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Abstract

:

Simple Summary


This manuscript showed that Wnt/β-catenin plays a significant role in T cell-mediated GVHD after allogeneic transplantation. Our functional and genetic data demonstrated that the Wnt/β-catenin pathways play a central role in uncoupling GVHD from GVL functions.




Abstract


Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is one of the most widely applied forms of adoptive immunotherapy for the treatment of hematological malignancies. Detrimental graft-versus-host disease (GVHD), but also beneficial graft-versus-leukemia (GVL) effects occurring after allo-HSCT are largely mediated by alloantigen-reactive donor T cells in the graft. Separating GVHD from GVL effects is a formidable challenge, and a greater understanding of donor T cell biology is required to accomplish the uncoupling of GVHD from GVL. Here, we evaluated the role of β-catenin in this process. Using a unique mouse model of transgenic overexpression of human β-catenin (Cat-Tg) in an allo-HSCT model, we show here that T cells from Cat-Tg mice did not cause GVHD, and surprisingly, Cat-Tg T cells maintained the GVL effect. Donor T cells from Cat-Tg mice exhibited significantly lower inflammatory cytokine production and reduced donor T cell proliferation, while upregulating cytotoxic mediators that resulted in enhanced cytotoxicity. RNA sequencing revealed changes in the expression of 1169 genes for CD4, and 1006 genes for CD8+ T cells involved in essential aspects of immune response and GVHD pathophysiology. Altogether, our data suggest that β-catenin is a druggable target for developing therapeutic strategies to reduce GVHD while preserving the beneficial GVL effects following allo-HSCT treatment.
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1. Introduction


Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative treatment for patients with hematological malignancies, due to the eradication of host malignant cells by donor T cells (graft-versus-leukemia or GVL) [1]. In 40–70% of patients, the same donor T cells also attack healthy tissues like the gastrointestinal (GI) tract and liver, leading to graft-versus-host disease (GVHD) [2]. The mortality rate due to GVHD is higher than 20% [3,4]. Therefore, therapeutic protocols that enhance the control of GVL and diminish the effects due to GVHD are essential for the treatment of leukemia.



Wnt/β-catenin signaling plays a critical role in T cell development and tissue homeostasis [5]. Wnt/β-catenin pathways also play important roles in thymocyte development, differentiation, polarization, and survival of mature T lymphocytes [6,7]. The transcription factor T Cell Factor-1 (TCF-1), encoded by the gene, and Lymphoid Enhancer Binding Factor-1 (LEF-1) is the downstream transcription effectors of the canonical Wnt signaling pathway [8]. Both Tcf7 and Lef1 are highly expressed by naïve CD8+ T cells, and as these cells encounter antigen, the levels of Tcf7 and Lef1 decrease in these cells [9]. There are several lines of evidence suggesting that Wnt/β-catenin signaling downregulates the production of proinflammatory cytokines [10]. These cytokines include IL-1β, IL-6, IL-8, and TNF-α. Wnt/β-catenin signaling is also critical for T cell differentiation, effector functions, and migration [11]. The activation of β-catenin signaling turns CD8+ T cells into Tfh-like cells [12]. β-catenin signaling can also enhance the differentiation of CD8+ T cells into effector cells [13]. Wnt/β-catenin signaling pathway components are highly expressed in naive CD8+ and memory CD8+ T cells, but expressed less in effector CD8+ T cells [11]. Since the activation and maintenance of T cells are both required for anti-tumor immunity (GVL) and GVHD, we hypothesized that Wnt/β-catenin signaling may play an important role in these linked processes.



In this study, we used a mouse model expressing transgenic β-catenin (Cat-Tg mice), that increases the expression of the protein by 2–3 fold [8]. We demonstrate that donor T cells from Cat-Tg mice do not induce GVHD in an MHC-mismatched mouse model, but still clear primary B-cell acute lymphoblastic leukemia (B-ALL) cells [14,15]. Our data also showed that Cat-Tg mice had fewer naïve CD8+ T cells and an increase in T cells with an activated phenotype that may trend towards exhaustion. Interestingly, our data show that recipient mice allogeneically transplanted with T cells from Cat-Tg mice had significantly decreased proinflammatory cytokines in serum, and the donor T cells showed lower levels of expansion. Unbiased analysis of gene expression using RNA sequencing showed that transgenic expression of β-catenin affects pathways like regulation of metabolism, lymphocyte activation, adaptive immune response, MHC complex, cytokine production, antigen processing and presentation, Th1/Th2 cell differentiation, Th17 cell differentiation, cell adhesion molecules, chemokine signaling, signaling (NF-κβ, TNF and others), GVHD, allograft rejection, and autoimmunity in CD8+ and CD4+ T cells. Importantly, trafficking of donor T cells to GVHD target organs is considered a hallmark of GVHD [16]. Our data showed that transgenic expression of β-catenin specifically affects CD8+ T cell migration to the GVHD target organs after allo-BMT. We examined tissue damage to target organs using histology, and recipient mice transplanted with donor T cells from Cat-Tg mice showed significantly less damage compared to recipient mice transplanted with donor T cells from WT mice. In summary, we provide a mechanistic understanding of the manner in which enhancement of the Wnt/β-catenin-TCF1/LEF1 pathway protects from GVHD while maintaining GVL. For the first time, we provide evidence that β-catenin has a significant impact on T cell functions in an allotransplant model. This effect is due to changes in T cell phenotype, function, and gene expression. Thus, we show that β-catenin and Wnt signaling are potential druggable targets to separate GVHD and GVT to improve allo-HSCT outcomes.




2. Results


2.1. Donor T Cells from Cat-Tg Mice Do Not Induce GVHD but Maintain GVL Function


To determine whether overexpression of β-catenin impacts GVHD pathogenesis after allo-HSCT, we examined the effects of β-catenin signaling on donor CD4+ and CD8+ T cells in an allotransplant model, using C57Bl/6 background mice (MHC haplotypeb) as donors and BALB/c mice (MHC haplotype d) as recipients [15]. To induce GVHD, we used MHC-mismatched donors and recipients. T cell-depleted bone marrow cells from WT mice, and T cells from C57BL/6 (B6) WT or Cat-Tg mice were injected into irradiated BALB/c mice along with luciferase-expressing B-cell acute lymphoblastic leukemia (B-ALL-luc) tumor cells [14,15]. Lethally irradiated BALB/c mice were injected intravenously with 1 × 107 wild-type (WT) T cell-depleted donor BM cells, 1 × 106 MACS-sorted donor CD3+ T cells, and 1 × 105 B-ALL-luc blast cells as described [14,15,17]. Recipient BALB/c mice were monitored for cancer cell growth using IVIS bioluminescence imaging for over 60 days (Figure 1A) [15,17]. While leukemia cell growth was observed in mice given bone marrow without T cells, leukemia cell growth was not seen in mice transplanted with T cells from either WT or Cat-Tg mice. As expected, mice transplanted with WT T cells cleared the leukemia cells (Figure 1A) but suffered significantly from GVHD (Figure 1B–D). In contrast, mice transplanted with Cat-Tg T cells cleared the leukemia cells (Figure 1A) and displayed minimal signs of GVHD (Figure 1B–D). All animals transplanted with Cat-Tg T cells survived for more than 65 days post-allo-HSCT (Figure 1B), with significantly reduced weight loss and clinical scores compared to those transplanted with WT T cells (scored based on weight loss, posture, activity, fur texture, and skin integrity, and diarrhea as previously described) [18] (Figure 1C,D). Quantification of tumor bioluminescence showed that mice given WT or Cat-Tg T cells cleared the tumor cells, while tumor burden remained high for mice only given bone marrow (Figure 1E). Our results indicate that donor T cells from Cat-Tg mice are able to generate anti-leukemia immunity, without inducing GVHD.




2.2. Wnt/β-Catenin Affects T Cell Phenotype and Cytotoxic Function


To examine how the overexpression of Wnt/β-catenin affects T cell phenotype, we MACS-purified T cells from Cat-Tg and WT mice by CD90.2-positive selection. We examined the effects of Wnt/β-catenin overexpression on CD4+ and CD8+ T cells in comparison to T cells from WT C57Bl/6 mice. Our data showed that CD8+ T cells from Cat-Tg mice exhibit an innate memory phenotype (IMP) [15,19], as indicated by the expression of high levels of CD44, CD122, and a key transcription factor Eomesodermin (Eomes). We did not observe any changes in expression of T-box transcription factor TBX21, also called T-bet. CD8+ T cells from Cat-Tg mice showed a trend towards increased levels of PD-1, but had no differences in CTLA-4 expression compared to CD8+ T cells from WT mice. We also did not observe significant differences in TCF-1 expression (Figure 2A,B). Analysis of the effect of Wnt/β-catenin on CD4+ T cells indicated that CD4+ T cells from Cat-Tg mice also express higher levels of CD44 but had no differences in CD122, Eomes, or T-bet expression compared to CD4+ T cells from WT mice. CD4+ T cells from Cat-Tg mice also express significantly higher percentages of PD-1 but have no differences in CTLA-4 or TCF-1 compared to CD4+ T cells from WT mice (Figure 2C,D). Our data show that CD4+ T cells from Cat-Tg mice had no difference in memory phenotypes compared to CD4+ from WT mice (Figure 2E) (Supplementary Figure S1A). Next, we examined whether CD8+ T cells from Cat-Tg mice exhibited changes in memory subsets. We observed a significant decrease in naïve CD8+ T cells, and no significant differences in the transitioning/activating cells, but significantly increased central memory CD8+ T cells from Cat-Tg mice. No significant differences were observed in effector memory CD8+ T cells between Cat-Tg and WT mice (Figure 2F) (Supplementary Figure S1B).



To examine whether T cells from Cat-Tg mice expressed proteins involved in cytotoxic function, we purified CD3+ T cells from Cat-Tg mice and WT mice, and performed a Western blot on the cell lysates. Our Western data show that CD3+ T cells from Cat-Tg mice express significantly higher levels of granzyme B and perforin than CD3+ T cells from WT mice (Figure 2G–I, quantified in Figure 2H,I). Next, we examined whether CD8+ T cells from Cat-Tg mice could mount a cytotoxic response, using a cytotoxicity assay against primary B-ALL cells with different effector to target ratios [14,15,17]. We found that CD8+ T cells from Cat-Tg mice effectively killed significantly more primary leukemia cells in vitro than CD8+ T cells from WT mice (Figure 2J). Our findings demonstrate that CD8+ T cells from Cat-Tg mice have enhanced activation markers, significantly altered CD8+ T cells phenotype, enhanced expression of Granzyme B and Perforin, and exert better cytotoxicity against primary leukemia cells than CD8+ T cells from WT mice.




