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NF-κB1 Regulates Immune Environment and Outcome of Notch-Dependent T-Cell Acute Lymphoblastic Leukemia
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T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive pediatric malignancy that arises from the transformation of immature T-cell progenitors and has no definitive cure. Notch signaling governs many steps of T cell development and its dysregulation represents the most common causative event in the pathogenesis of T-ALL. The activation of canonical NF-κB pathway has been described as a critical downstream mediator of Notch oncogenic functions, through the sustaining of tumor cell survival and growth. The potential role of Notch/NF-κB partnership is also emerging in the generation and function of regulatory T cells (Tregs) in the context of cancer. However, little is known about the effects of combined mutations of Notch and NF-κB in regulating immune-environment and progression of T-ALL. To shed light on the topics above we generated double-mutant mice, harboring conventional knock-out mutation of NF-κB1/p50 on the genetic background of a transgenic model of Notch-dependent T-ALL. The immunophenotyping of double-mutant mice demonstrates that NF-κB1 deletion inhibits the progression of T-ALL and strongly modifies immune-environment of the disease. Double-mutant mice display indeed a dramatic reduction of pre-leukemic CD4+CD8+ (DP) T cells and regulatory T cells (Tregs) and, concurrently, the rising of an aggressive myeloproliferative trait with a massive expansion of CD11b+Gr-1+ cells in the periphery, and an accumulation of the granulocyte/monocyte progenitors in the bone-marrow. Interestingly, double-mutant T cells are able to improve the growth of CD11b+Gr-1+ cells in vitro, and, more importantly, the in vivo depletion of T cells in double-mutant mice significantly reduces the expansion of myeloid compartment. Our results strongly suggest that the myeloproliferative trait observed in double-mutant mice may depend on non-cell-autonomous mechanism/s driven by T cells. Moreover, we demonstrate that the reduction of CD4+CD8+ (DP) T cells and Tregs in double-mutant mice relies on a significant enhancement of their apoptotic rate. In conclusion, double-mutant mice may represent a useful model to deepen the knowledge of the consequences on T-ALL immune-environment of modulating Notch/NF-κB relationships in tumor cells. More importantly, information derived from these studies may help in the refinement of multitarget therapies for the disease.
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INTRODUCTION

The canonical Notch signaling represents a highly conserved pathway starting with interaction between transmembrane receptors (Notch1–4, in mammals) and ligands (Jagged−1 and −2 and Dll−1,−3, and −4, in mammals), that are expressed on neighboring cells. This event leads to the release of a functional intracellular domain (ICN), that translocates into the nucleus, where it combines with the DNA-binding factor CSL/RBP-Jk and other co-factors and regulates transcription of numerous genes (1). Notch impinges on a plethora of transduction pathways, the combination of which produces pleiotropic effects and context dependent modulations of the signal (2). This variability enables Notch to regulate disparate processes in health and disease, including cancer, where it may act as an oncogene or, conversely, as a tumor suppressor (3). In the hematopoietic system, Notch receptors exert fundamental roles in multiple steps of T cell development and in differentiation of T cell subsets (4, 5), including immunosuppressive Foxp3+regulatory T cells (Tregs) [as reviewed in (6)]. Not surprisingly, deregulated activation of Notch1 or Notch3 causes the development of “T-cell acute lymphoblastic leukemia (T-ALL)”, in both mice and humans (7–11). T-ALL represents an aggressive pediatric malignancy that derives from the transformation of hematopoietic progenitors and has no definitive cure (3).

NF-κB is a large family of inducible transcription factors that controls important cellular processes, such as differentiation, survival, and proliferation. NF-κB canonical pathway starts with the activation of the IκB kinase (IKK) complex by different stimuli that leads to the degradation of IκB, the NF-κB inhibitor. Then, the NF-κB dimers, mainly represented by the association of RelA/p65 with NF-κB1/p50, are able to translocate into the nucleus and to activate many targets (12). NF-κB controls T cell development and differentiation at multiple stages (13) and represents a crucial downstream effector of Notch signaling in both physiological and pathological conditions. The functional relationship of Notch with NF-κB has been well established in T-ALL onset and progression (8, 14–18), in addition to the interaction of Notch with other important oncogenic mediators, such as pre-TCR/pTα and Ikaros (19–23). Recently, literature is pointing out the function of Notch in shaping tumor microenvironment (24). In particular, Notch is involved in the regulation of tumor immune response (25–28). However, details about the influence of Notch and/or NF-κB on the immune-environment of T-ALL are very limited (29–34). A possible role for Notch/NF-κB partnership has been also suggested in Tregs in the context of cancer (35). Notably, increased percentages of Tregs has been associated with poor prognosis in T-ALL patients (36). However, no studies as yet addressed the effects of Notch/NF-κB interaction on Tregs in T-ALL.

Previously, we demonstrated that lck-driven deregulation of Notch3-ICN inside T cell compartment of transgenic (N3tg) mice induces an aggressive disease with the features of juvenile T-ALL and characterized by the accumulation of pre-leukemic CD4+CD8+ (DP) T cells in the periphery (8). The expansion of tumor cells is sustained by the constitutive activation of the p65/p50 NF-κB complex (8). Moreover, T-ALL development in N3tg mice is associated to enhanced generation of “natural” Tregs (37). Importantly, deletion of the PKCθ kinase, which mediates activation of canonical NF-κB, reduces incidence of leukemia in N3tg mice (14). Finally, we also reported that Notch3, PKCθ, and p65/NF-κB co-operate in modulating Foxp3 transcription in Tregs (38).

However, how the deletion of NF-κB components may affect disease progression and Treg behavior in Notch-dependent T-ALL has not yet been investigated. To this end, we generated double-mutant mice, harboring NF-κB1/p50 deletion on a T-cell targeted Notch3-transgenic background. The characterization of this model suggests that inhibition of NF-κB1 delays the progression of T-ALL and modifies immune-environment of the disease, by inducing a dramatic reduction of DP T cells and Tregs and concurrently the rising of an aggressive T-cell dependent myeloproliferative trait.



MATERIALS AND METHODS


Mice

We intercrossed N3tg (8) and p50−/− (39) mice, both on C57BL/6 background, to generate N3tg/p50−/− double-mutant mice, that were bred and housed under specific pathogen-free conditions. The p50−/− mice were obtained from Jackson Laboratories, Bar Harbor, ME, USA. All mice were monitored daily and euthanized upon disease detection (8), as evidenced by enlarged spleen, hunched posture, ruffled fur, reduced mobility, and/or labored breathing. Experimental groups were based on age and genotype of mice. The Foxp3EGFP reporter mice (38), are “knock-in” mice on C57BL/6 background, overexpressing an IRES-EGFP cassette in the 3′ untranslated region of Foxp3 gene. The number of mice used in each experiment was reported in figure legends. Animal studies were approved by the local Animal welfare committee and were carried out in accordance with the recommendations of the Italian national guidelines for experimental animal care and use and of the European Directive 2010/63/EU.



Cell Preparation and Flow Cytometry

Single-cell suspensions were prepared from thymus, spleen, bone-marrow, or peripheral blood in 1x PBS supplemented with 2% FBS and erythrocytes were lysed with ammonium-chloride-potassium lysing buffer, as previously reported (40). Freshly isolated cells were stained with surface markers for 30 min on ice using the following antibodies: CD4 (RM4-5), CD8a (53–6.7), CD11b (M1/70), Gr-1(RB6-8C5), all from BD Biosciences. For Treg detection cells were stained with the following surface antibodies: CD4 (RM4-5), CD8a (53-6.7), CD25 (PC61) (all from BD Biosciences) and then with the intracellular Foxp3 antibody (FJK-16s) (eBioscience), by using Foxp3/Transcription Factor Staining Buffer Set (eBioscience), following manufacturer's instructions. Samples above were run on a FacsCalibur (BD Biosciences) and analyzed with the CellQuest Pro software (BD Biosciences).

