: 10.1042/bj3510019

23. Marshall, AJ, Krahn, AK, Ma, K, Duronio, V, and Hou, S. TAPP1 and TAPP2 are targets of phosphatidylinositol 3-kinase signaling in b cells: sustained plasma membrane recruitment triggered by the b-cell antigen receptor. Mol Cell Biol (2002) 22(15):5479–91. doi: 10.1128/MCB.22.15.5479-5491.2002

24. Landego, I, Jayachandran, N, Wullschleger, S, Zhang, TT, Gibson, IW, Miller, A, et al. Interaction of TAPP adapter proteins with phosphatidylinositol (3,4)-bisphosphate regulates b-cell activation and autoantibody production. Eur J Immunol (2012) 42(10):2760–70. doi: 10.1002/eji.201242371

25. Jayachandran, N, Mejia, EM, Sheikholeslami, K, Sher, AA, Hou, S, Hatch, GM, et al. TAPP adaptors control b cell metabolism by modulating the phosphatidylinositol 3-kinase signaling pathway: a novel regulatory circuit preventing autoimmunity. J Immunol (2018) 201(2):406–16. doi: 10.4049/jimmunol.1701440

26. Yang, J, Nie, J, Ma, X, Wei, Y, Peng, Y, and Wei, X. Targeting PI3K in cancer: mechanisms and advances in clinical trials. Mol Cancer (2019) 18(1):26. doi: 10.1186/s12943-019-0954-x

27. Balakrishnan, K, Peluso, M, Fu, M, Rosin, NY, Burger, JA, Wierda, WG, et al. The phosphoinositide-3-kinase (PI3K)-delta and gamma inhibitor, IPI-145 (Duvelisib), overcomes signals from the PI3K/AKT/S6 pathway and promotes apoptosis in CLL. Leukemia (2015) 29(9):1811–22. doi: 10.1038/leu.2015.105

28. Flinn, IW, O’Brien, S, Kahl, B, Patel, M, Oki, Y, Foss, FF, et al. Duvelisib, a novel oral dual inhibitor of PI3K-δ,γ, is clinically active in advanced hematologic malignancies. Blood (2018) 131(8):877–87. doi: 10.1182/blood-2017-05-786566

29. Flinn, IW, Hillmen, P, Montillo, M, Nagy, Z, Illés, Á, Etienne, G, et al. The phase 3 DUO trial: duvelisib vs ofatumumab in relapsed and refractory CLL/SLL. Blood (2018) 132(23):2446–55. doi: 10.1182/blood-2018-05-850461

30. Shah, A, and Barrientos, JC. Oral PI3K-δ,γ inhibitor for the management of people with chronic lymphocytic leukemia and small lymphocytic lymphoma: a narrative review on duvelisib. Onco Targets Ther (2021) 14:2109–19. doi: 10.2147/OTT.S189032

31. Dong, S, Guinn, D, Dubovsky, JA, Zhong, Y, Lehman, A, Kutok, J, et al. IPI-145 antagonizes intrinsic and extrinsic survival signals in chronic lymphocytic leukemia cells. Blood (2014) 124(24):3583–6. doi: 10.1182/blood-2014-07-587279

32. Winkler, DG, Faia, KL, DiNitto, JP, Ali, JA, White, KF, Brophy, EE, et al. PI3K-δ and PI3K-γ inhibition by IPI-145 abrogates immune responses and suppresses activity in autoimmune and inflammatory disease models. Chem Biol (2013) 20(11):1364–74. doi: 10.1016/j.chembiol.2013.09.017

33. Boyle, DL, Kim, HR, Topolewski, K, Bartok, B, and Firestein, GS. Novel phosphoinositide 3-kinase δ,γ inhibitor: potent anti-inflammatory effects and joint protection in models of rheumatoid arthritis. J Pharmacol Exp Ther (2014) 348(2):271–80. doi: 10.1124/jpet.113.205955

34. Randis, TM, Puri, KD, Zhou, H, and Diacovo, TG. Role of PI3Kδ and PI3Kγ in inflammatory arthritis and tissue localization of neutrophils. Eur J Immunol (2008) 38(5):1215–24. doi: 10.1002/eji.200838266

35. Wullschleger, S, Wasserman, DH, Gray, A, Sakamoto, K, and Alessi, DR. Role of TAPP1 and TAPP2 adaptor binding to PtdIns(3,4)P2 in regulating insulin sensitivity defined by knock-in analysis. Biochem J (2011) 434(2):265–74. doi: 10.1042/BJ20102012