2.3. Wnt/β-Catenin Overexpression Results in Reduced Cytokine Production and Donor T Cell Proliferation without Affecting TCR Signaling


The conditioning regimen for allo-HSCT elicits an increase in the production of inflammatory cytokines by donor T cells, known as a “cytokine storm” [20,21]. This is considered one of the hallmarks of GVHD pathogenesis [22]. We assessed cytokine production by Cat-Tg T cells in our allo-HSCT model (B6→BALB/c) by examining the levels of serum inflammatory cytokines. We observed that recipient BALB/c mice treated with 1 × 106 CD3+ T cells from Cat-Tg mice expressed significantly less IFN-γ, TNF-α, IL-5, IL-2, IL-6, IL-10 and IL-22 in serum compared to recipient BALB/c mice treated with CD3+ T cells from WT mice (Figure 3A). We did not observe differences in IL-4, IL-9, IL-17A, IL-17F, and IL-13 on day 7 post allotransplantation (Figure 3A). We also examined donor CD8+ or CD4+ T cells from secondary lymphoid organs of recipients using anti-H2Kb antibodies (H2Kb is expressed by donor C57Bl/6 cells). Ex vivo donor T cells were stimulated with anti-CD3/CD28 antibodies for 6 h in the presence of GolgiPlug (Figure 3B,C) or left unstimulated, followed by an analysis of IFN-γ and TNF-α cytokine production. Cat-Tg CD8+ or CD4+ T cells produced significantly less inflammatory IFN-γ when stimulated via anti-CD3/CD28 antibodies, but we did not observe any differences in TNF-α expression (Figure 3B–E).



We next examined donor T cell proliferation using an EdU incorporation assay. We utilized short-term allo-transplantation as described above, and recipients were injected with EdU in PBS on days 5 and 6 post-transplant. Seven days post allo-transplantation, splenocytes were obtained from recipients, and donor cells (identified by H2Kb+, CD3+ and CD4+ or CD8+) were examined for proliferation by EdU incorporation. Both donor CD4+ and CD8+ T cells from Cat-Tg mice showed a trend toward reduced proliferation compared to donor T cells from WT mice, but this effect was not significant (Figure 3F–H).



Attenuated TCR signaling due to the absence of ITK causes T cells to acquire an innate-like memory phenotype (IMP), distinguished by higher expression of CD44, CD122 and Eomes [15,17,19]. The absence of ITK also affects T cell receptor-induced phospho-ERK, phospho-PLCγ-1 and expression levels of IRF-4 [15]. However, despite the similarity of the observed T cell phenotype to the absence of ITK, we did not observe significant differences in any of these signaling molecules on T cells from Cat-Tg or WT mice on the total protein level (Figure 3I,J). Our data suggest that donor T cells from Cat-Tg mice exhibit reduced inflammatory cytokine production and reduced proliferation upon allogeneic transplantation in a major mismatch model. These findings support our observations that donor T cell-induced GVHD severity is reduced by overexpression of β-catenin.




2.4. Wnt/β-Catenin Expression Regulates Gene Expression in T Cells during GVHD


As an unbiased approach to further explore differences between CD4+ or CD8+ T cells from WT and Cat-Tg mice, we employed RNA sequencing analysis. We examined the differences in gene expression between WT and Cat-Tg CD4+ and CD8+ T cells before and following allo-HSCT. We sort-purified donor WT and Cat-Tg CD4+ or CD8+ T cells from freshly isolated splenocytes, and called these pre-transplanted cells (pre-tx). We also MACS purified 1 × 106 CD4+ and 1 × 106 CD8+T cells, which were mixed at a 1:1 ratio, from WT or Cat-Tg mice and transplanted them along with T cell-depleted bone marrow cells into the tail vein of lethally irradiated BALB/c recipients. On day 7 post-transplantation, we sort-purified donor WT and Cat-Tg CD4+ or CD8+ T cells (using H-2Kb antigen expressed by donor T cells) from recipients, and called these post-transplant day 7 samples (post-tx). The cells were sorted into Trizol reagent and transcriptionally profiled. Principal component analysis (PCA) of CD8+ T cells identified four clusters of samples, which clearly separated the pre-transplanted WT or Cat-Tg and post-transplanted WT or Cat-Tg populations along PC1 (32%), PC2 (15%) and PC3 (13%) (Figure 4A). Further analysis of pre-transplanted CD8+ T cell populations identified 1006 differentially expressed genes (DEGs; FDR ≤ 0.05, log Fold Change logFC ≥ 2) between WT and Cat-Tg (Figure 4B), of which 624 genes were downregulated and 382 genes were upregulated (Figure 4C). The use of a Spearman correlation method associated with hierarchical clustering categorized pre tx CD8+ T cell samples into two clusters, WT and Cat-Tg (Figure 4D). DEGs between WT and Cat-Tg in pre-transplanted CD8+ T cells were averaged by group and gene co-regulation was determined by hierarchical clustering, using Pearson correlation with a grouping cutoff (k) of 2. Genes that were up and downregulated in Cat-Tg pre-tx CD8+ T cell samples clustered in Module 1 and Module 2, respectively. Gene expression is averaged by group (n = 3) for clarity and displayed as z score across each row (Figure 4D). Go enrichment analysis of Module 1 revealed that upregulated DEGs are involved in numerous biological pathways including peptide metabolism, metabolic process, PD1 signaling, and downstream TCR signaling. Go enrichment analysis of downregulated DEGs in Module 2 revealed that these genes are involved in numerous biological pathways including antigen processing and presentation, response to cytokine, cytokine receptor activity, protein phosphorylation, protein tyrosine kinase activity, NF-κappa B signaling, Th17 differentiation, Interleukin 17 signaling, Th1 and Th2 differentiation, cell adhesion molecules, chemokine signaling, TLR signaling, MAPK signaling, apoptosis, innate immune system, and a number of diseases like Allograft rejection, Graft-versus-host disease, Inflammatory bowel disease, Type I Diabetes, Systemic Lupus Erythematosus, and Autoimmunity (Figure 4E). When we performed GSEA analysis using the Hallmark pathways collection from Molecular Signatures Database (MSigDB) [23] we observed that Hallmark of TNF-α signaling via NF-κβ, KRAS signaling, Interferon-gamma response, Inflammatory response, IL-6 JAK STAT3 Signaling, IL-2 STAT2 signaling, G2M checkpoint, Apical junction, and allograft rejection pathways were enriched in WT compared to Cat-Tg in pre-transplanted CD8+ samples (Figure 4F–I). Pathways including DNA repair and oxidative phosphorylation were enriched in to Cat-Tg compared to WT (Figure 4J).



The analysis of the post-transplanted CD8+ T cell samples cell populations identified 227 differentially expressed genes (DEGs; FDR ≤ 0.05, logFC ≥ 2) between WT and Cat-Tg (Figure 5A), of which 46 genes were downregulated and 181 genes were upregulated (Figure 5B). Post-transplanted CD8+ T cell samples were categorized into two clusters, WT and Cat-Tg (Figure 5C). DEGs between WT and Cat-Tg in post-transplanted CD8+ T cells again were averaged by group and gene co-regulation was determined by hierarchical clustering. Genes that were up- and downregulated in Cat-Tg post-tx CD8+ T cell samples clustered in Module 1 and Module 2, respectively (Figure 5C). Go enrichment analysis of Module 2 revealed that downregulated DEGs are involved in viral protein interaction with cytokine and cytokine receptor, chemokine signaling, chemokine receptors bind chemokines and others (Figure 5D). GSEA analysis showed that Hallmark of Interferon gamma and alpha response, Inflammatory response, and Apoptosis pathways were enriched in Cat-Tg compared to WT in post-transplanted CD8+ samples (Figure 5E,F). Pathways including Coagulation and KRAS Signaling DN were enriched in WT compared to Cat-Tg in post-transplanted CD8+ samples (Figure 5E,G).



Principal component analysis (PCA) analysis of the CD4+ T cell samples identified four clusters of samples, which again clearly separated the pre-transplanted WT or Cat-Tg and post-transplanted WT or Cat-Tg populations along PC1 (39.5%), PC2 (17%) and PC3 (10.3%) (Figure 6A). Further analysis of pre-transplanted CD4+ T cell populations identified 1169 differentially expressed genes (DEGs; FDR ≤ 0.05, log Fold Change logFC ≥ 2) between WT and Cat-Tg (Figure 6B), of which 387 genes were downregulated and 782 genes were upregulated (Figure 6C). The use of a Spearman correlation method associated with hierarchical clustering categorized pre-transplanted CD4+ T cell samples into two clusters, WT and Cat-Tg (Figure 6D). DEGs between WT and Cat-Tg in pre-transplanted CD4+ T cells were averaged by group and gene co-regulation was determined by hierarchical clustering. Genes that were up and downregulated in Cat-Tg pre-tx CD4+ T cell samples clustered in Module 1 and Module 2 respectively (Figure 6D). Go enrichment analysis of Module 1 revealed that upregulated DEGs are involved in numerous biological pathways including peptide metabolic process, metabolism, PD1 signaling, TNF receptor binding, oxidative phosphorylation, TCA cycle, Respiratory electron transport, and genetic transcription pathway. Go enrichment analysis of Module 2 revealed that downregulated DEGs are involved in pathways including immune receptor, cytokine receptor activity, antigen processing and presentation, lymphocyte activation, cytokine mediated signaling, MHCII protein complex, cell adhesion molecules, Th17 differentiation, NF-kappa B signaling, Th1 and Th2 differentiation, innate immune system, hemostasis, IL-5 Signaling, IRF-4–Spi1 complex and number of diseases like Primary immunodeficiency, Asthma, Rheumatoid arthritis, Allograft rejection, Graft-versus-host disease, Inflammatory bowel disease, Type I Diabetes, and Autoimmunity (Figure 6E). GSEA analysis using the Hallmark pathways collection from Molecular Signatures Database (MSigDB) [23] showed that Hallmark of TNF-α signaling via NF-kβ, Apical junction, Coagulation and Hypoxia were enriched in WT compared to Cat-Tg in pre-transplanted CD4+ samples (Figure 6F,G). Finally, pathways including MYC targets and oxidative phosphorylation were enriched in Cat-Tg in pre-transplanted CD8+ samples (Figure 6F,H).