To evaluate early myeloid progenitors distribution, bone-marrow cells were stained with the APC mouse lineage Ab cocktail (BD Biosciences), and with the APC-CD4, APC-CD8a, and APC-IL7Ra antibodies (BD Biosciences), to determine the Lineage negative (Lin−) subset, and then with the APCH7-cKit (2B8), PerCPCy5.5-Sca-1(D7), FITC-CD34 (RAM34), and PE-FcgRIII/II (2.4G2) antibodies (BD Biosciences). Analysis of apoptosis was performed in gated CD4+CD8+ DP T subset by staining cells with surface markers V450-CD4 (RM4-5) and PE-CD8a (53–6.7), and then by labeling cells with BUV395-Annexin V and 7-AAD (BD Biosciences), as previously described (41). In order to evaluate apoptosis in Tregs, cells were stained with surface markers PerCPCy5.5-CD4 (RM4-5) and FITC-CD8a (53–6.7), then labeled with Fixable Viability Stain 780 and APC-Annexin V (both from BD Biosciences), just prior to fixation/permeabilization and staining with PE-Foxp3 (FJK-16s), performed as above. Proliferation of CD4+CD8+ DP T cells was assessed by intracellular staining with the BV510-Ki-67 (B56) antibody (BD Biosciences). For cell cycle analysis 7AAD (Sigma) was used at 25 mg/ml with RNase (Sigma) 40 mg/ml. All intracellular stainings were performed with Foxp3/Transcription Factor Staining Buffer Set (eBioscience). For the intracellular staining with anti-pSTAT5/pY694 (47/STAT5; BD Bioscience) T splenocytes were isolated by using Pan T cell isolation kit (Miltenyi), following manufacturer's instructions. Before the staining, the cells were either left unstimulated or stimulated with increasing doses of rhIL2 (Peprotech) for 15 min at 37°C and then, were fixed and permeabilized with Transcription Factor Phospho Buffer Set (BD Bioscience) according to the manufacturer's instructions. Samples were run on BD LSRFortessa equipped with DIVA software (BD Biosciences) and data were elaborated using FlowJo software (TreeStar).



In vivo T-Cell Depletion

N3tg/p50−/− double-mutant mice at 3 weeks of age were injected intraperitoneally with 250 μg of InVivoPlus anti-mouse CD8α (2.43 clone), plus 250 μg of InVivoPlus anti-mouse CD4 (GK1.5 clone) or with 500 μg of InvivoPlus RatIgG2b (LTF-2 clone) isotype control (all from BioXCell), resuspended in 200 μl/mouse of PBS 1x, twice a week. After 3 weeks of treatment mice were sacrificed and characterized by FACS analysis, as described above. In particular, to evaluate the distribution of T cell subsets we used the following surface antibodies: CD4 (RM4-4, BD Bioscience) and CD8β (H35-17.2, eBioscience).



Cell Sorting

For sorting experiments, bone-marrow samples were obtained from wt, N3tg, and N3tg/p50−/− mice, as above. Mononuclear cells were isolated by ficoll gradient and stained with a “lineage cocktail” containing PE-conjugated monoclonal antibodies against CD11b, Gr-1, Ter119, CD45R, CD3ϵ, CD4, and CD8a. “Lineage negative” (Lin−) cells were purified with the FACSAria cell sorter (BD Biosciences; purity ≥ 98%).

In other sets of experiments, thymus or spleen cell suspensions were obtained and stained with anti-CD4 and anti-CD8 surface markers, as above. Then CD4+CD8+ (DP), CD4+CD8−, or CD4−CD8+ T cells from wt, N3tg, and N3tg/p50−/− mice, or CD4+CD8−EGFP+ Tregs from spleen of Foxp3EGFP reporter mice (see above), were isolated (purity ≥ 98%) using a BD FACSAria III (BD Biosciences), equipped with FACSDiva software (BD Biosciences), as previously described (42).



Colony Forming Unit Assay

For myeloid colony forming unit assay, Lin− cells (5 × 103 cells/well), purified as above, were plated in triplicate in methylcellulose-based semisolid medium (Methocult M3236, Stem Cell Technology) with FCS and the following cytokines: IL-3 (2 ng/ml), IL-6 (2 ng/ml), SCF (50 ng/ml), G-CSF (50 ng/ml), and GM-CSF (10 ng/ml). After 7–10 days colonies were analyzed and counted and cells were harvested, controlled for the expression of myeloid markers by FACS analysis and then replated (10 × 103/well) to assess survival.



Cell Culture

All the cell culture samples were cultured at 37°C and 5% CO2 in complete medium, that is RPMI-1640 medium (GIBCO), supplemented with 10% FBS, 10 U/ml penicillin and streptomycin, 2 mM glutamine. In particular, total cells obtained from bone-marrow of wt mice (0.25 × 106/well) were co-cultured 1:1 in 96 well plates with total T splenocytes from wt, N3tg, or N3tg/p50−/− mice. T splenocytes were isolated by using Pan T cell isolation kit (Miltenyi), following manufacturer's instructions. After 24 and 48 h of co-culture, cells were counted and stained with CD11b and Gr-1 antibodies for FACS analysis, as above. In some experiments, the co-culture assay was conducted by using CD4+CD8+ (DP), CD4+CD8−, or CD4−CD8+ T splenocytes sorted from double-mutant mice at purity ≥ 98%, as described previously. To check for the role of cell-to-cell contact mechanisms, we performed the co-culture experiments above in 96 well plates in the presence of transwell inserts (pore diameter, 0.4 μm, Corning). Finally, for testing the possible role of Tregs, total cells obtained from bone-marrow of wt mice (0.25 × 106/well) were co-cultured 1:1 in 96 well plates with total T splenocytes from N3tg/p50−/− mice, without or with different numbers of CD4+CD8−EGFP+ Tregs (1 × 104/3 × 104/6 × 104), purified from spleen of Foxp3EGFP reporter mice (see above).

In another set of experiments, freshly isolated thymocytes (0.5 × 106/well) were cultured in 96 well plates in the following conditions: untreated, upon TCR activation with coated anti-CD3 antibodies (145-2C11) 3 μg/ml, or in the presence of rhIL2 (Peprotech) 50 U/ml or murine IL-15 (Peprotech) 50 ng/ml. Then, apoptosis was assessed at 48 h by FACS analysis, as described above.

Finally, T splenocytes from wt, N3tg, or N3tg/p50−/− mice (0.5 × 106/well), purified as above, were cultured in 96 well plates and stimulated or not with coated anti-CD3 antibodies (145-2C11) 3 μg/ml plus rhIL2 (Peprotech) 50 U/ml, in triplicates. Then, at 24 and 48 h, cells were counted and stained to assess Treg numbers by flow cytometry, as described above.



mRNA Analysis

CD4+CD8+ thymocytes purified as above were processed to extract total RNA with TRIzol reagent (Invitrogen), and reverse transcription was performed with High-Capacity cDNA Reverse Transcription Kit (ThermoFisher), according to the manufacturer's protocol. TaqMan quantitative real-time PCR (qPCR) was performed on cDNA using the StepOnePlus™ Real-Time PCRSystem (ThermoFisher), following instructions of manufacturer. Taqman Gene Expression Master Mix and Taqman Gene Expression Assays on demand for Bcl2 (Mm00477631_m1), A1 (Mm03646861_mH), and Hprt (Mm01545399_m1) were purchased from ThermoFisher. Relative quantification was carried out using the comparative ΔΔCt method. Hprt expression was used to normalize the expression levels of mRNAs.



Western Blotting

Total protein extracts were prepared from sorted DP T thymocyte samples and Western blotting analysis was conducted, as previously described (43), using anti-p21 antibody (C-19, sc-397, Santa Cruz), and anti-Caspase-3 or anti-cleaved Caspase-3 antibody (#9665 and #9661, respectively, both from Cell signaling). Anti-β-actin antibody (Sigma-Aldrich), was used to normalize protein expression levels. Densitometric analysis was performed using ImageStudio software (LI-COR Biosciences).