36. Heng, TSP, and Painter, MW. Immunological genome project consortium. the immunological genome project: networks of gene expression in immune cells. Nat Immunol (2008) 9(10):1091–4. doi: 10.1038/nri2637

37. Vinuesa, CG, Sanz, I, and Cook, MC. Dysregulation of germinal centres in autoimmune disease. Nat Rev Immunol (2009) 9(12):845–58. doi: 10.1111/imr.12860

38. Mintz, MA, and Cyster, JG. T Follicular helper cells in germinal center b cell selection and lymphomagenesis. Immunol Rev (2020) 296(1):48–61. doi: 10.1182/blood-2008-02-078071

39. LeBien, TW, and Tedder, TF. B lymphocytes: how they develop and function. Blood (2008) 112(5):1570–80. doi: 10.1016/j.coi.2015.10.001

40. Metzler, G, Kolhatkar, NS, and Rawlings, DJ. BCR and co-receptor crosstalk facilitate the positive selection of self-reactive transitional b cells. Curr Opin Immunol (2015) 37:46–53. doi: 10.1038/nri.2017.24

41. Rawlings, DJ, Metzler, G, Wray-Dutra, M, and Jackson, SW. Altered b cell signalling in autoimmunity. Nat Rev Immunol (2017) 17(7):421–36. doi: 10.3389/fimmu.2018.00401

42. Brodie, EJ, Infantino, S, Low, MSY, and Tarlinton, DM. Lyn, Lupus, and (B) lymphocytes, a lesson on the critical balance of kinase signaling in immunity. Front Immunol (2018) 9:401. doi: 10.3389/fimmu.2019.02061

43. Verbeek, JS, Hirose, S, and Nishimura, H. The complex association of FcγRIIb with autoimmune susceptibility. Front Immunol (2019) 10:2061. doi: 10.1002/eji.201646596

44. Jayachandran, N, Landego, I, Hou, S, Alessi, DR, and Marshall, AJ. B-cell-intrinsic function of TAPP adaptors in controlling germinal center responses and autoantibody production in mice. Eur J Immunol (2017) 47(2):280–90. doi: 10.1126/science.285.5436.2122

45. Di Cristofano, A, Kotsi, P, Peng, YF, Cordon-Cardo, C, Elkon, KB, and Pandolfi, PP. Impaired fas response and autoimmunity in pten+/- mice. Science (1999) 285(5436):2122–5. doi: 10.1038/383263a0

46. Ono, M, Bolland, S, Tempst, P, and Ravetch, JV. Role of the inositol phosphatase SHIP in negative regulation of the immune system by the receptor Fc(gamma)RIIB. Nature (1996) 383(6597):263–6. doi: 10.1038/ni1151

47. Fukuyama, H, Nimmerjahn, F, and Ravetch, JV. The inhibitory fcgamma receptor modulates autoimmunity by limiting the accumulation of immunoglobulin g+ anti-DNA plasma cells. Nat Immunol (2005) 6(1):99–106. doi: 10.1126/scitranslmed.3009131

48. Wu, X, Ye, Yx, Niu, Jw, Li, Y, Li, X, You, X, et al. Defective PTEN regulation contributes to b cell hyperresponsiveness in systemic lupus erythematosus. Sci Transl Med (2014) 6(246):246ra99. doi: 10.1038/s41590-018-0182-3

49. Preite, S, Cannons, JL, Radtke, AJ, Vujkovic-Cvijin, I, Gomez-Rodriguez, J, Volpi, S, et al. Hyperactivated PI3Kδ promotes self and commensal reactivity at the expense of optimal humoral immunity. Nat Immunol (2018) 19(9):986–1000. doi: 10.1038/s41573-021-00209-1

50. Vanhaesebroeck, B, Perry, MWD, Brown, JR, André, F, and Okkenhaug, K. PI3K inhibitors are finally coming of age. Nat Rev Drug Discov (2021) 20(10):741–69. doi: 10.4049/jimmunol.1001730

51. Rolf, J, Bell, SE, Kovesdi, D, Janas, ML, Soond, DR, Webb, LMC, et al. Phosphoinositide 3-kinase activity in T cells regulates the magnitude of the germinal center reaction. J Immunol (2010) 185(7):4042–52. doi: 10.4049/jimmunol.1001730

52. Uehara, M, McGrath, MM, Ohori, S, Solhjou, Z, Banouni, N, Routray, S, et al. Regulation of T cell alloimmunity by PI3Kγ and PI3Kδ. Nat Commun (2017) 8(1):951. doi: 10.1007/s10753-014-9818-0