The analysis of the post-transplanted CD4+ T cell samples identified 761 differentially expressed genes (DEGs; FDR ≤ 0.05, logFC ≥ 2) in comparison between Cat-Tg and WT (Figure 7A), of which 314 genes were downregulated and 447 genes were upregulated (Figure 7B). Post-transplanted CD4+ T cell samples were categorized into two clusters, WT and Cat-Tg (Figure 7C). Genes that were downregulated and upregulated in Cat-Tg post-tx CD4+ T cell samples clustered in Module 1 and Module 2, respectively (Figure 7C). GO enrichment analysis of Module 1 revealed that dowregulated DEGs are involved in viral protein interaction with diacylglycerol pathway, hemostasis, metabolic process, post-translational protein phosphorylation, chemokine receptors bind chemokines and others (Figure 7D). GO enrichment analysis of Module 2 revealed that upregulated DEGs are involved in viral protein interaction immune response, antigen processing and presentation, cell adhesion molecules, cytokine–cytokine receptor interaction, hemostasis and some disorders like Graft-versus-host disease, Inflammatory bowel disease, Allograft rejection and others (Figure 7D). GSEA analysis showed that Hallmark of KRAS signaling DN, G2M checkpoint, E2F targets. Coagulation pathways were enriched in WT compared to Cat-Tg in post-transplanted CD4+ samples (Figure 7E,F). Further, pathways including Apoptosis, Il-6 JAK STAT3 signaling, Inflammatory response, Interferon alpha and gamma response, and TNF-a signaling via NF-kappa b were enriched into Cat-Tg compared to WT in post-transplanted CD4+ samples (Figure 7G). Altogether these data suggest that the genetic signature of CD8+ and CD4+ T cells that overexpress β-catenin is different from CD8+ and CD4+ T cells from WT mice.




2.5. Wnt/β-Catenin Overexpression Specifically Affects CD8+ T Cell Functions


The pathogenesis of GVHD involves the migration of donor T cells into the target organs in the recipient, including the liver, small intestine, and skin [24,25]. GVHD occurs in a subset of organs and involves early migration of alloreactive T cells into these organs followed by T cell expansion and later tissue destruction [16,26]. To examine whether overexpression of Wnt/β-catenin affects donor T cell migration, irradiated BALB/c recipient mice were injected with CD8+ T cells and CD4+ T cells from Cat-Tg (CD45.2+) and WT B6-Ly5.1 (CD45.1+) mice, mixed at a 1:1 ratio of WT: Cat-Tg (Figure 8A). A total of 2 × 106 T cells were injected, and the cells were checked prior to transplant for a 1:1 ratio of CD4/CD8 for each strain, and for a 1:1 ratio of donor strains, CD45.1+ WT and CD45.2+ Cat-Tg (Figure 8B). As a control, we also transplanted WT CD45.2 (C57BL/6) and WT CD45.1 (B6-Ly5.1) cells at a 1:1 ratio of WT(CD45.2): WT(CD45.1). (Figure 8A,C). Once again, 1 × 106 T cells were injected and cells were checked prior to transplant for a 1:1 ratio of CD4/CD8 for each strain, and for a 1:1 ratio of donor strains (Figure 8D). At 7 days post-transplantation, recipient mice were examined for the presence of donor T cells in the spleen and liver. Our data show that recipient mice transplanted with WT CD45.1 and WT CD45.2 cells had no difference in post-transplanted T cell ratios from spleen and liver (Figure 8E,F). When we examined the recipient, mice transplanted with WT CD45.1 and WT CD45.2 cells, they had significantly reduced donor CD4+ cells versus donor CD8+ T cells in the spleen and liver (Figure 8G,H). We did not observe any difference in CD4 and CD8 T cells from the spleen in a comparison between cells from CD45.1 versus CD45.2 mice (Figure 8G). We observed a slight decrease in CD8 T cells and a slight increase in CD4 T cells from the liver in a comparison between cells from CD45.1 versus CD45.2 mice (Figure 8H).



When we examined spleens from recipient mice transplanted with CD45.1 WT and CD45.2 Cat-Tg cells, we observed that the percentage of CD45.2 Cat-Tg T cells in the spleen and liver was significantly reduced compared to CD45.1 WT T cells (Figure 8I,J). The recipient mice transplanted with WT CD45.1 and Cat-Tg CD45.2 cells had a reduction in donor CD4+ T cells versus donor CD8+ T cells in the spleen and liver (Figure 8K,L). We did observe a significant decrease in CD8 T cells from the spleen and liver in a comparison between cells from CD45.1 versus CD45.2 mice (Figure 8K,L). When we compared CD4 T cells, we saw a significant increase in spleen and liver in a comparison between cells from CD45.1 versus CD45.2 mice (Figure 8K,L).



Using histological staining for H&E, we also observed leukocyte infiltration into GVHD target organs like the liver and small intestine (SI) [24] in WT T cell recipients, but not as much in Cat-Tg T cell recipients (Figure 8M and Supplementary Figure S2). These data suggest that CD8+ T cells from Cat-Tg mice have significantly been affected by β-catenin overexpression, and caused less tissue damage to GVHD target tissues.





3. Discussion


In this report, we demonstrate that overexpression of Wnt/β-catenin regulates allo-reactive T cells for the treatment of hematological malignancies. CD8+ and CD4+ T cells from Cat-Tg mice expressed higher levels of CD44 and PD-1 markers. CD8+ T cells from Cat-Tg mice also expressed higher Eomes and CD122. We did not observe any differences in TCF-1, T-bet or CTLA-4 expression. CD8+ T cells from Cat-Tg mice showed frequencies of central memory and transitioning cells, but a reduced naïve cell population. Furthermore, both CD4+ and CD8+ T cells from mice overexpressing β-catenin (Cat-Tg mice) showed significantly reduced GVHD pathogenesis, while maintaining GVL in models of allo-HSCT.



Several lines of evidence suggested that CD44hi and CD122hi T cells do not induce GVHD [27,28,29]. Our data showed that a high proportion of CD8+ T cells from Cat-Tg mice are CD44hi and CD122hi and express higher levels of Eomes (IMP phenotype) [19]. Previously, it has been suggested that the IMP phenotype might be due to higher expression of IL-4 in the thymus of Cat-Tg mice, which can result in the IMP phenotype [30]. However, published data have indicated that the IMP phenotype is not dependent on IL-4 expression specifically in Cat-Tg mice [8,31] These findings would indicate that higher Eomes expression and the IMP phenotype in Cat-Tg mice due to β-catenin overexpression allows these cells to have anti-tumor activity in a T cell-intrinsic manner [15,17].



Several lines of evidence also suggest that β-catenin plays a central role in T cell development [12,32,33]. Experiments using either loss of β-catenin or enforced expression of stabilized β-catenin have further identified a role for β-catenin at multiple stages of T cell development [33,34]. Adoptive transfer of Wnt-treated CD8+ T cells was shown to enhance anti-tumor activity in vivo [35]. Our data provide evidence that CD8+ T cells from Cat-Tg mice express higher levels of granzyme B and perforin, higher expression of Eomes, and these cells also exhibited enhanced cytotoxicity. Constitutive activation of the TCF-1/β-catenin pathway in vivo has been shown to favor the generation of memory CD8+ T cells [36].



To examine how T cells from Cat-Tg mice maintain GVL function without GVHD damage, we examined proinflammatory cytokine expression. Our data show that donor T cells from Cat-Tg mice express significantly less proinflammatory cytokines both on a serum level and on a cellular level in our allo-HSCT model. Transcriptome analysis by RNA sequencing revealed that there were 150 differentially expressed genes in CD4+ T cells and over 250 genes affected by overexpression of β-catenin in CD8+ T cells. Pathway analysis revealed that the differentially expressed genes in CD4+ T cells are involved in the regulation of immune system processes, T cell and B cell activation, T cell proliferation, adaptive immune responses, immune system development, inflammatory responses, cytokine production, signaling, cell adhesion, and chemokine receptors. Genes that were differentially expressed in CD8+ T cells were involved in similar pathways, along with hematopoietic cell lineage, GVHD, allograft rejection, Th1, Th2, Th17 differentiation, and other pathways. Therefore, these findings suggest that β-catenin may play a critical role in regulating gene expression programs of mature T cells during alloactivation. Taken together, these data suggest that Wnt/β-catenin could represent a potential target for the separation of GVHD and GVL responses after allo-HSCT.



Donor T cell proliferation and migration to GVHD target organs are considered hallmarks of GVHD [4]. The Wnt/β-catenin signaling path is a highly conserved pathway through evolution, and regulates key cellular functions including proliferation, differentiation, migration, genetic stability, apoptosis, and stem cell renewal [34,36]. CD8+ T cells, but not CD4+ T cells from Cat-Tg mice are likely to be defective in migration to GVHD target organs. Recipient BALB/c mice were transplanted with a 1:1 ratio of WT: Cat-Tg T cells, and at day 7 post-transplantation, we observed that the T cells were skewed toward CD4 T cells. However, when we further examined WT:WT T cells, we observed a trend towards CD8 T cells. We observed a significant reduction in CD8+ T cells from Cat-Tg mice in the spleen and liver. Both donor CD4+ and CD8+ T cells from Cat-Tg mice showed a trend toward reduced proliferation compared to donor CD4+ and CD8+ T cells from WT mice. Our functional data were confirmed by RNA sequencing. GO enrichment analysis revealed that the genes involved in lymphocyte cell adhesion (like CADM1, CD22, CD40, CD40LG, H2-AA, H2-AB1, H2-DMB1, H2-DMB2, H2-EB1, H2-EB2, ICOSL, ITGAM, SDC1, SDC3, SDC4, VCAM1) and chemokine signaling (like ADRBK2, CCL6, CCR6, CX3CR1, CXCL16, CXCR5, FGR, HCK, LYN, NFKB1, PIK3R6, PRKCD, STAT2, VAV2) were downregulated in T cells from Cat-Tg mice. These results provide evidence that β-catenin expression might suppress donor T cell migration. Published data have shown that irradiation causes the upregulation of cell adhesion molecules and provides early costimulatory signals to incoming donor T cells in the intestine, followed by a cascade of proinflammatory signals in other organs once the alloresponse is established [37]. Our data provide evidence that both CD4 and CD8+ T cells from Cat-Tg mice show significant reductions in adhesion molecules, but CD8+ T cells from Cat-Tg mice were more significantly affected, which could affect their ability to migrate to target organs.