Statistics

Results were expressed as means ± SD. We performed unpaired two-tailed Student's test. Differences were considered significant when *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. Kaplan-Meier survival analysis was performed comparing kinetics of disease development in N3tg/p50−/−, N3tg, wt, and p50−/− mice. P-value was calculated by Log rank (Mantel-Cox) test. Statistical analysis was performed using Prism, GraphPad software.




RESULTS


Deletion of NF-κB1/p50 Delays Progression of Notch3-Dependent T-ALL and Induces Myeloproliferation

In order to analyze the effects of canonical NF-κB pathway modulation on Notch3-dependent T-ALL we generated N3tg/p50−/− double-mutant mice, by intercrossing NF-κB1/p50−/− mice (39), with N3tg animals (8). Surprisingly, the follow-up of N3tg/p50−/−, N3tg, and relative control mice (wt and p50−/−), revealed that N3tg/p50−/− double-mutant mice had a median survival of 65.5 days; in contrast, N3tg mice showed a median life span of 109.5 days (Figure 1A). Notably, N3tg/p50−/− mice presented clinical signs that were different from typical features of T-ALL, routinely observed in N3tg animals (8). At the end point, N3tg/p50−/− mice appeared indeed smaller in size with respect to wt or single mutant controls (not shown). Moreover, disease of N3tg/p50−/− mice at 8–9 weeks of age was accompanied by splenomegaly, though less pronounced than that observed in N3tg mice (Figure 1B and not shown). Finally, the thymus of double-mutant mice was dramatically reduced in size (Figure 1C and not shown), starting at 4–5 weeks of age.


[image: Figure 1]
FIGURE 1. NF-κB1 deletion modifies T-ALL features in N3tg/p50−/− vs. N3tg mice. (A) Kaplan-Meier survival plot showing disease latency in N3tg/p50−/− (n = 30), N3tg (n = 30), p50−/− (n = 15), and wt (n = 15) mice. P-value was calculated by Log rank (Mantel-Cox) test. (B) Total cell counts of the spleen from N3tg/p50−/−, N3tg, p50−/−, and wt mice at 8–9 weeks of age. (C) Total cell counts of the thymus from N3tg/p50−/−, N3tg, p50−/−, and wt mice at 4–5 weeks of age. In (B,C) the values are presented as mean ± SD of at least five independent experiments (n ≥ 5 mice per group). ns, not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 represent significant differences between the indicated groups.


To clarify the nature of double-mutant mice pathology we performed immunophenotypic analysis of hematopoietic cell subsets in different organs from N3tg/p50−/−, N3tg, p50−/−, and wt mice, by FACS analysis. Regarding the T cell compartment, we focused on immature CD4+CD8+ (DP) T-cell population. These cells are normally confined to the thymus, while their presence in the periphery represents a reliable marker to follow T-ALL progression (44–46). CD4+CD8+ (DP) T cells were highly decreased in percentages and numbers in both spleen (SPL; Figures 2A,B) and bone-marrow (BM; Figures 2C,D) of N3tg/p50−/− vs. N3tg mice at 8–9 weeks of age, whereas they were virtually absent in organs from p50−/− and wt controls (not shown). Conversely, the analysis of myeloid cell distributions revealed marked expansion of CD11b+Gr-1+cells in the spleen (Figures 3A,B), as well as in the BM (Figure 3C, upper panel) and peripheral blood (Figure 3C, lower panel) of N3tg/p50−/− mice at 8–9 weeks of age, when compared with N3tg, p50−/−, and wt counterparts. Collectively, our results indicate that the deletion of NF-κB1 in N3tg mice induces a delay of T-ALL progression on one hand, and promotes myeloproliferation on the other hand, thus affecting the composition of T-ALL immune-environment.


[image: Figure 2]
FIGURE 2. Reduced expansion of CD4+CD8+ (DP) T cells in N3tg/p50−/− mice. Representative dot plots showing CD4 vs. CD8 distributions in the spleen (A) and BM (C) of N3tg/p50−/− vs. N3tg mice at 8–9 weeks of age, as assessed by flow cytometry. Numbers inside each cytogram represent the percentages of different cell subsets. (B) Percentages and absolute numbers of DP T cells in the spleen (SPL) of N3tg/p50−/− vs. N3tg mice, measured as in (A). (D) Percentages and absolute numbers of DP T cells in the bone marrow (BM) of N3tg/p50−/− vs. N3tg mice, measured as in (C). In (B,D) the values are presented as mean ± SD of five independent experiments (n ≥ 5 mice per group). ***P ≤ 0.001 and ****P ≤ 0.0001 represent significant differences between the indicated groups.



[image: Figure 3]
FIGURE 3. Enlargement of CD11b+Gr-1+ subset in N3tg/p50−/− mice. (A) Representative dot plots showing CD11b vs. Gr-1 distributions in the spleen of N3tg/p50−/−, N3tg, p50−/−, and wt mice at 8–9 weeks of age, as measured by FACS analysis. Numbers inside each cytogram represent the percentages of different cell subsets. (B) Percentages (upper panel) and absolute numbers (lower panel) of CD11b+Gr-1+ cells in the spleen from N3tg/p50−/−, N3tg, p50−/−, and wt mice, measured as in (A). (C) absolute numbers of CD11b+Gr-1+ cells in the BM (upper panel) and peripheral blood lymphocytes (PBL) (lower panel) from N3tg/p50−/−, N3tg, p50−/−, and wt mice, measured as in (A). In (B,C) data represent mean ± SD of five independent experiments (n ≥ 5 mice per group). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 represent significant differences between the indicated groups.




Expansion of “Granulocyte/Monocyte Progenitor”(GMP) Subset in the Bone-Marrow of N3tg/p50−/− Mice

The accumulation of CD11b+Gr-1+ cells suggested the presence of alterations in the myeloid cell development of N3tg/p50−/− double-mutant mice. Thus, we analyzed the distribution of myeloid progenitor subsets [as defined by the differential expression of CD34 and FcγRII/III markers inside the Lin−ckit+Sca1− compartment, see (47) and Figure 4A legend], in the bone-marrow of mice of different genotypes at 4–5 weeks of age. We revealed that double-mutant mice displayed a significant increase in the percentages (Figures 4A,B, left panel), and absolute numbers (Figure 4B, right panel) of “granulocyte/monocyte progenitor” (GMP) subset with respect to both N3tg and wt littermates, whereas the progenitor distribution in the BM of p50−/− mice was similar to wt controls [(48) and not shown]. To confirm these data, we performed a myeloid “colony forming unit” assay with Lineage negative (Lin−) cells, purified from the bone-marrow of N3tg/p50−/−, N3tg, and wt mice, and plated on semi-solid methylcellulose medium in the presence of factors stimulating the differentiation of progenitors toward a myeloid fate (see the Materials and Methods section). As depicted in Figure 4C, the number of colonies/plate (CFUs) obtained at the P2 and P3 re-plating points, was significantly higher in N3tg/p50−/− when compared to N3tg and wt mice.