53. Wang, Y, Zhang, L, Wei, P, Zhang, H, and Liu, C. Inhibition of PI3Kδ improves systemic lupus in mice. Inflammation (2014) 37(3):978–83. doi: 10.1038/nm1291

54. Barber, DF, Bartolomé, A, Hernandez, C, Flores, JM, Redondo, C, Fernandez-Arias, C, et al. PI3Kgamma inhibition blocks glomerulonephritis and extends lifespan in a mouse model of systemic lupus. Nat Med (2005) 11(9):933–5. doi: 10.3389/fimmu.2014.00233

55. Haselmayer, P, Camps, M, Muzerelle, M, El Bawab, S, Waltzinger, C, Bruns, L, et al. Characterization of novel PI3Kδ inhibitors as potential therapeutics for SLE and lupus nephritis in pre-clinical studies. Front Immunol (2014) 5:233. doi: 10.1073/pnas.1004594107

56. Honigberg, LA, Smith, AM, Sirisawad, M, Verner, E, Loury, D, Chang, B, et al. The bruton tyrosine kinase inhibitor PCI-32765 blocks b-cell activation and is efficacious in models of autoimmune disease and b-cell malignancy. Proc Natl Acad Sci USA (2010) 107(29):13075–80. doi: 10.1016/j.coph.2015.05.017

57. Stark, AK, Sriskantharajah, S, Hessel, EM, and Okkenhaug, K. PI3K inhibitors in inflammation, autoimmunity and cancer. Curr Opin Pharmacol (2015) 23:82–91. doi: 10.1111/bjh.18053

58. Gadi, D, Griffith, A, Wang, Z, Tyekucheva, S, Rai, V, Fernandes, SM, et al. Idelalisib reduces regulatory T cells and activates T helper 17 cell differentiation in relapsed refractory patients with chronic lymphocytic leukaemia. Br J Haematol (2022) 197(2):207–11. doi: 10.3324/haematol.2022.281266

59. Skånland, SS, and Brown, JR. PI3K inhibitors in chronic lymphocytic leukemia: where do we go from here? Haematologica (2023) 108(1):9–21. doi: 10.3324/haematol.2022.281266

60. Sharman, JP, Coutre, SE, Furman, RR, Cheson, BD, Pagel, JM, Hillmen, P, et al. Final results of a randomized, phase III study of rituximab with or without idelalisib followed by open-label idelalisib in patients with relapsed chronic lymphocytic leukemia. J Clin Oncol (2019) 37(16):1391–402. doi: 10.1038/s41375-021-01441-9

61. Gadi, D, Griffith, A, Tyekucheva, S, Wang, Z, Rai, V, Vartanov, A, et al. A T cell inflammatory phenotype is associated with autoimmune toxicity of the PI3K inhibitor duvelisib in chronic lymphocytic leukemia. Leukemia (2022) 36(3):723–32. doi: 10.4049/jimmunol.2000043

62. Stark, AK, Davenport, ECM, Patton, DT, Scudamore, CL, Vanhaesebroeck, B, Veldhoen, M, et al. Loss of phosphatidylinositol 3-kinase activity in regulatory T cells leads to neuronal inflammation. J Immunol (2020) 205(1):78–89. doi: 10.4049/jimmunol.2000043

63. Chellappa, S, Kushekhar, K, Munthe, LA, Tjønnfjord, GE, Aandahl, EM, Okkenhaug, K, et al. The PI3K p110δ isoform inhibitor idelalisib preferentially inhibits human regulatory T cell function. JI (2019) 202(5):1397–405. doi: 10.1038/nature19834

64. Kaneda, MM, Messer, KS, Ralainirina, N, Li, H, Leem, C, Gorjestani, S, et al. PI3Kγ is a molecular switch that controls immune suppression. Nature (2016) 539(7629):437–42. doi: 10.1016/j.cnur.2018.04.002




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Olayinka-Adefemi, Hou and Marshall. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1115244-g005.jpg
alpha-actinine
Cardolipin
BPI
Genomic DNA
Heparan Sulphate
Chondroitin Sulfate C
Heparin
Collagen Il
Amyloid

phingomyelin
Collagen |
DGPS
LKM1
SSRNA
Histone H2B
Nucleolin
Peroxiredoxin 1
Ribo Phosphoprotein P2
PL7

Hemocyanin
Jo-1
La/

M2

WMitochondrial antigen
Fibrinogen S

TG

AGTR

CRP

Factor |

Muscarinic receptor
Histane H1

Core Histone
Histone H2A
Glycated Albumin
Entaktin EDTA
Proteoglycan

PCNA

Prothrombin protein

Insulin
Fibrinogen IV
TNF-?