We also observed that genes involved in chemokine receptor activity, and several genes involved in the regulation of lymphocyte migration were affected in CD4+ and CD8+ T cells. Inflammatory chemokines are expressed in inflamed tissues by both hematopoietic and non-hematopoietic cells upon stimulation by pro-inflammatory cytokines, including TNFα and IFN-γ [38]. Inflammatory chemokines of the CC, C, or CXC3C families are also increasingly expressed after allogeneic transplantation [38]. Cellular sources of chemokines may differ between specific target organs, and contribute considerably to the severity of GVHD. Our data show that inflammatory chemokines are significantly affected in T cells from Cat-Tg mice, which may contribute to less severe development of GVHD.



Recently, several lines of evidence have suggested that modulating intracellular signaling pathways that regulate T cell responses and survival can be used to inhibit T cell alloresponses, T cell survival, and thus, GVHD [39]. This has included targeting the transcription factor nuclear factor kappa B (NFκβ). Our data show that T cells (both CD4 and CD8+) from Cat-Tg mice have significant changes to the NFκβ pathways. NFκβ controls the expression of a number of genes important for mediating immune and inflammatory responses. As NFκβ has long been known to play a critical role in T cell biology, particularly with respect to cytokine responses, it has always been an attractive target [40]. Several lines of evidence have recently suggested that inhibiting NFκβ signaling ameliorates GVHD in both mice and humans [41]. Bortezomib and PS-1145 are small molecule inhibitors that have been used to treat acute GVHD [42].



The use of agonists to activate Wnt/β-catenin signaling could have considerable clinical implications for the improvement of immunotherapies based on ex vivo manipulation of T lymphocytes for adoptive transplantation. Several mouse models have shown that blocking Gsk-3β using small molecule inhibitors resulted in the generation of stem-like memory CD8+ T cells, which have the potential to be highly effective in immunotherapy [43]. Using pharmacological approaches, human CD8+ T cells with stem-like properties can be generated using antagonists of Wnt signaling, and can be genetically engineered to have tumor-specific properties [44]. For the first time, we showed that Wnt/β-catenin plays a significant role in T cell-mediated GVHD after allogeneic transplantation. Our functional and genetic data demonstrated that the Wnt/β-catenin pathways play a central role in uncoupling GVHD from GVL functions.




4. Materials and Methods


4.1. Mice


Cat-Tg mice were described previously [45]. Briefly, the ΔN87βCat fragment has the N-terminal deletion mutant of human β-catenin gene as described [46]. The ΔN87βCat fragment was cloned with the BamHI site in p1017 as described [47]. The ΔN87βCat fragment with NotI-cut DNA was injected in FVB recipient mice. Transgenic mice were identified by Southern blot analysis of DNA as described [48]. The probe consisted of the ΔN87βCat gene. Transgenic founders (ΔCat-1, ΔCat-2, ΔCat-3 and ΔCat-7) were bred to C57BL/6 mice and maintained as heterozygous for the transgene. Mice were bred back with back cross with C57BL/6 to obtain Cat-Tg mice. C57BL/6, C57BL/6.SJL (B6-SJL), B6-Ly5.1 (B6.SJL-Ptprca Pepcb/BoyCrl) and BALB/c mice were purchased from Charles River or Jackson Laboratory. Mice aged 8–12 weeks were used, and all experiments were performed with age and sex-matched mice. Animal maintenance and experimentation were performed in accordance with the rules and guidance set by the institutional animal care and use committees at SUNY Upstate Medical University.




4.2. Reagents, Cell Lines, Flow Cytometry


Monoclonal antibodies were purchased from Biolegend (San Diego, CA, USA) or eBioscience (San Diego, CA, USA) and were used at 1:100 dilution. Antibodies used included mouse anti-CD3(cat#100102), anti-CD28(cat# 102116), anti-CD3 BV605, anti-CD4-PE, anti-CD8- Pe/Cy7, anti-Eomes-Pe/Cy7, anti-CD44-Pacific Blue, anti-CD122-APC, anti-CD62L- APC/Cy7, anti-T-bet-BV421, anti-CTLA4-PE, anti-PD1- BV785, anti-H-2Kb-Pacific Blue, anti-TNF-α-FITC, anti-IFNγ-APC, anti- EdU-AF647, anti-CD45.1-FITC, anti-CD122-APC, anti-TCF-1-PE anti-CD45.2 APC. We performed multiplex ELISAs using the Biolegend LEGENDplex Assay Mouse Th Cytokine Panel kit (741043). D-Luciferin was purchased from Gold Bio (St. Louis, MO, USA). Flow cytometry was performed on a BD LSR Fortessa (BD Biosciences Franklin Lakes, NJ, USA). Data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).



For cell sorting, T cells were purified with anti-CD90.2, or anti-CD4 and anti-CD8 magnetic beads using MACS columns (Miltenyi Biotec, Auburn, CA, USA) prior to cell surface staining. FACS sorting was performed with a BD FACS Aria III cell sorter (BD Biosciences). Cells were sorted into sorting media (50% FBS in RPMI) for maximum viability, or Trizol for RNAseq experiment. FACS-sorted populations were typically of > 95% purity. All cell culture reagents and chemicals were purchased from Invitrogen (Grand Island, NY, USA) and Sigma-Aldrich (St. Louis, MO, USA), unless otherwise specified. For signaling analysis, antibodies against PLCγ1, ERK, IRF-4, Granzyme, Perforin, and β-Actin (total) were purchased from Cell Signaling Technology (Danvers, MA, USA). The primary mouse B-ALL blasts cells [15] were transduced with luciferase, and cultured as described previously [49].




4.3. Allo-HSCT and GVL Studies


Lethally irradiated BALB/c mice (800 cGy, split into 2 doses of 400 cGy with 12 h interval between) were injected intravenously with 1 × 107 T cell-depleted bone marrow (TCDBM) cells with or without 1 × 106 MACS purified CD3+ T cells. Donor T cells were taken from WT (C57Bl/6), WT Ly5.1 (B6.SJL-Ptprca Pepcb/BoyCrl), or Cat-Tg mice. For GVL experiments, B-cell acute lymphoblastic leukemia (B-ALL) primary blasts [14,15] transduced with luciferase were cultured as described previously, and 1 × 105 luciferase-expressing B-ALL blasts cells were used. Mice were evaluated once a week from the time of leukemia cell injection for more than 60 days post-transplant by bioluminescence imaging using the IVIS 200 Imaging System (Xenogen) [49]. Clinical presentation of the mice was assessed 3 times per week by a scoring system that sums changes in 6 clinical parameters (for each parameter score was ranged from 0–2): posture, activity, fur texture, diarrhea, weight loss, and skin integrity [18]. Mice were euthanized if they lost ≥ 30% of their initial body weight or became moribund.




4.4. Cytokine Production, Cytotoxicity, and EdU Incorporation Assays


On Day 7 post-transplantation, serum from cardiac blood and single-cell suspensions of splenocytes were obtained from allo-transplanted recipients. Serum IFN-γ, TNF-α, IL-5, IL-12, IL-6, IL-10, IL-9, IL-17A, IL-17F, IL-22, and IL-13 levels were determined by multiplex cytokine assays (Biolegend LEGENDplex) [15,17]. Splenocytes taken from allo-transplanted recipients were stimulated with anti-CD3/anti-CD28 (2.5 ug/mL) for 6 h in the presence of Golgiplug (BD Cytofix/Cytoperm Plus kit cat#555028) (1:1000). After incubation, the cells were fixed then permeabilized and stained intracellularly for cytokines (IFN-γ and TNF-α).



For the proliferation assays, recipient BALB/c mice were transplanted as described above (1 × 106 CD4+ and 1 × 106 CD8+T cells were mixed 1:1 ratio and 1× 107 WT TCDBM), and recipient mice were injected at day 5–6 with 25 mg/kg EdU (20518 from Cayman Chemicals (Ann Arbor, Michigan USA) in PBS. On day 7, the recipient mice were euthanized and lymphocytes from the spleen were obtained. Cells were processed and stained using an EdU click chemistry kit (C10424 from Invitrogen), and also stained for H2Kb, CD3, CD4, and CD8 to identify donor cells as perversely described [50].



For cytotoxicity assays, luciferase-expressing B-ALL cells were seeded in 96-well flat-bottom plates at a concentration of 3 × 105 cells/ml. D-firefly luciferin potassium salt (75 μg/mL; Caliper Hopkinton, MA, USA) was added to each well and bioluminescence was measured with the IVIS-50 Imaging System. Subsequently, effector cells (MACS-purified) were added at 40:1, 20:1, and 10:1 effector-to-target (E:T) ratios and incubated at 37 °C for 4 h. Bioluminescence in relative luciferase units (RLU) was then measured for 1 min. Cells treated with RIPA lysis buffer were used as a measure of maximal killing. Target cells incubated without effector cells were used to measure spontaneous death. Triplicate wells were averaged and percent lysis was calculated from the data using the following equation: % specific lysis = 100X (spontaneous death RLU–test RLU)/(spontaneous death RLU– maximal killing RLU) [51].




4.5. Migration Assays


Lethally irradiated BALB/c mice were injected intravenously with 1 × 107 WT T cell-depleted bone marrow (TCDBM), and a 1:1 mixture of WT (B6-Ly5.1) CD45.1+ MACS-purified CD8+ and CD4+ T cells (checked for 1:1 ratio with flow) with either WT (C57BL/6) CD45.2+ cells or Cat-Tg CD45.2+ cells (total 1 × 106 cells). The donor cells were checked pre-transplant for a 1:1 ratio of donor types, and a 1:1 ratio of CD4:CD8 T cells within each donor type. Seven days post-transplantation, the mice were sacrificed and lymphocytes from the liver, small intestine, and spleen were isolated. Livers were perfused with PBS, dissociated, and filtered with a 70 μm filter. The small intestines were washed in media, shaken in strip buffer at 37 °C for 30 min to remove the epithelial cells, and then washed, before digesting with collagenase D (100 mg/mL) and DNase (1 mg/mL) for 30 min in 37 °C, and followed by filtering with a 70 μm filter. Lymphocytes from the liver and intestines were further enriched using a 40% Percoll gradient. The cells were analyzed for H2Kb, CD45.1+ and CD45.2+, CD3+, CD8+ and CD4+ by flow cytometry as described before [15,17].