[image: Figure 4]
FIGURE 4. GMP progenitors accumulate in the BM of N3tg/p50−/− mice. (A) Representative dot plots showing CD34 vs. FcγRIII/II distribution inside Lin−cKit+Sca-1− gated cells in the BM of N3tg/p50−/−, N3tg, and wt mice at 4–5 weeks of age, as assessed by flow cytometry analysis of bone-marrow progenitor subsets (GMP, Granulocyte/Monocyte progenitors: CD34+FcγRII/III+; CMP, Common Myeloid progenitors: CD34+FcγRII/IIIlow; MEP, Megacariocyte/Erithroid progenitors: CD34−FcγRII/IIIlow), Numbers inside each cytogram represent the percentages of different subsets. (B) Percentages (left panel) and absolute numbers (right panel) of GMPs in the BM of N3tg/p50−/−, N3tg and wt mice, measured as in (A). (C) Colony forming assay of purified BM Lin− cells plated on semi-solid methylcellulose medium in the presence of factors stimulating the differentiation of progenitors toward a myeloid fate. Graph represents the mean number of colonies per plate (CFUs) obtained at any of the three re-plating points examined (P1, P2, and P3), for N3tg/p50−/−, N3tg, or wt cells. In (B,C) data represent mean ± SD of three independent experiments (n = 3 mice per group). ns, not significant; *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 represent significant differences between the indicated groups. (D) Percentages (left panel) and absolute numbers (right panel) of DP T cells in the BM of N3tg/p50−/− vs. N3tg mice at 4–5 weeks of age, as measured by flow cytometry analysis of CD4 vs. CD8 distributions. The values are presented as mean ± SD of five independent experiments (n = 5 mice per group). ns, not significant differences between the groups.


Interestingly, immature CD4+CD8+ (DP) T cells are still largely represented in the BM of double-mutant mice at 4–5 weeks of age (Figure 4D), thus leaving open the possibility that these immature N3tg/p50−/−DP T cells may participate in inducing in trans the alteration of myeloid cell development described above.



T Cells Sustain the Expansion of Myeloid Compartment in N3tg/p50−/− Mice

To test the hypothesis that T cells may influence the myeloproliferation observed in double-mutant mice, we designed experiments of in vivo T-cell depletion, by the combined administration of anti-CD4 and anti-CD8 antibodies to N3tg/p50−/− mice, starting at 3 weeks of age. After 3 weeks, N3tg/p50−/− treated mice displayed a significant reduction of percentages (Figures 5A,B, upper panels) and absolute numbers (Figure 5B, lower panels) of all the examined T cell subsets in the BM and spleen, with respect to the N3tg/p50−/− controls, as expected. Notably, T-cell depleted mice were characterized by a remarkable decrease in the proportion (Figures 5C,D, upper panels) and absolute numbers (Figure 5D, lower panels) of the CD11b+Gr-1+ subset in the same organs as above, when compared to the controls. Our results strongly suggest that T cells participate in sustaining the myeloid proliferation of double-mutant mice.
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FIGURE 5. T cell compartment drives the expansion of myeloid cells in N3tg/p50−/− mice. Three weeks-old N3tg/p50−/− mice were injected i.p. with anti-CD4 plus anti-CD8 depleting antibodies or with relative isotype controls, bi-weekly for 3 weeks. (A) Representative dot plots showing CD4 vs. CD8 distributions in the BM of control (upper panel) or T-cell depleted (lower panel) N3tg/p50−/− mice, as measured by FACS analysis. Numbers inside each cytogram represent the percentages of DP T cells. (B) Percentages (upper panels) and absolute numbers (lower panels) of BM CD4+CD8+ (DP) T cells and of (DP) T, CD4+CD8,− and CD4−CD8+ splenocytes from control vs. T-cell depleted N3tg/p50−/− mice (ctr and dpl, respectively), measured as in (A). (C) Representative dot plots showing CD11b vs. Gr-1 distributions in the SPL of control (upper panel) or T-cell depleted (lower panel) N3tg/p50−/− mice, as measured by FACS analysis. Numbers inside each cytogram represent the percentages of CD11b+Gr-1+ cells. (D) Percentages (upper panels) and absolute numbers (lower panels) of CD11b+Gr1+ cells in the BM and spleen from control vs. T-cell depleted N3tg/p50−/− mice (ctr and dpl, respectively), measured as in (C). In (B,D) data represent mean ± SD of three independent experiments (n = 3 mice per group). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 represent significant differences between the T-cell depleted samples (dpl) and the relative controls (ctr) (E) The graph represents the ratio of the CD11b+Gr1+ cell count at 24 or 48 h to the related CD11b+Gr1+ cell count at 0 h in the co-cultures of wt BM cells with T splenocytes from N3tg/p50−/−, N3tg or wt mice and in the wt BM cells cultured alone, as a basal control. Data represent mean ± SD of three independent experiments (n = 3 mice per group), each in triplicates. *P ≤ 0.05 and ++P ≤ 0.01represent significant differences, at 24 and 48 h, respectively, between the values observed in co-cultures of double-mutant T splenocytes with wt BM cells (T N3tg/p50−/−: BM wt) and the values observed in the other co-culture samples (i.e., T N3tg: BM wt; T wt: BM wt; BM wt alone, as a basal control) (F). The graph represents the ratio of the CD11b+Gr1+ cell count at 48 h to the related CD11b+Gr1+ cell count at 0 h in wt BM cells cultured alone (wt BM), in the co-cultures of wt BM cells with T splenocytes from wt mice (+wt T), or with T splenocytes from N3tg/p50−/− mice in the absence or presence of transwell inserts (+N3tg/p50−/−T and + N3tg/p50−/−T transwell, respectively), and finally, in the co-cultures of wt BM cells with (DP) T, CD4+CD8− or CD4−CD8+ T splenocytes purified from double-mutant mice (+N3tg/p50−/−CD4+CD8+, +N3tg/p50−/−CD4+, and +N3tg/p50−/−CD8+, respectively). Data represent mean ± SD of three independent experiments (n = 3 mice per group), each in triplicates. ns, not significant; **P ≤ 0.01 represents significant differences between the indicated groups. In (E,F) all the cells were from mice at 4–5 weeks of age.


To gain more insight into the T/myeloid cell interaction in N3tg/p50−/− mice, we performed in vitro co-culture experiments of total wt BM cells with T cells purified from the spleen of double-mutant, N3tg or wt mice at 4–5 weeks of age. Strikingly, we observed a significantly higher CD11b+Gr-1+ cell count ratio in the co-cultures with N3tg/p50−/− T cells compared to the co-cultures with N3tg or wt T cells, at any time point considered (Figure 5E), indicating that N3tg/p50−/− T cells may sustain the growth of CD11b+Gr-1+ cells in vitro. Then, we repeated the co-culture assay by using transwell inserts or by using different subsets of double-mutant T splenocytes, instead of total T splenocytes (Figure 5F). The results indicated that transwell inserts strongly inhibited the effect of N3tg/p50−/− T cells on CD11b+Gr-1+ cell growth, thus suggesting that it requires cell-to-cell contact. Furthermore, we revealed that only CD4+CD8+ (DP) T cells from double-mutant mice are able to drive the expansion of myeloid compartment, whereas CD4+CD8− and CD4−CD8+ T subsets do not influence this process, significantly. Overall, our in vivo and in vitro combined approaches suggest that the myeloproliferative trait of N3tg/p50−/− mice may rely on a mechanism exerted in trans by N3tg/p50−/− DP T cells and that requires cell-to-cell contact.



Profound Alterations of T Cell Compartment in the Thymus and Spleen of N3tg/p50−/− Mice

The thymus represents the natural environment in which DP T cell develop under the control of many pathways, including Notch and NF-κB. The reduction of DP T cell subset in the spleen and BM of double-mutant mice, coupled with thymus regression, suggested that such phenomena may rely on alterations of T cell development. This prompted us to analyze T cell compartment in more details. However, to minimize interference by T-ALL or myeloproliferation, we performed our studies in young mice, at 4–5 weeks of age, when N3tg/p50−/− mice presented no evident symptoms of illness.