B2 gy

WMatrigel

Ro/SSA (80 Kda)
Intrinsic Factor
TPO
complement C1gq

U1-snRNP 8
complement
complement

-70/Topoisomerase |
complement C8
U1-snRNP A

\ Polymerase beta

GBM
MPO
Heparan sulfate proteoglyean
Fibronectin
Sm/RNP
U1-snRNP €
complement C3a
AQP4
Wi-2
ba Phosphoprotein PO
Collagen IV
EBNA1
Ribo Phosphoprot
LPS
SmD1
SP100
Aggrecan
omplement C
ytochrome
microglobulin
Elastin
Collagen IIl
Vimentin
dsDNA
ssDNA
WMyelin basic protein (MBP)
Nucleosome antigen
Factor P
mD3
SmD
Decorin-bovi
Laminin
Nup 62
Histone H4

Collagen
Histons H3 Solor key,
Alpha Fodrin

100

mD2
T1F1 gama
Factor D & G 4
U1-snRNP B/B' ~

Vitronectin Row Z-score

Vitronectin
Glycated Albumin
BPI
Ribo Phosphoprote
Nucleosome antigen
AQP4
complement C3a
U1-snRNP B/E'
Heparan sulfate proteoglycan
Factor D
Laminin
PR3
Histone H1
complement C7
Muscarinic r
Factor |
CRP
PM/Scl-75
complement CB
EBNA1
U1-snRNP A

NP-B

/RNP
Sel-70/Topoisomerase |
Factor H
Ribo Phosphoprotein P2
PL12
Elastin
Mi-2
Insulin
Hemocyanin
Factor B
SRP54
SP100
SmD2
SmD1
complement CO

5100
Peroxiredoxin 1
Jo-1
Thyroglobulin
Wyelin basic protein (MBP)
Cytochrome C
Hi
Histone H
Collagen V/
U1-snRNP
U1-snRNP

Matrigel
Fibronectin

GBI

complement C4

Histone H2A

GP210

TNE-

T1F1 gama

Sm

MDAS

comple

PCNA

M2

DNA Polymerase beta (POLB)
Mitochondrial antigen

Myosin

Entaktin EDTA
Fibrinogen S
Fibrinogen IV
PW/Scl 100

B2 glycoprotein 1
Lct

PL7

Intrinsic Factor

omplement C5

P bin pr

Alpha Fodrin

Smb

Ribo Phosphoprotein P1

Nup

Nucleolin

Histone H2B

AGTR

Gliadin

CENP-A

Factor P

Vimentin

Sphingomyelin

Lp

Histone H4
llagen IV
liagen Iil

ssRNA

ssDNA

dsDNA

Collagen VI

Genomic DNA

Proteoglycan

B2-microglobulin

Aggrecan

Decorin-bovine
liagen |
alpha-actinine
Heparin
Heparan
Cardolipin
ondroitin £
Amyloid






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dual inhibition of phosphoinositide 3-kinases delta and gamma reduces chronic B cell activation and autoantibody production in a mouse model of lupus

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            In vivo PI3Kδ/γ inhibitor (Duvelisib) treatment

          



          		

            Flow cytometry

          



          		

            ELISA and auto-antibody analysis

          



          		

            Kidney pathology analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            TAPP KI mice show decreased B cell activation following Duvelisib treatment

          



          		

            PI3Kδγi treatment reduces chronic germinal center responses in TAPP KI mice

          



          		

            PI3Kδγi treatment reduces elevated plasma cells and serum antibodies in TAPP KI mice

          



          		

            PI3Kδγ inhibitor alters the pathologic auto-antibody profile of TAPP KI mice

          



          		

            Impact of PI3Kδγ inhibitor on antibody deposition in kidney

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1115244-g006.jpg
<

es

IgG Autoantibod

(3] N -
(enfeA d)oLbo}-
P
S .....................
2 .
T :
o H
o o ® *s .o“u-
= 0% %? o
© e ®%e ~Mo
.m :
2 . .