4.6. RNA Sequencing


3 Recipient BALB/c mice for each group were short-term transplanted as described above 1 × 106 CD4+ and 1 × 106 CD8+T cells were mixed 1:1 ratio and 1× 106 WT TCDBM), and at day 7, recipient mice were euthanized and splenocytes were obtained for post-transplant samples. Further, 3 WT or Cat-Tg mice also were euthanized and fresh splenocytes were isolated for pre-transplanted samples. CD4+ and CD8+ T cells from each pre- and post-transplanted mouse were FACS sorted as described above. These cells were all sorted into Trizol and brought to the Molecular Analysis Core (SUNY Upstate) for RNA extraction and library prep, followed by RNA sequencing analysis at the University at Buffalo Genomics Core. We generated RNA sequencing data from four groups for each cell subset (CD4/CD8): WT-pre tx and Cat-Tg pre-transplant cells (prior to transplantation); and WT-Day7 post-transplant, Cat-Tg Day-7 post-transplant (7 days post-transplantation). We were unable to sort enough donor T cells from the small intestines and liver of the recipient mice that received Cat-Tg CD3+ T cells. All data were processed and analyzed using the R programming language (Version 4.0.4), the RStudio interface (Version 1.4.1106), and Bioconductor. Transcript abundance of samples was computed by pseudoalignment with Kallisto (version 0.46.2) [52]. Transcript per million (TPM) values were then normalized for each CD4 and CD8 sample separately and fitted to a linear model by empirical Bayes method with the Voom and Limma R packages [53,54] and differential gene expression was defined as a ≥ 2 fold, FDR ≤ 5%; after controlling for multiple testing using the Benjamini-Hochberg method [55] were used for hierarchical clustering and heatmap generation in R. For GO enrichment analysis, the g: Profiler [56] toolset, g:GOSt tool was utilized. Gene Set Enrichment Analysis (GSEA) was performed using cluster Profiler [57] and the Molecular Signatures Database (MSigDB) [23] using the Hallmark pathways collection. Data will be deposited (https://www.ncbi.nlm.nih.gov/geo/) Accession number (GSE180808)



The RNAseq experiment described here was performed as part of the experiment described in other recent publications from our lab [15,58]. Therefore, the data generated for WT pre- and post-transplanted samples (CD4 and CD8) are the same as that shown in the papers mentioned, but here, these data are compared to data for Cat-Tg mice.




4.7. Western Blotting


Cells were lysed in freshly prepared lysis buffer (RIPA buffer (Fisher Scientific cat#PI89900, Waltham, MA, USA) + complete protease inhibitor cocktail (Sigma Aldrich cat#11697498001, St. Louis, MO, USA) and centrifuged at 14,000 rpm for 10 min at 4 °C. Aliquots containing 1 × 106 cells were separated on 12–18% denaturing polyacrylamide gel and transferred to nitrocellulose membranes for immunoblot analysis using specific Abs.




4.8. Histopathological Evaluation


Lethally irradiated recipient mice were transplanted with 1 × 107 T cell-depleted bone marrow cells, and 1 × 106 CD4+ and 1 × 106 CD8+T cells were mixed 1:1 ratio from WT or Cat-Tg mice. On day 7 post-transplantation, recipient mouse livers and smalls intestine were obtained and fixed in 10% neutral buffered formalin, then sectioned and stained with H&E by the Histology Core at Cornell University. Obtained tissues were graded for GVHD by a pathologist (A.M), who was blinded to the study group and disease status. Links for grading criteria: http://surgpathcriteria.stanford.edu/transplant/skinacutegvhd/printable.html, http://surgpathcriteria.stanford.edu/transplant/giacutegvhd/printable.html, http://surgpathcriteria.stanford.edu/transplant/livergvhd/printable.html. Statistical analysis was performed using the Mann–Whitney U test.




4.9. Statistics


All numerical data are reported as means with standard deviation unless otherwise noted in figure legends. Data were analyzed for significance with GraphPad Prism v7. Differences were determined using one-way or two-way ANOVA and Tukey’s multiple comparisons tests, chi-square test or with a student’s t-test when necessary. We used Mann–Whitney U test for the analysis of GVHD grades. p-values less than or equal to 0.05 are considered significant. All transplant experiments are performed with n = 5 mice per group, and repeated at least twice, according to power analyses unless otherwise specified. Mice are sex-matched, and age-matched as closely as possible.





5. Conclusions


Currently, this study’s limitation is the use of a mouse model. We are working with structural and medicinal chemists to make specific activators for Wnt/β-catenin pathways. The currently available reagents are Wnt3 ligands [59] or the GSK3β-inhibitors [60]. The primary problems with these activators are that either T cells become over-activated or there is non-specific activation of several other signaling proteins. Therefore, we are currently working to develop our own specific activators.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers13153798/s1, Figure S1: (related to Figure 2). T cells from Cat-Tg mice exhibit enhanced T cell IMP phenotypes (A–B) Quantitative analysis of T cells from WT and Cat-Tg mice that were examined for effector memory, central memory, transitioning/activating, and naïve population frequencies. CD4 (A) and CD8 (B) T cells were examined for these populations by flow cytometry. Statistical analysis was performed using two-way ANOVA, one-way ANOVA confirmed by Student’s t-test, p-values are presented. Symbol meanings for p-values are: ns—p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001(n = 3 mice per group); Figure S2 (related to Figure 8). Quantified scores for GVHD target organ damage. Tissues obtained from recipient mice were graded for GVHD. Quantified GVHD scores for different groups are shown, with median indicated. Statistical analysis was performed using Mann–Whitney U test.





Author Contributions


M.M., R.H., S.M., A.M., R.D. and M.K. performed experiments; J.M.S. provided valuable reagents and helped edit the manuscript. A.V. provided reagents. A.T.W. helped with RNA sequencing analysis. M.M., R.H. and M.K. designed experiments, analyzed the data, and M.M., R.H., M.K. and A.A. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded in part by National Blood foundation, Scholar Award to MK. This research was also funded by National Institute of Health (National Institute of Allergy and infectious diseases Maryland USA grant number K22 A1130182 and LRPL6MD0010106 to MK. Upstate Cancer Center grant number (1146249-1-75632) to MK. JMS and AV are supported by the intramural Research program of National Institute of Aging Baltimore USA. AA was supported in part by grants from the National Institutes of Health Bethesda, Maryland USA (AI120701 and AI138570 to AA, R35ES028244 to AA and Gary Perdew, AI129422 to AA) and the Howard Hughes Medical Institute (HHMI Professorship to AA). A version of this manuscript was previously included as a chapter in RH’s dissertation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


For all other reagents please contact Mobin Karimi, Department of Microbiology and Immunology. MTA rules will be applied. SUNY Upstate Medical University, 766 Irving Ave Weiskotten Hall Suite 2281, Syracuse, NY 13210 (karimim@upstate.edu); RNA sequences data are deposited in https://www.ncbi.nlm.nih.gov/geo; Accession number: For all other reagents please contact the lead contacts; All resources are available to anyone by request to lead contact karimim@upstate.edu; No software products, custom code, or algorithms were developed for this manuscript.




Acknowledgments


We thank all members of the Karimi laboratory for helpful discussions.




Conflicts of Interest


AA receives research support from 3M Corporation. The authors declare no conflict of interest.




References


	



Bleakley, M.; Turtle, C.J.; Riddell, S.R. Augmentation of anti-tumor immunity by adoptive T-cell transfer after allogeneic hematopoietic stem cell transplantation. Expert. Rev. Hematol. 2012, 5, 409–425. [Google Scholar] [CrossRef]

	



Breems, D.A.; Lowenberg, B. Autologous stem cell transplantation in the treatment of adults with acute myeloid leukaemia. Br. J. Haematol. 2005, 130, 825–833. [Google Scholar] [CrossRef]

	



Ghimire, S.; Weber, D.; Mavin, E.; Wang, X.N.; Dickinson, A.M.; Holler, E. Pathophysiology of GvHD and Other HSCT-Related Major Complications. Front. Immunol. 2017, 8, 79. [Google Scholar] [CrossRef]

	



Zeiser, R. Introduction to a review series on pathophysiology and treatment of acute GVHD. Blood 2020, 136, 375–376. [Google Scholar] [CrossRef]

	



Li, X.; Xiang, Y.; Li, F.; Yin, C.; Li, B.; Ke, X. WNT/beta-Catenin Signaling Pathway Regulating T Cell-Inflammation in the Tumor Microenvironment. Front. Immunol. 2019, 10, 2293. [Google Scholar] [CrossRef]

	



Haseeb, M.; Pirzada, R.H.; Ain, Q.U.; Choi, S. Wnt Signaling in the Regulation of Immune Cell and Cancer Therapeutics. Cells 2019, 8, 1380. [Google Scholar] [CrossRef]

	



Driessens, G.; Zheng, Y.; Locke, F.; Cannon, J.L.; Gounari, F.; Gajewski, T.F. Beta-catenin inhibits T cell activation by selective interference with linker for activation of T cells-phospholipase C-gamma1 phosphorylation. J. Immunol. 2011, 186, 784–790. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Q.; Sharma, A.; Sen, J.M. TCF1 and beta-catenin regulate T cell development and function. Immunol. Res. 2010, 47, 45–55. [Google Scholar] [CrossRef]

	



Willinger, T.; Freeman, T.; Herbert, M.; Hasegawa, H.; McMichael, A.J.; Callan, M.F.C. Human naive CD8 T cells down-regulate expression of the WNT pathway transcription factors lymphoid enhancer binding factor 1 and transcription factor 7 (T cell factor-1) following antigen encounter in vitro and in vivo. J. Immunol. 2006, 176, 1439–1446. [Google Scholar] [CrossRef] [PubMed]

	



Ma, B.; Hottiger, M.O. Crosstalk between Wnt/beta-Catenin and NF-kappaB Signaling Pathway during Inflammation. Front. Immunol. 2016, 7, 378. [Google Scholar] [CrossRef] [PubMed]

	