Percentages (Figures 6A,B) and absolute numbers (Figure 6C) of CD4+CD8+ (DP) T cells were remarkably reduced in the thymus of N3tg/p50−/− mice, when compared with those of N3tg, p50−/− and wt mice. Concurrently, double-mutant mice presented increased percentages of CD4+CD8−, CD4−CD8+, and CD4−CD8− thymocytes (Figures 6A,B). However, in terms of absolute numbers, the reduction observed in N3tg/p50−/− vs. N3tg mice was not limited to DP T cells, but concerned also other subsets, with particular regard to CD4+CD8− T cells (Figure 6C). Interestingly, the expansion of all thymocyte subsets that characterize N3tg vs. wt mice [(8) and Figure 6C], was abrogated in double-mutant mice. Moreover, the effects of NF-κB1 deletion on thymocytes emerged specifically in the Notch3 transgenic background, being absent in p50−/− mice, when compared to wt controls. In summary, our results suggest that deletion of NF-κB1 may revert the consequences of Notch deregulated activation inside the thymic T-cell compartment.
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FIGURE 6. N3tg/p50−/− mice display altered distributions of thymocyte subsets. (A) Representative dot plots showing CD4 vs. CD8 distributions in the thymus of N3tg/p50−/−, N3tg, p50−/−, and wt mice at 4–5 weeks of age, as measured by FACS analysis of CD4 vs. CD8 distributions. Numbers over each cytogram represent the percentages of different T cell subsets. (B) Percentages and (C) absolute numbers of thymocyte subsets in N3tg/p50−/−, N3tg, p50−/−, and wt mice, measured as in (A). In (B,C) the values are presented as mean ± SD of five independent experiments (n ≥ 5 mice per group). ns, not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 represent significant differences between the indicated groups.


Similar conclusions derived from analysis of splenic DP T cell compartment, that appeared significantly restricted in N3tg/p50−/− vs. N3tg mice, in both percentages (Figures 7A,B) and absolute numbers (Figure 7C). These results suggest that the delay of T-ALL progression observed in N3tg/p50−/− vs. N3tg mice at 8–9 weeks of age (see Figure 2), is already effective at an initial stage of the disease. We noted a slight decrease of CD4+CD8− T cell percentages and absolute numbers (Figures 7D,E, respectively, left panels), in N3tg mice, with respect to those of p50−/− and wt controls, though these reductions were recovered in double-mutant animals. Furthermore, percentages and absolute numbers of CD4−CD8+ T subset (Figures 7D,E, respectively, right panels), were reduced in N3tg/p50−/− and N3tg mice in a similar way.
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FIGURE 7. NF-κB1 deletion decreases CD4+CD8+ (DP) T cell numbers in the spleen of N3tg/p50−/− vs. N3tg mice. (A,B) Percentages and (C) absolute numbers of DP T cells in the spleen of N3tg/p50−/−, N3tg, p50−/−, and wt mice at 4–5 weeks of age, as measured by FACS analysis of CD4 vs. CD8 distributions. In (A) numbers inside each cytogram represent the percentages of different cell subsets. (D) Percentages and (E) absolute numbers of CD4+CD8− and CD4−CD8+subsets in the spleen of N3tg/p50−/−, N3tg, p50−/− and wt mice, measured as in (A). In (B–E) results are shown as mean ± SD of five independent experiments (n = 6 mice per group). ns=not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001 represent significant differences between the indicated groups.




Thymic and Splenic Treg Numbers Are Greatly Reduced in N3tg/p50−/− Mice

Notch signaling deregulation in T-cell compartment correlates with the expansion of Tregs during T-ALL development in N3tg mice (37), depending in part on the activation of canonical NF-κB pathway (38). Besides, canonical NF-κB subunits, such as c-rel and p65, have been described as crucial in Treg development, function, and homeostasis, including in the context of cancer (49–52). Moreover, c-rel has a crucial role in promoting the formation of an enhanceosome specific for the FoxP3 promoter and that also includes p65, whereas p50 does not activate FoxP3 promoter (52). Notably, a major role of NF-κB1 in Treg biology has been excluded (49, 52, 53), though p50 modulation seems to exert detrimental effects on Tregs in particular conditions, such as in p50/c-Rel double knock-out mice (53, 54) or in mice carrying a mutation of p105 (the p50 precursor) that blocks its degradation (55). In this context, N3tg/p50−/− model allowed us to verify if NF-κB1 may cooperate with Notch3 in regulating Treg behavior in T-ALL environment. To this end, we examined CD4+CD8−Foxp3+ Treg distributions in the thymus and spleen of N3tg/p50−/− mice, by flow cytometry. In the thymus, percentages of Tregs were normal, relatively to those of controls (Figures 8A,B), while their absolute numbers declined (Figure 8C). This event translated in the spleen of N3tg/p50−/− mice, where Tregs diminished significantly in percentages (Figures 8D, E), as well as in absolute numbers (Figure 8F). Notably, Treg subset was exclusively reduced when NF-κB1 ablation occurred in the N3tg background, suggesting that Notch and NF-κB1 may co-operate in regulating Treg numbers specifically in the context of T-ALL.
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FIGURE 8. Tregs are reduced in the thymus and spleen of N3tg/p50−/− double-mutant mice. (A) and (D) Representative FACS analysis of CD4+CD8−Foxp3+ Tregs in the thymus and spleen, respectively, of N3tg/p50−/−, N3tg, p50−/− and wt mice at 4–5 weeks of age. Numbers inside each cytogram represent the percentages of Foxp3+ cells inside gated CD4+CD8− cells. (B) and (C) Mean percentage values and absolute numbers, respectively, of CD4+CD8−Foxp3+ Tregs in the thymus from N3tg/p50−/−, N3tg, p50−/−, and wt mice, assessed as in (A). (E,F) Percentages and absolute numbers, respectively, of CD4+CD8−Foxp3+ Tregs in the spleen from N3tg/p50−/−, N3tg, p50−/−, and wt mice, assessed as in (D). In (B,C,E,F) the values are presented as mean ± SD of three independent experiments with N3tg/p50−/− (n = 5), N3tg (n = 5), p50−/− (n = 3), and wt (n = 5) mice. ns, not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 represent significant differences between the indicated groups.




The Apoptotic Rate of DP T Cells and Tregs From N3tg Mice Is Enhanced in the Absence of NF-κB1

In the attempt to explain the reduction of DP T cells and Tregs in N3tg/p50−/− mice, we analyzed apoptosis of these populations, by 7AAD/Annexin V assay on freshly isolated cells. CD4+CD8+ (DP) T subset from N3tg mice presented an accumulation of Annexin V+ cells in both the thymus (Figures 9A,C) and spleen (Figures 9B,C), in comparison to wt DP thymocytes, used as a control. Interestingly, similar results were reported in transgenic mice with an lck-driven constitutive activation of Notch1 intracellular domain (56). However, the percentage of apoptotic cells was even more increased in DP T cells from N3tg/p50−/− mice (Figure 9), suggesting that Notch and NF-κB1 may cooperate in regulating survival of DP T cells. Then, we analyzed if the increase of apoptotic rate described above may depend on a T cell intrinsic mechanism or whether it is a secondary effect of the myeloproliferation on microenvironment. To this end, we performed in vitro experiments to measure the percentages of apoptotic cells in DP thymocytes from N3tg/p50−/−, N3tg, and wt mice that were cultured in the following conditions: untreated, upon TCR activation via anti-CD3 stimulation or in the presence of survival cytokines such as IL-2 or IL-15. Interestingly, significant differences in the percentages of Annexin V+ cells persisted among the three groups of DP thymocytes (N3tg/p50−/− > N3tg > wt) in all the conditions tested (Figure 9D), in a similar extent to what observed in vivo, thus indicating the cell-autonomous nature of this event.
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FIGURE 9. Increased apoptotic rate of CD4+CD8+ (DP) T cells from N3tg/p50−/− mice. Representative dot plots of 7AAD/Annexin V distributions inside gated CD4+CD8+ (DP) T cells from thymus (A) and spleen (B) of N3tg/p50−/− vs. N3tg mice at 4–5 weeks of age. DP thymocytes from wt littermates were used as a control. Percentages of both 7 AAD−Annexin V+ early apoptotic cells and 7AAD+Annexin V+ late apoptotic cells are indicated inside each cytogram. (C) The graph illustrates the percentages of Annexin V+ cells inside DP T compartment from thymus (Thy) and spleen (Spl) of N3tg/p50−/− and N3tg mice at 4–5 weeks of age, as well as from thymus of wt controls. The values are presented as mean ± SD of four independent experiments (n ≥ 4 mice per group). ***P ≤ 0.001 and ****P ≤ 0.0001 represent significant differences between the indicated groups. (D) The graph reports the percentages of DP/Annexin V+ cells, assessed by flow cytometry, in thymocytes from N3tg/p50−/−, N3tg, and wt mice cultured for 48 h in the following conditions: untreated (CTR), upon TCR activation with anti-CD3 stimulation (+αCD3), or in the presence of survival cytokines such as IL-2 (+IL2) or IL-15 (+IL15). The values are presented as mean ± SD of three independent experiments (n = 3 mice per group), in triplicates. ns, not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 represent significant differences between the indicated groups.