(enea d)oLboy-

Difference (treated/untreated)

Difference (treated/untreated)

o

© © < N o ©

(81008 qv) vz duojsiH 96|

- -

(81008 qy)yz suoisiH W)

w

*H..TT ,_.

o © © < ~N o

-

(21098 qy) Al uabejjod W6|

©

© < ~N

(81095 qvy) Ld oqry WG|

day 0 day 28






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1115244-g002.jpg
Spleen CD3-CD4-B220+ Live cells

-l
cml m n n
| & & ..r_L =
* & m T ° .
‘2 ey
& o oHpPee ol o 1 e
= o
§ 8 & @ 2| @ 8§ ° g »
(sl12D & J0 %) +se4/.19 8 (+#Q9 10 %) +1Ad/SYIXD
2l ®
- -
L o S
: gz gl ; T
= .m. D.w T S
a o s| € 3 ) _.Tooo
° vl_lo_ (Y] .w > m.n
5 s =& = g g 8 & 2 °
o ™
(sn120 €40 %) +sed/.19 m < (+7A2 30 %) +LAd/SHOXD
-
- (%]
&
llli w m luﬁ
H ale 5 x
* c %. (@] °
(X} oo o T o o Tr °
G S@ _*'o o ¢ o0
w A © o~ . o o wn o 'z]

o~
(s11#9 9 30 %) +sed/L19 m (+¥aD 10 %) +Lad/SUIXD

Con PI3Kyi
Peyers Patch

Con PI3Kdyi
Lymph node

Con PI3Kdyi
Spleen





OEBPS/Images/fimmu-14-1115244-g004.jpg
IgM (normalized to baseline)

IgG2a (normalized to baseline)

IgG1 (normalized to baseline)

1.5

o] e—t——f—F }

0.5 -~ Control
-~ PI3Kdyi

0 7 14 21 28
Days post treatment
1.5
lgG2a _
1.0 <‘\¢\E_{
_ * %k
\ — }

0.5 -e- Control
-~ PI3Kdyi

0 7 14 21 28
Days post treatment

15

IgG1

1.0 By

0.5 -e- Control
- PI3Kdyi

0 7 14 21 28
Days post treatment

IgA (normalized to baseline)

IgG2b (normalized to baseline)

IgG3 (normalized to baseline)

1.5

1.0

0.5 -e- Control
-~ PI3Kdyi

0 7 14 21 28
Days post treatment

IgG2b

1.0 W
——— ]—**

15

0.5 -e- Control
-~ PI3Kdyi

0 7 14 21 28

Days post treatment

1.5

1gG3
1.0 %—}”‘E}*

0.5 -e- Control
-~ PI3Kdyi

0 7 14 21 28
Days post treatment





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1115244-g007.jpg
PI3K&yi

TAPP Ki

WT

(=3 [=3 (=3 [=3 o
=] o o o
< © N -

o o o o o

Ayisuajui Buiuieys 6|





OEBPS/Images/fimmu.2023.1115244_cover.jpg
& frontiers | Frontiers in Immunology

Dual inhibition of phosphoinositide 3-
kinases delta and gamma reduces chronic
B cell activation and autoantibody
production in a mouse model of lupus





OEBPS/Images/fimmu-14-1115244-g003.jpg
Spleen Scal+IgD- Live cells

1 PI3Kysi

B220 ————

Bone Marrow

Spleen

Con PI3Kbdyi

0 °

o o0 0 uo_l_nooo °
n o n o n
N N - - S
o o o o o

(s1199 aA| Jo %) ¥sejqewseld

&

_\ 4

o

o

c

[ ] “. .. [}

‘II..“ o
0 o 0
- - o

(s1199 aA1| Jo %) Isejqewse|d

=0.52

p
g
[ 4
[

e @ ©o
- o o

3 o o
o =] =]

(s11992 @Ay jo 9,) ajhoewseld

*%*

(s11@2 ani| o 9,

) @hoewse|d

Con PI3Kbdyi

Con PI3Ksyi





OEBPS/Images/fimmu-14-1115244-g001.jpg
Il Pik3cd

3 Pik3cg

(=}
(=] (=3
o
-

uojssaidxa pazijew.ioN

Lymph node Peyers Patch

Spleen

40

20

o =] o

(s1190 g 30 %) ,0800

_
..%..

w =) )
- -

(s1190 g 0 %) ,0800

(s11@2 g jo %) ,08A@d

PI3Kbyi

Con

PI3Koyi

Con

PI3Ksyi

Con

(s1192 g 30 %)

(s1190 g 30 %)

+980d

+9800

PI3Koyi

Con

PI3Koyi

Con

PI3Kyi

Con