Gattinoni, L.; Ji, Y.; Restifo, N.P. Wnt/beta-catenin signaling in T-cell immunity and cancer immunotherapy. Clin. Cancer Res. 2010, 16, 4695–4701. [Google Scholar] [CrossRef]

	



Van Loosdregt, J.; Coffer, P.J. The Role of WNT Signaling in Mature T Cells: T Cell Factor Is Coming Home. J. Immunol. 2018, 201, 2193–2200. [Google Scholar] [CrossRef] [PubMed]

	



Boudousquié, C.; Danilo, M.; Pousse, L.; Raj, B.J.; Angelov, G.S.; Chennupati, V.; Zehn, D.; Held, W. Differences in the transduction of canonical Wnt signals demarcate effector and memory CD8 T cells with distinct recall proliferation capacity. J. Immunol. 2014, 193, 2784–2791. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Y.; Chikwava, K.; Wu, C.; Zhang, H.; Bhagat, A.; Pei, D.; Choi, J.K.; Tong, W. LNK/SH2B3 regulates IL-7 receptor signaling in normal and malignant B-progenitors. J. Clin. Investig. 2016, 126, 1267–1281. [Google Scholar] [CrossRef]

	



Mammadli, M.; Huang, W.; Harris, R.; Sultana, A.; Cheng, Y.; Tong, W.; Pu, J.; Gentile, T.; Dsouza, S.; Yang, Q.; et al. Targeting Interleukin-2-Inducible T-Cell Kinase (ITK) Differentiates GVL and GVHD in Allo-HSCT. Front. Immunol. 2020, 11, 593863. [Google Scholar] [CrossRef] [PubMed]

	



Socie, G.; Blazar, B.R. Acute graft-versus-host disease: From the bench to the bedside. Blood 2009, 114, 4327–4336. [Google Scholar] [CrossRef]

	



Mammadli, M.; Huang, W.; Harris, R.; Xiong, H.; Weeks, S.; May, A.; Gentile, T.; Ridilla, J.H.; Waickman, A.T.; August, A.; et al. Targeting SLP76: ITK interaction separates GVHD from GVL in allo-HSCT. iScience 2021, 24, 102286. [Google Scholar] [CrossRef] [PubMed]

	



Cooke, K.R.; Kobzik, L.; Martin, T.R.; Brewer, J.; Delmonte, J., Jr.; Crawford, J.M.; Ferrara, J.L. An experimental model of idiopathic pneumonia syndrome after bone marrow transplantation: I. The roles of minor H antigens and endotoxin. Blood 1996, 88, 3230–3239. [Google Scholar] [CrossRef]

	



Huang, W.; Hu, J.; August, A. Cutting edge: Innate memory CD8+ T cells are distinct from homeostatic expanded CD8+ T cells and rapidly respond to primary antigenic stimuli. J. Immunol. 2013, 190, 2490–2494. [Google Scholar] [CrossRef] [PubMed]

	



Henden, A.S.; Hill, G.R. Cytokines in Graft-versus-Host Disease. J. Immunol. 2015, 194, 4604–4612. [Google Scholar] [CrossRef]

	



Holler, E. Cytokines, viruses, and graft-versus-host disease. Curr. Opin. Hematol. 2002, 9, 479–484. [Google Scholar] [CrossRef]

	



Ju, X.P.; Xu, B.; Xiao, Z.P.; Li, J.Y.; Chen, L.; Lu, S.Q.; Huang, Z.X. Cytokine expression during acute graft-versus-host disease after allogeneic peripheral stem cell transplantation. Bone Marrow Transpl. 2005, 35, 1179–1186. [Google Scholar] [CrossRef]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef] [PubMed]

	



Wysocki, C.A.; Panoskaltsis-Mortari, A.; Blazar, B.R.; Serody, J.S. Leukocyte migration and graft-versus-host disease. Blood 2005, 105, 4191–4199. [Google Scholar] [CrossRef]

	



Gooptu, M.; Koreth, J. Translational and clinical advances in acute graft-versus-host disease. Haematologica 2020, 105, 2550–2560. [Google Scholar] [CrossRef] [PubMed]

	



Ferrara, J.L.; Cooke, K.R.; Pan, L.; Krenger, W. The immunopathophysiology of acute graft-versus-host-disease. Stem Cells 1996, 14, 473–489. [Google Scholar] [CrossRef] [PubMed]

	



Dutt, S.; Baker, J.; Kohrt, H.E.; Kambham, N.; Sanyal, M.; Negrin, R.S.; Strober, S. CD8+CD44(hi) but not CD4+CD44(hi) memory T cells mediate potent graft antilymphoma activity without GVHD. Blood 2011, 117, 3230–3239. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, B.E.; McNiff, J.; Yan, J.; Doyle, H.; Mamula, M.; Shlomchik, M.J.; Shlomchik, W.D. Memory CD4+ T cells do not induce graft-versus-host disease. J. Clin. Investig. 2003, 112, 101–108. [Google Scholar] [CrossRef]

	



Huang, W.; Mo, W.; Jiang, J.; Chao, N.J.; Chen, B.J. Donor Allospecific CD44(high) Central Memory T Cells Have Decreased Ability to Mediate Graft-vs.-Host Disease. Front. Immunol. 2019, 10, 624. [Google Scholar] [CrossRef]

	



Carty, S.A.; Koretzky, G.A.; Jordan, M.S. Interleukin-4 regulates eomesodermin in CD8+ T cell development and differentiation. PLoS ONE 2014, 9, e106659. [Google Scholar] [CrossRef]

	



Ma, J.; Wang, R.; Fang, X.; Sun, Z. Beta-catenin/TCF-1 pathway in T cell development and differentiation. J. Neuroimmune Pharmacol. 2012, 7, 750–762. [Google Scholar] [CrossRef]

	



Yu, Q.; Sen, J.M. Beta-catenin regulates positive selection of thymocytes but not lineage commitment. J. Immunol. 2007, 178, 5028–5034. [Google Scholar] [CrossRef] [PubMed]

	



Lovatt, M.; Bijlmakers, M.J. Stabilisation of beta-catenin downstream of T cell receptor signalling. PLoS ONE 2010, 5, e12794. [Google Scholar] [CrossRef]

	



MacDonald, B.T.; Tamai, K.; He, X. Wnt/beta-catenin signaling: Components, mechanisms, and diseases. Dev. Cell 2009, 17, 9–26. [Google Scholar] [CrossRef]

	



Gattinoni, L.; Zhong, X.S.; Palmer, D.C.; Ji, Y.; Hinrichs, C.S.; Yu, Z.; Wrzesinski, C.; Boni, A.; Cassard, L.; Church, L.; et al. Wnt signaling arrests effector T cell differentiation and generates CD8+ memory stem cells. Nat. Med. 2009, 15, 808–813. [Google Scholar] [CrossRef]

	



Zhao, D.M.; Yu, S.; Zhou, X.; Haring, J.S.; Held, W.; Badovinac, V.P.; Harty, J.T.; Xue, H.H. Constitutive activation of Wnt signaling favors generation of memory CD8 T cells. J. Immunol. 2010, 184, 1191–1199. [Google Scholar] [CrossRef]

	



Schroeder, M.A.; DiPersio, J.F. Mouse models of graft-versus-host disease: Advances and limitations. Dis. Model. Mech. 2011, 4, 318–333. [Google Scholar] [CrossRef] [PubMed]

	



Bouazzaoui, A.; Spacenko, E.; Mueller, G.; Miklos, S.; Huber, E.; Holler, E.; Andreesen, R.; Hildebrandt, G.C. Chemokine and chemokine receptor expression analysis in target organs of acute graft-versus-host disease. Genes Immun. 2009, 10, 687–701. [Google Scholar] [CrossRef] [PubMed]

	



Blazar, B.R.; Taylor, P.A.; Panoskaltsis-Mortari, A.; Gray, G.S.; Vallera, D.A. Coblockade of the LFA1: ICAM and CD28/CTLA4:B7 pathways is a highly effective means of preventing acute lethal graft-versus-host disease induced by fully major histocompatibility complex-disparate donor grafts. Blood 1995, 85, 2607–2618. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-kappaB signaling in inflammation. Signal Transduct. Target Ther. 2017, 2, 17023. [Google Scholar] [CrossRef] [PubMed]

	



Saidu, N.E.B.; Bonini, C.; Dickinson, A.; Grce, M.; Inngjerdingen, M.; Koehl, U.; Toubert, A.; Zeiser, R.; Galimberti, S. New Approaches for the Treatment of Chronic Graft-Versus-Host Disease: Current Status and Future Directions. Front. Immunol. 2020, 11, 578314. [Google Scholar] [CrossRef]

	



Jankovic, S.V.; Hari, P.; Jacobs, P.; Komorowski, R.; Drobyski, W.R. NF-kappaB as a target for the prevention of graft-versus-host disease: Comparative efficacy of bortezomib and PS-1145. Blood 2006, 107, 827–834. [Google Scholar] [CrossRef] [PubMed]

	



Augello, G.; Emma, M.R.; Cusimano, A.; Azzolina, A.; Montalto, G.; McCubrey, J.A.; Cervello, M. The Role of GSK-3 in Cancer Immunotherapy: GSK-3 Inhibitors as a New Frontier in Cancer Treatment. Cells 2020, 9, 1427. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, X. Targeting the Wnt/beta-catenin signaling pathway in cancer. J. Hematol. Oncol. 2020, 13, 165. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Q.; Xu, M.; Sen, J.M. Beta-catenin expression enhances IL-7 receptor signaling in thymocytes during positive selection. J. Immunol. 2007, 179, 126–131. [Google Scholar] [CrossRef]

	



Gat, U.; DasGupta, R.; Degenstein, L.; Fuchs, E. De Novo hair follicle morphogenesis and hair tumors in mice expressing a truncated beta-catenin in skin. Cell 1998, 95, 605–614. [Google Scholar] [CrossRef]

	



Garvin, A.M.; Abraham, K.M.; Forbush, K.A.; Farr, A.G.; Davison, B.L.; Perlmutter, R.M. Disruption of thymocyte development and lymphomagenesis induced by SV40 T-antigen. Int. Immunol. 1990, 2, 173–180. [Google Scholar] [CrossRef] [PubMed]

	



Mulroy, T.; Xu, Y.; Sen, J.M. Beta-Catenin expression enhances generation of mature thymocytes. Int. Immunol. 2003, 15, 1485–1494. [Google Scholar] [CrossRef]