Inside Treg subset, the proportion of apoptotic cells was increased in CD4+CD8−FoxP3+ cells from both the thymus (Figure 10A, left panels and Figure 10C, upper panel) and spleen (Figure 10B, left panels and Figure 10C, lower panel) of N3tg/p50−/− mice. However, percentages of Annexin V+ Tregs in N3tg mice were comparable to those of wt controls, and this apparently rules out a pro-apoptotic role of Notch signaling activation in Tregs. Importantly, no differences were noted in the apoptotic rate of CD4+CD8−FoxP3− T cells from mice of different genetic backgrounds (Figures 10A,B, right panels), used as an internal control. We also excluded defects in the proliferation rates of Tregs that increased in a similar way in both N3tg and N3tg/p50−/− mice, when compared to those of wt counterparts, as measured by Ki67 staining (not shown). In summary, our results suggest that the decrease of DP T and Treg cells in double-mutant mice relies on the enhancement of their apoptotic rate.
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FIGURE 10. Tregs from N3tg/p50−/− double-mutant mice show enhanced apoptosis. Representative dot plots of FVS-780/Annexin V distributions inside gated CD4+CD8−Foxp3+ Tregs or gated CD4+CD8−Foxp3− cells, from thymus (A) and spleen (B) of N3tg/p50−/−, N3tg, and wt mice at 4–5 weeks of age. Percentages of both FVS-780−Annexin V+ early apoptotic cells and FVS-780+Annexin V+ late apoptotic cells are indicated. (C) The graph illustrates the percentages of Annexin V+ cells inside CD4+CD8−Foxp3+ Tregs from thymus (upper panel) and spleen (lower panel) of N3tg/p50−/−, N3tg, and wt mice at 4–5 weeks of age. The values are presented as mean ± SD of two independent experiments (n = 2 mice per group).




Tregs From N3tg/p50−/− Mice Present Altered Responsiveness to IL-2

The IL-2/IL2R system is extensively involved in regulating many aspects of Treg biology, including the survival. Interestingly, in Tregs from double-mutant mice we did not observe a defective expression on a per cell basis of the CD25 receptor (Figure 11A, left panel), or of FoxP3 (as a specific target of the IL-2 signaling in Tregs), (Figure 11A, right panel), as evaluated by calculating their Mean Fluorescence Intensity (MFI). Nevertheless, we revealed an altered response to IL-2 of N3tg/p50−/− Tregs in vitro. Indeed, the Treg cell count ratio increased significantly upon IL-2 stimulation in wt samples and even more in N3tg samples, with respect to the untreated controls, whereas no differences were noted in IL-2-treated with respect to untreated double-mutant Tregs (Figure 11B). These data suggest that the reduced number of Tregs in double-mutant mice could be related to the impaired response to IL-2. To corroborate our findings, we examined Tregs for the expression of the activated form of STAT5 (pSTAT5), a critical downstream target of IL-2 signaling in Treg development and function. We stimulated T splenocytes with increasing doses of rhIL-2, and then revealed the expression of pSTAT5, by FACS analysis. Data obtained evidenced that N3tg/p50−/− mice present a slight but significant decrease in the proportion of pSTAT5+ cells inside the CD4+CD8−Foxp3+ Treg compartment, upon activation with high doses of IL-2 (50 or 200 U/ml; Figure 11C), when compared to wt controls. These results suggest the presence of an altered IL-2/STAT5 signaling in double-mutant Tregs.
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FIGURE 11. The IL-2/STAT5 signaling is affected in Tregs from N3tg/p50−/− mice. (A) The histograms represent the MFI of CD25 (left panel) and Foxp3 (right panel) in gated CD4+CD8−FoxP3+ subsets from thymus and spleen of wt, N3tg, and N3tg/p50−/− mice at 4–5 weeks of age. (B) The graph represents the ratio of the Treg cell count at 24 or 48 h and the related Treg cell count at 0 h in culture samples of T splenocytes from N3tg/p50−/−, N3tg, or wt mice at 4–5 weeks of age, in the absence (–) or presence (+) of anti-CD3/IL-2 stimulation. In (A,B) the values are presented as mean ± SD of three independent experiments (n = 3 mice per group). ns, not significant; *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 represent significant differences between the indicated groups. (C) In the upper panels, representative FACS analysis of pSTAT5 expression inside CD4+CD8−FoxP3+ subset of total T splenocytes (T spl) from N3tg/p50−/− and wt mice at 4–5 weeks of age, upon activation with 50 U/ml of rhIL-2. Numbers inside each cytogram represent the percentages of pSTAT5+FoxP3+cells inside gated CD4+CD8−FoxP3+ subset. In the lower panel the graph represents the percentages of pSTAT5+FoxP3+cells inside CD4+CD8−FoxP3+ compartment of total T splenocytes from wt and N3tg/p50−/− mice at 4–5 weeks of age, following the activation with rhIL-2, at the indicated doses. Samples stained without rhIL-2 stimulation served as negative control (not shown). The values are presented as mean ± SD of three independent experiments (n = 3 mice per group), in triplicates. ns, not significant; **P ≤ 0.01 represents significant differences between the indicated groups. (D) Representative dot plots of icFoxP3/CD4 distributions inside gated CD4+CD8− T cells from BM of N3tg/p50−/− vs. wt mice at 4–5 weeks of age, as assessed by FACS analysis. Percentages of FoxP3+CD4+ cells are indicated inside each cytogram. (E) Mean percentage values (upper panel) and absolute numbers (lower panel), of Foxp3+ Tregs inside the CD4+CD8−subset in the BM from N3tg/p50−/− and wt mice, assessed as in (D). The values are presented as mean ± SD of three independent experiments (n = 3 mice per group). **P ≤ 0.01, ***P ≤ 0.001 represent significant differences between the N3tg/p50−/− samples and the relative wt controls. (F) The graph represents the ratio of the CD11b+Gr1+ cell count at 48 h to the related CD11b+Gr1+ cell count at 0 h in wt BM cells cultured alone (wt BM), as a basal control, in the co-cultures of wt BM cells with T splenocytes from N3tg/p50−/− mice (+N3tg/p50−/− T), as well as in the co-cultures of wt BM cells with T splenocytes from N3tg/p50−/− mice in the presence of different numbers of CD4+CD8−EGFP+ Tregs purified from the spleen of the Foxp3EGFP “knock-in” reporter mice (+N3tg/p50−/−T + 1 × 104/3 × 104/6 × 104 Tregs). Data represent the mean ± SD of three independent experiments (n = 3 mice per group), each in triplicates. ns, not significant; ***P ≤ 0.001 represents significant differences between the indicated groups.