	



Contag, C.H.; Bachmann, M.H. Advances in in vivo bioluminescence imaging of gene expression. Annu. Rev. Biomed. Eng. 2002, 4, 235–260. [Google Scholar] [CrossRef]

	



Mancusi, A.; Piccinelli, S.; Velardi, A.; Pierini, A. The Effect of TNF-alpha on Regulatory T Cell Function in Graft-versus-Host Disease. Front. Immunol. 2018, 9, 356. [Google Scholar] [CrossRef]

	



Karimi, M.A.; Lee, E.; Bachmann, M.H.; Salicioni, A.M.; Behrens, E.M.; Kambayashi, T.; Baldwin, C.L. Measuring cytotoxicity by bioluminescence imaging outperforms the standard chromium-51 release assay. PLoS ONE 2014, 9, e89357. [Google Scholar] [CrossRef]

	



Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 2016, 34, 525–527. [Google Scholar] [CrossRef] [PubMed]

	



Law, C.W.; Chen, Y.; Shi, W.; Smyth, G.K. voom: Precision weights unlock linear model analysis tools for RNA-seq read counts. Genome Biol. 2014, 15, R29. [Google Scholar] [CrossRef] [PubMed]

	



Greene, A.E.; Charney, J.; Nichols, W.W.; Coriell, L.L. Species identity of insect cell lines. In Vitro 1972, 7, 313–322. [Google Scholar] [CrossRef] [PubMed]

	



Reiner, A.; Yekutieli, D.; Benjamini, Y. Identifying differentially expressed genes using false discovery rate controlling procedures. Bioinformatics 2003, 19, 368–375. [Google Scholar] [CrossRef]

	



Reimand, J.; Kull, M.; Peterson, H.; Hansen, J.; Vilo, J. g: Profiler—A web-based toolset for functional profiling of gene lists from large-scale experiments. Nucleic Acids Res. 2007, 35, W193–W200. [Google Scholar] [CrossRef]

	



Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. OMICS 2012, 16, 284–287. [Google Scholar] [CrossRef] [PubMed]

	



Harris, R.; Mammadli, M.; May, A.; Yang, Q.; Fung, I.T.H.; Sen, J.M.; Karimi, M. TCF-1 in CD4 T cells regulates GVHD severity and persistence. bioRxiv 2021. [Google Scholar] [CrossRef]

	



Proffitt, K.D.; Virshup, D.M. Precise regulation of porcupine activity is required for physiological Wnt signaling. J. Biol. Chem. 2012, 287, 34167–34178. [Google Scholar] [CrossRef]

	



Ye, Z.; Gould, T.M.; Zhang, H.; Jin, J.; Weyand, C.M.; Goronzy, J.J. The GSK3beta-beta-catenin-TCF1 pathway improves naive T cell activation in old adults by upregulating miR-181a. NPJ Aging Mech. Dis. 2021, 7, 4. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 03798 g001 550] 





Figure 1. Wnt/β-catenin overexpression in T cells results in retention of GVL effect but avoids GVHD during allo-HSCT. 1 × 106 purified WT or Cat-Tg CD3+ T cells were transplanted into lethally irradiated BALB/c recipient mice, along with 1 × 107 T cell-depleted bone marrow cells from WT mice and 1 × 105 B-ALL-luc cells. Host BALB/c mice were imaged using the IVIS50 system 3 times a week. Group 1 received T cell-depleted bone marrow only (labeled as TCDBM). Group 2 received 1× 107 TCDBM from WT mice and 1 × 105 B-ALL-luc cells (TCDBM+B-ALL luc+). Group 3 was transplanted with 1 × 107 TCDBM from WT mice and 1 × 106 purified WT CD3+ T cells, along with 1 × 105 B-ALLluc+ cells (TCDBM+B-ALLluc+ WT). Group 4 received 1 × 107 TCDBM from WT mice and 1 × 106 purified Cat-Tg CD3+ T cells, along with 1 × 105 B-ALL-luc+ cells (TCDBM+B-ALLluc+ Cat-Tg). (A) Recipient BALB/c mice were imaged using IVIS50 3 times a week. The mice were also monitored for (B) survival, (C) changes in body weight, and (D) clinical score for 65 days post BMT. (E) Quantitated luciferase bioluminescence of tumor growth. Statistical analysis for survival and clinical score was performed using log-rank test and one-way ANOVA, respectively. For weight changes and clinical score, one representative of two independent experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental mice/group for all three other groups) Survival is a combination of two experiments. Note: Control mouse is a naïve mouse used as a negative control for BLI. ** p ≤ 0.01; **** p ≤ 0.0001. 
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Figure 2. T cells from Cat-Tg mice exhibit enhanced T cell IMP phenotypes and enhanced GVL cytotoxicity. Purified CD3+ T cells from WT and Cat-Tg T cells were examined for expression of CD44, CD122, Eomes, T-bet, PD-1, CTLA-4 and TCF-1 by flow cytometry. These markers were examined for (A) CD8+ T cells, quantified in (B). These markers were also examined for (C) CD4+ T cells, quantified in (D). For (C,D), combined data from three separate experiments are shown. (E) CD4+ and (F) CD8+ T cells from WT and Cat-Tg mice were examined for effector memory (EM), central memory (CM), transitioning to activation (TA), and naïve population frequencies. (G) Purified T cells were examined for expression of perforin, granzyme B, and β-actin by Western blot. (H,I) Quantitative analysis of perforin (H) and granzyme B (I) expression from Western blot data, normalized against β-Actin. (J) Ex vivo purified T cells were used in a cytotoxicity assay against primary tumor target B-ALLluc+ cells at a 40:1, 20:1, or 10:1 effector to target ratio. Statistical analysis was performed using two-way ANOVA, one-way ANOVA confirmed by Student’s t-test, p-values are presented. Symbol meanings for p-values are: ns—p > 0.05; * p ≤ 0.05; **** p ≤ 0.0001 (n = 3 mice per group). 
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Figure 3. Overexpression of β-Catenin reduces T cell inflammatory cytokine production and proliferation without affecting signaling molecules. (A) 1 × 106 purified WT or Cat-Tg CD3+ T cells were transplanted with TCDBM into irradiated BALB/c mice. On day 7 post-allo-HSCT, recipient BALB/c were euthanized and serum cytokines (IFN-γ, TNF-α, IL-2, IL-5, IL-6, IL-4, IL-10, IL-9, IL17A, IL-17F, IL-22, and IL-13) were determined by multiplex ELISA. (B,C) Intracellular IFN-γ and TNF-α expression by donor CD4 (B) and CD8 (C) T cells after 6 h stimulation with anti-CD3/anti-CD28 and GolgiPlug, as determined by flow cytometry. (D,E) Quantified IFN-γ and TNF-α expression for (B,C). (F–H) Ex vivo proliferation of donor CD4+ or CD8+ T cells from Cat-Tg or WT mice. Lethally irradiated recipient BALB/c mice were transplanted as mentioned above, with either WT or Cat-Tg donor CD3+ T cells. Recipient mice were given EdU in PBS i.p. (25 mg/kg in 100 μL) on days 5 and 6 post-transplant. At 7 days post-allotransplantation, recipient mice were sacrificed and examined for proliferation by EdU incorporation via flow cytometry. (I) Purified CD3+ WT and Cat-Tg T cells were examined for total protein expression of ERK, PLCγ-1, and IRF-4 by Western blot. (J) Quantitative analysis from Western blots in (I), using ImageLab software to normalize to β-Actin. Symbol meanings for p values are: ns—p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. (For A–G, n = 5 mice per group, for H,I, n = 3 mice used per group). 
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Figure 4. β-catenin overexpression differentially regulates gene expression in CD8+ T cells. (A) 3D graph of PCA analysis showing clustering of pre-tx and post-tx day 7 CD8+ T cells for strain and timepoint by color. All replicates are shown (n = 3). (B) Volcano plot displaying 1006 differentially expressed genes (FDR ≤ 0.05, log FC ≥ 2) between Cat-Tg and WT pre-tx CD8+ T cell samples. Positive log fold change corresponds to increased expression in Cat-Tg samples. (C) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (D) Table showing the number of up- or downregulated DEGs between groups. (E) Table showing GO enrichment analysis of DEG of pre-tx CD8+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the genes in the different modules from pre-tx CD8+ T cells. On the table, adjusted p-values were color-coded as light blue for insignificant findings to orange with highest significance. (n = 3 mice per group). (F) A bar plot showing up- or downregulated pathways based on enrichment scores in GSEA in pre-tx WT or Cat-Tg CD8+ T cell samples. Negative Normalized Enrichment Score (NES) is an indicator of downregulation and positive NES is an indicator of upregulation of the genes in the corresponding pathway. Color specifies the group (WT or Cat-Tg) in which expression is altered (phenotype), color transparency indicates the negative Log10 of adjusted P-value. GSEA enrichment plots of gene clusters that are enriched in Cat-Tg cells. (G–J) GSEA enrichment plots of gene clusters that are enriched in WT. (G) Hallmark of Allograft rejection, Hallmark of Coagulation, Hallmark of Hypoxia, Hallmark of Inflammatory response, (H) Hallmark of IL-2 STAT5 Signaling, Hallmark of IL-6 JAK STAT3 Signaling, Hallmark of Interferon-gamma Response, Hallmark of TNFA Signaling via NF-kb, (I) Hallmark of Apical Junction, Hallmark of G2M Checkpoint, Hallmark of KRAS Signaling, Hallmark of P53 Pathway, and (J) Hallmark of DNA Repair and Hallmark of Oxidative Phosphorylation. 
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Figure 5. β-catenin overexpression differentially regulates gene expression in post-transplanted donor CD8+ T cells. (A) Volcano plot displaying 227 differentially expressed genes (FDR ≤ 0.05, logFC ≥ 2) between Cat-Tg and WT post-tx CD8+ T cell samples. Positive log fold change corresponds to increased expression in Cat-Tg samples. (B) Table showing the number of up- or downregulated DEGs between groups. (C) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (D) Table showing GO enrichment analysis of DEGs of post-tx CD8+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the genes in the different modules from post-tx CD8+ T cells. On the table, adjusted p-values were color-coded as light blue for insignificant findings to orange with highest significance. (n = 3 mice per group). (E) A bar plot showing up- or downregulated pathways based on enrichment scores in GSEA in post-tx WT or Cat-Tg CD8+ T cell samples. Negative Normalized Enrichment Score (NES) is indicator of downregulation and positive NES is indicator of upregulation of the genes in the corresponding pathway. Color specifies the group (WT or Cat-Tg) in which expression is altered (phenotype), color transparency indicates the negative Log10 of adjusted p-value. (F,G) GSEA enrichment plots of gene clusters that are enriched in Cat-Tg, including Hallmark of Apoptosis, Hallmark of Inflammatory Response, Hallmark of Interferon-alpha response, and Hallmark of Interferon gamma response. (G) GSEA enrichment plots gene clusters that are enriched in WT, including Hallmark of Coagulation and Hallmark of KRAS signaling DN. 