Recently, it was reported that the lack of Tregs in FoxP3-deficient “scurfy” mice induces indirectly a deregulated myelopoiesis, resembling the myeloproliferative trait of our N3tg/p50−/− mice (57). Interestingly, N3tg/p50−/− young mice (at 4–5 weeks of age), present a dramatic reduction of Treg percentages (Figures 11D, E, upper panel), and absolute numbers (Figure 11E, lower panel), in the BM, comparable to what observed in their thymus and spleen (see Figure 8). Thus, we investigated the possible role of the Treg lack inside T cell compartment of N3tg/p50−/− mice in promoting the CD11b+Gr-1+ cell growth observed in our co-culture system. To this aim, we performed in vitro co-culture experiments of total wt BM cells with T cells purified from the spleen of double-mutant mice at 4–5 weeks of age, in combination with different numbers of FoxP3+ Tregs, purified from the spleen of the Foxp3EGFP “knock-in” reporter mice (38). Interestingly, the presence of Tregs in the co-culture does not influence significantly the positive effect of N3tg/p50−/− T cells on myeloid cell growth (Figure 11F). Thus, it seems unlikely that the lack of Tregs could represent a crucial event in promoting myeloproliferation of double-mutant mice.



Apoptosis Induction in DP T Cells From N3tg/p50−/− MiceCorrelates With Suppression of the p21Waf1/Cip1 Protein Expression

In the attempt to find mechanistic basis for the enhancement of apoptosis in DP T cells from double-mutant mice, we first considered the Bcl-2 protein family, that exerts essential function in cell death regulation. In particular, Bcl-2 and A1 members have antiapoptotic roles and represent important targets of NF-κB in lymphocyte development and hematological malignancies (16, 58). Moreover, the overexpression of Bcl-2 and A1 has been associated to survival of T-lymphoma cells in N3tg mice (8). On this premise, we purified DP thymocytes from N3tg, N3tg/p50−/−, and wt mice at 4–5 weeks of age and evaluated the expression of Bcl-2 and A1 mRNAs. Surprisingly, the expression of both Bcl-2 and A1 was increased in samples from N3tg DP thymocytes, when compared to wt DP thymocytes, and the deletion of NF-κB1 magnified this effect in double-mutant counterparts (Figure 12A). Then, we explored the possibility that NF-κB1 may affect the expression of “cyclin-dependent kinase inhibitor” p21Waf1/Cip1. This protein represents a main factor in promoting cell cycle arrest, upon various stimuli. However, p21Waf1/Cip1 also acts as an inhibitor of apoptosis in many cell types and through different mechanisms [as reviewed in (59)]. Intriguingly, we detected a downregulation of p21Waf1/Cip1 protein expression levels in samples of DP thymocytes from N3tg/p50−/− mice (Figure 12B), when compared with both N3tg and wt samples. We also studied the possible effects of p21Waf1/Cip1 downregulation on both the cell cycle and the proliferation of double-mutant DP thymocytes with respect to N3tg and wt mice counterparts. We did not observe any significant alteration in the distribution of DP T thymocytes of different genotypes in the different phases of the cell cycle, as assessed by 7-AAD staining (not shown), as well as in the percentages of proliferating DP thymocytes, as assessed by the staining with the Ki-67 proliferation marker (Figure 10C, upper panel). However, the expression of Ki-67 on a per cell basis was significantly increased in double-mutant DP thymocytes (Figure 12C, lower panel). Finally, we revealed that the decrease of the p21Waf1/Cip1 protein in double-mutant DP thymocytes does not translate into differences in the protein expression levels of activated cleaved caspase3 or pro-caspase3 (Figure 12D). Overall, our results suggest that NF-κB1 deletion may promote apoptosis in N3tg DP T cells through mechanism/s that are dependent on p21Waf1/Cip1 expression.
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FIGURE 12. NF-κB1 deletion increases CD4+CD8+ (DP) T cell apoptosis in N3tg/p50−/− vs. N3tg mice, through a p21Waf1/Cip1-dependent mechanism. (A) Relative mRNA expression levels of Bcl-2 and A1 evaluated by real-time RT-PCR in DP T cells isolated from thymus of N3tg/p50−/−, N3tg, or wt mice at 4–5 weeks of age. The expression levels of Bcl-2 or A1 in wt DP thymocytes were set as 1. Mean values ± SD are shown and they were obtained from two independent experiments (n = 2 mice per group), each in triplicate. (B) In the left panel, representative Western blot analysis of p21Waf1/Cip1 protein expression levels in whole-cell extracts of DP T cells isolated from thymus of N3tg/p50−/−, N3tg, or wt mice at 4–5 weeks of age. Anti β-actin (β-act) antibody was used as loading control. In the right panel, the densitometric analysis of protein expression levels are shown. The values are presented as mean ± SD of two independent experiments (n = 2 mice per group). The p21Waf1/Cip1 protein expression levels in wt DP thymocytes were set as 1. (C) In the upper panel, histogram of Ki-67 expression inside gated CD4+CD8+ (DP) T cells from thymus of N3tg/p50−/− (blue line), N3tg (red line), and wt (black line) mice at 4–5 weeks of age, assessed by flow cytometry. The staining negative control is also shown (gray line). M1 gate defines the percentages of Ki-67+ cells. Data are representative of three independent experiments. In the lower panel, the graph illustrates the MFI of the Ki-67 marker inside CD4+CD8+ (DP) thymocytes in the same samples as in the upper panel. The values are presented as mean ± SD of three independent experiments (n = 3 mice per group). **P ≤ 0.01 represent significant differences between the indicated groups. (D) In the upper panel, representative Western blot analysis of pro-caspase-3 and active caspase-3 protein expression levels in whole-cell extracts of DP T cells isolated from thymus of N3tg/p50−/−, N3tg, or wt mice at 4–5 weeks of age. Anti β-actin (βact) antibody was used as loading control. In the lower panel, the densitometric analysis of protein expression levels of active caspase-3 and pro-caspase-3 protein are shown. The values are presented as mean ± SD of two independent experiments (n = 2 mice per group). In the graphs the protein expression levels in wt DP thymocytes were set as 1.





DISCUSSION

The central role of Notch and NF-κB in the development and progression of T-cell acute lymphoblastic leukemia is well-established (8, 14–18). Nevertheless, little is currently known about combined effects of deregulating these pathways on T-ALL environment. Here, we report that the deletion of NF-κB1/p50 subunit in a murine model of Notch-dependent T-ALL shapes the immunological environment of the disease and influences its outcome. Double-mutant mice show indeed an inhibition of T-cell leukemia progression, evidenced by a strong reduction of pre-leukemic CD4+CD8+ (DP) T cells in the periphery. At the same time, they develop a dramatic expansion of immature CD11b+Gr-1+ myeloid cells. Surprisingly, the deletion of NF-κB1/p50 induces the overall effect of reducing survival of N3tg/p50−/− mice, with respect to that of N3tg animals. It is likely that this effect depends on myeloproliferation. Interestingly, myeloproliferation has already been associated with dysregulation of Notch signaling in hematopoietic system of different murine models, including those of Notch-dependent leukemia (29, 32). Though, Notch has been described as a tumor suppressor in myeloid malignancies [reviewed in (60)]. Together, these observations would support NF-κB as a downstream mediator of Notch signaling in this context.

In order to better characterize the myeloproliferative trait of double-mutant mice, we demonstrate that these mice display an alteration in the myeloid cell development with a significant expansion of the “granulocyte/monocyte progenitor” (GMP) subset in the bone-marrow. Notably, T-cell depletion in vivo significantly reduces myeloproliferation in double-mutant mice. Furthermore, T cells from N3tg/p50−/− mice are able to improve the growth of CD11b+Gr-1+ myeloid cells in vitro, through a mechanism exerted by N3tg/p50−/− DP T cells and that requires cell-to-cell contact. Finally, no ectopic expression of the T cell targeted Notch3-ICN transgene, was observed in the myeloid compartment of N3tg/p50−/− mice (PG and AC, unpublished results). Altogether, these results suggest that the myeloproliferation observed in our model relies on non-cell-autonomous processes driven by N3tg/p50−/− T cells. However, a more precise definition of the mechanisms involved in this effect deserves additional studies in the future.