Figure 5. β-catenin overexpression differentially regulates gene expression in post-transplanted donor CD8+ T cells. (A) Volcano plot displaying 227 differentially expressed genes (FDR ≤ 0.05, logFC ≥ 2) between Cat-Tg and WT post-tx CD8+ T cell samples. Positive log fold change corresponds to increased expression in Cat-Tg samples. (B) Table showing the number of up- or downregulated DEGs between groups. (C) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (D) Table showing GO enrichment analysis of DEGs of post-tx CD8+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the genes in the different modules from post-tx CD8+ T cells. On the table, adjusted p-values were color-coded as light blue for insignificant findings to orange with highest significance. (n = 3 mice per group). (E) A bar plot showing up- or downregulated pathways based on enrichment scores in GSEA in post-tx WT or Cat-Tg CD8+ T cell samples. Negative Normalized Enrichment Score (NES) is indicator of downregulation and positive NES is indicator of upregulation of the genes in the corresponding pathway. Color specifies the group (WT or Cat-Tg) in which expression is altered (phenotype), color transparency indicates the negative Log10 of adjusted p-value. (F,G) GSEA enrichment plots of gene clusters that are enriched in Cat-Tg, including Hallmark of Apoptosis, Hallmark of Inflammatory Response, Hallmark of Interferon-alpha response, and Hallmark of Interferon gamma response. (G) GSEA enrichment plots gene clusters that are enriched in WT, including Hallmark of Coagulation and Hallmark of KRAS signaling DN.



[image: Cancers 13 03798 g005]







[image: Cancers 13 03798 g006 550] 





Figure 6. β-catenin overexpression differentially regulates gene expression in CD4+ T cells. (A) 3D graph of PCA analysis showing clustering of pre-tx and post-tx day 7 CD4+ T cells for strain and timepoint by color. All replicates are shown (n = 3). (B) Volcano plot displaying 1169 differentially expressed genes (FDR ≤ 0.05, logFC ≥ 2) between Cat-Tg and WT pre-tx CD8+ T cell samples. Positive log fold change corresponds to increased expression in Cat-Tg samples. (C) Table showing the number of up- or downregulated DEGs between groups. (D) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (E) Table showing GO enrichment analysis of DEG of pre-tx CD4+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the genes in the different modules from pre-tx CD4+ T cells. On the table, adjusted p-values were color-coded as light blue for insignificant findings to orange with highest significance. (n = 3 mice per group). (F) A bar plot showing up- or downregulated pathways based on enrichment scores in GSEA in pre-tx WT or Cat-Tg CD4+ T cell samples. Negative Normalized Enrichment Score (NES) is indicator of downregulation and positive NES is indicator of upregulation of the genes in the corresponding pathway. Color specifies the group (WT or Cat-Tg) in which expression is altered (phenotype), color transparency indicates the negative Log10 of adjusted p value. (G) GSEA enrichment plots of gene clusters that are enriched in WT, including Hallmark of Apical Junction, Hallmark of Coagulation, Hallmark of Hypoxia, and Hallmark of TNF-a Signaling via NF-kb. (H) GSEA enrichment plots of gene clusters that are enriched in Cat-Tg, including Hallmark of MYC targets and Hallmark of Oxidative phosphorylation. 
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Figure 7. β-catenin overexpression differentially regulates gene expression in post-transplanted donor CD4+ T cells. (A) Volcano plot displaying 761 differentially expressed genes (FDR ≤ 0.05, logFC ≥ 2) between Cat-Tg and WT post-tx CD4+ T cell samples. Positive log fold change corresponds to increased expression in Cat-Tg samples. (B) Table showing the number of up- or downregulated DEGs between groups. (C) Hierarchical clustering and heat map illustrating expression of genes compared between different groups selected by strain and timepoint. All replicates are shown (n = 3) for each group. (D) Table showing GO enrichment analysis of 761 DEG of post-tx CD4+ T cells. Using the online tool gProfiler and the ordered g:GOSt query, we assessed which biological processes (BP) were linked to the genes in the different modules from post-tx CD4+ T cells. On the table, adjusted p-values were color-coded as light blue for insignificant findings to orange with highest significance. (n = 3 mice per group). (E) A bar plot showing up- or downregulated pathways based on enrichment scores in GSEA in post-tx WT or Cat-Tg CD4+ T cell samples. Negative Normalized Enrichment Score (NES) is indicator of downregulation and positive NES is indicator of upregulation of the genes in the corresponding pathway. Color specifies the group (WT or Cat-Tg) in which expression is altered (phenotype), color transparency indicates the negative Log10 of adjusted p value. (F) GSEA enrichment plots of gene clusters that are enriched in WT, including Hallmark of Coagulation, Hallmark of E2FA signaling, Hallmark of G2M checkpoint, Hallmark of KRAS signaling DN. (G) GSEA enrichment plots of gene clusters that are enriched in Cat-Tg, including Hallmark of Apoptosis, Hallmark of IL-6 JAK STAT3 signaling, Hallmark of Inflammatory response, Hallmark of Interferon-alpha response, Hallmark of Interferon-gamma response, and Hallmark of TNFA signaling via NFκb. 
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Figure 8. Wnt/β-catenin overexpression specifically affects CD8+ T cell functions. (A) Pre-allo-transplanted MACS-purified WT(CD45.1) and Cat-Tg (CD45.2) cells, and WT(CD45.1) and WT(CD45.2) (as a control) were mixed at a 1:1 ratio. (B) Cell mixture of Cat-Tg (CD45.2) cells, and WT(CD45.1) was stained for CD4 and CD8 surface markers. (C) Cell mixture of WT (CD45.2) cells, and WT(CD45.1) was stained for CD4 and CD8 surface markers. (D) Quantification data of pre-transplanted CD4 and CD8 T cells from CD45.1 WT and CD45.2 WT mice were examined. We also examined CD4 and CD8 T cells from CD45.1 WT and CD45.2 Cat-Tg mice. (E) Quantified data from 7 days post-transplantation, when recipient mice were euthanized and examined for donor T cells (CD45.1 or CD45.2) in spleen from the WT(CD45.1): WT(CD45.2) mice. (F) Quantified data for donor cells in recipient liver from the WT(CD45.1): WT (CD45.2) mice at day 7 post-BMT, looking at CD45.1/CD45.2. (G) Donor CD4 and CD8 T cells in recipient spleen from the WT(CD45.1): WT(CD45.2) mice at day 7 post-BMT were compared. (H) Donor CD4 and CD8 T cells in recipient liver from the WT(CD45.1): WT(CD45.2) mice at day 7 post-BMT were compared. (I) Quantification of donor cells from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT in recipient spleen were compared, looking at CD45.1/CD45.2. (J) Quantification of donor T cells in recipient liver from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT, looking at CD45.1/CD45.2. (K) Comparison of donor CD4 and CD8 T cells in recipient spleen from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT. (L) Comparison of donor CD4 and CD8 T cells in recipient liver from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT. (M) On day 7 post-allo-HSCT, small intestines and liver were examined by (H&E) staining for tissue damage. Arrows show lymphocyte infiltration and tissue damage. Statistical analysis was performed using one-way ANOVA. Mann–Whitney U test, p-value presented with the Figure Symbol meaning for p values are: ns—p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. (For A–E, n = 5 mice per group, repeated twice, one representative is shown. For F,G, n = 5 mice used per group). scale bar or magnification 20×: 






Figure 8. Wnt/β-catenin overexpression specifically affects CD8+ T cell functions. (A) Pre-allo-transplanted MACS-purified WT(CD45.1) and Cat-Tg (CD45.2) cells, and WT(CD45.1) and WT(CD45.2) (as a control) were mixed at a 1:1 ratio. (B) Cell mixture of Cat-Tg (CD45.2) cells, and WT(CD45.1) was stained for CD4 and CD8 surface markers. (C) Cell mixture of WT (CD45.2) cells, and WT(CD45.1) was stained for CD4 and CD8 surface markers. (D) Quantification data of pre-transplanted CD4 and CD8 T cells from CD45.1 WT and CD45.2 WT mice were examined. We also examined CD4 and CD8 T cells from CD45.1 WT and CD45.2 Cat-Tg mice. (E) Quantified data from 7 days post-transplantation, when recipient mice were euthanized and examined for donor T cells (CD45.1 or CD45.2) in spleen from the WT(CD45.1): WT(CD45.2) mice. (F) Quantified data for donor cells in recipient liver from the WT(CD45.1): WT (CD45.2) mice at day 7 post-BMT, looking at CD45.1/CD45.2. (G) Donor CD4 and CD8 T cells in recipient spleen from the WT(CD45.1): WT(CD45.2) mice at day 7 post-BMT were compared. (H) Donor CD4 and CD8 T cells in recipient liver from the WT(CD45.1): WT(CD45.2) mice at day 7 post-BMT were compared. (I) Quantification of donor cells from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT in recipient spleen were compared, looking at CD45.1/CD45.2. (J) Quantification of donor T cells in recipient liver from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT, looking at CD45.1/CD45.2. (K) Comparison of donor CD4 and CD8 T cells in recipient spleen from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT. (L) Comparison of donor CD4 and CD8 T cells in recipient liver from the WT(CD45.1): Cat-Tg (CD45.2) mice at day 7 post-BMT. (M) On day 7 post-allo-HSCT, small intestines and liver were examined by (H&E) staining for tissue damage. Arrows show lymphocyte infiltration and tissue damage. Statistical analysis was performed using one-way ANOVA. Mann–Whitney U test, p-value presented with the Figure Symbol meaning for p values are: ns—p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. (For A–E, n = 5 mice per group, repeated twice, one representative is shown. For F,G, n = 5 mice used per group). scale bar or magnification 20×:
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