NF-κB1 deletion seems to affect immune-environment of N3tg mice through a second way, namely the impairment of T cell development. N3tg/p50−/− mice present a significant reduction in size of the thymus that reflects the marked decrease in numbers of all thymocyte subsets and mainly of DP T cells. Overall, the enforced expansion of thymic populations that characterize N3tg mice vs. wt controls [(8) and Figure 6C] is abrogated in N3tg/p50−/− mice, thus suggesting a specific involvement of NF-κB1 in mediating this effect of Notch3 dysregulation. The DP T cell compartment is significantly reduced also in the periphery of double-mutant mice, confirming the role of NF-κB1 in sustaining survival of DP T pre-leukemic cells. Instead, NF-κB1 deletion influences marginally the distribution of CD4+CD8− and CD4−CD8+ T cells in the spleen of N3tg/p50−/− mice, indicating the presence of compensatory mechanism/s in this process.

There is a third way through which the absence of NF-κB1 may modify T-ALL immune environment, that is represented by the notable reduction of Treg subsets in N3tg/p50−/− mice. Importantly, p50−/− mice present no major alterations in Treg numbers and function in both the thymus and periphery (49, 52, 53). However, p50 may affect Treg subset under certain conditions (53–55) and its function in Tregs in the context of cancer has not been extensively addressed, so far. To this regard, we revealed the presence of a striking effect of NF-κB1 deletion on Treg survival, that emerges exclusively in the N3tg leukemic background. Interestingly, DP thymocytes have been described as the subset in which development of Treg precursors starts (61). Thus, it is possible that the reduction of Tregs that we noted in double-mutant mice depends on the massive reduction of DP thymocytes. The impairment of Treg subsets could also depend on the altered response of N3tg/p50−/− Tregs to the IL-2, depending, at least in part, on a reduced activation of STAT5, though the exact mechanisms underlying this effect remain to be elucidated. IL-2 was reported as an essential growth factor for Tregs that is critically required for their homeostasis and metabolic fitness (62). Moreover, NF-κB regulates multiple aspects in the biology of Tregs, including their survival and also their function in tumor environment [as reviewed in (35)]. Thus, it is likely that the deletion of NF-κB1 in the N3tg background could influence Treg survival, by inducing alteration of the IL-2 response.

From a mechanistic perspective, our results indicate that the decrease of DP T cells and Tregs in N3tg/p50−/− mice arises from an enhancement of apoptotic rate of these subsets. Importantly, the enhancement of apoptosis in T cells from N3tg/p50−/− seems to represent an intrinsic event, independent from changes in the microenvironment induced by the expansion of myeloid cells. The apoptosis increase, indeed, persists when double-mutant DP T thymocytes are cultured in vitro, also upon TCR activation with anti-CD3 or in the presence of pro-survival cytokines, such as IL-2 or IL-15.

Interestingly, the increase of apoptosis in DP T cells from transgenic mice with dysregulated activation of Notch-ICN was already reported, even if without any definitive explanation (46, 56). Furthermore, it was shown that canonical NF-B pathway activation plays a crucial role in the selection processesof DP thymocytes (13) and promotes their apoptosis (63). Overall, based on our results and literature data, we can speculate that the increased apoptosis of DP T cells from N3tg mice, compared to that of wt controls, may derive from Notch-dependent constitutive activation of NF-κB. However, Notch activation in thymocytes of N3tg mice also promotes other mechanisms (8), that disrupt growth regulation and produce the net result of favoring tumor cell survival. Conversely, the deletion of NF-κB1 in N3tg/p50−/− mice can shift the balance toward cell death, possibly through the dramatic decrease of p21Waf1/Cip1 protein expression. Many literature data hypothesize that p21Waf1/Cip1 protects thymic tumor cells from apoptosis (64) and that NF-κB-dependent induction of p21Waf1/Cip1 expression may represent an anti-apoptotic mechanism of resistance in cancer cells, including T-ALL cells (65). Moreover, pharmacological suppression of p21Waf1/Cip1 protein by flavopiridol treatment has been experimented on T-ALL Jurkat cells as a successful antileukemic therapy, when combined with HDAC-inhibitors (66). It is noteworthy that the p21Waf1/Cip1 protein is involved in the regulation of apoptotic processes that could be dependent or independent from caspase (59, 67). Intriguingly, we reported here that the decrease of p21Waf1/Cip1 protein expression in double-mutant DP thymocytes does not impinge on the expression of the active caspase-3 protein. Furthermore, the regulation of apoptosis by p21Waf1/Cip1 may occurr independently from its role in the cell cycle (59, 67). To this regard, we observed that the downregulation of p21Waf1/Cip1 protein in double-mutant DP thymocytes correlates with an enhanced expression of the Ki-67 proliferation marker on a per cell basis, without any significant alterations of DP thymocyte distribution in the different phases of the cell cycle.

It is important to note that a causative link between Treg reduction and T-ALL progression remains not formally proven in N3tg/p50−/− mice. However, Treg accumulation has been highlighted as a negative event in human T-ALL prognosis (36). Hence, it is possible that the inhibition of T-ALL progression observed in N3tg/p50−/− mice is not exclusively due to the induction of apoptosis inside pre-leukemic DP T cells, but also depends on the dramatic depletion of Tregs. In this context, we also suggest here that the lack of Tregs does not have a crucial role in driving myeloproliferation of N3tg/p50−/− mice, as instead demonstrated in FoxP3-deficient “scurfy” mice (57).

In conclusion, N3tg/p50−/− double-mutant mice may represent a novel model to achieve a better understanding of how combined mutations of Notch and NF-κB1 may impact on both the progression of T-ALL and the composition of T-ALL immune-environment in the attempt to identify innovative multiple target therapy for the disease.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

The animal study was reviewed and approved by the local Animal welfare committee and was carried out in accordance with the recommendations of the Italian national guidelines for experimental animal care and use and of the European Directive 2010/63/EU.



AUTHOR CONTRIBUTIONS

PG and AO designed and performed the experiments, analyzed the data, and wrote the first draft of the paper. NG, CN, and GS performed the experiments. GP analyzed the data. IS critically revised the manuscript. AC supervised the experiments, analyzed the data, and wrote the manuscript.



FUNDING

This work was supported by Sapienza University grants, Ateneo 2014 (C26A14C2XA) and Ateneo 2015 (C26A15AR33) to AC, Ateneo 2016 (RG116154E2C7A6FB) to IS and by Italian Ministry of Education, University and Research - Dipartimenti di Eccellenza - L. 232/2016.



ACKNOWLEDGMENTS

Dedicated to Prof. Alberto Gulino. We thank Mr. Alessandro Martini and Mr. Fernando Duranti for skillful technical assistance and the Flow Cytometry Facility at Center for Life Nano Science (IIT@Sapienza) for support and technical advice.



REFERENCES

 1. Palermo R, Checquolo S, Bellavia D, Talora C, Screpanti I. The molecular basis of notch signaling regulation: a complex simplicity. Curr Mol Med. (2014) 14:34–44. doi: 10.2174/1566524013666131118105216

 2. Bray SJ. Notch signaling in context. Nat Rev Mol Cell Biol. (2016) 17:722–35. doi: 10.1038/nrm.2016.94

 3. Aster JC, Pear WS, Blacklow SC. The varied roles of notch in cancer. Annu Rev Pathol. (2017) 12:245–75. doi: 10.1146/annurev-pathol-052016-100127

 4. Bellavia D, Campese AF, Vacca A, Gulino A, Screpanti I. Notch3, another Notch in T cell development. Semin Immunol. (2003) 15:107–12. doi: 10.1016/S1044-5323(03)00007-1

 5. Amsen D, Helbig C, Backer RA. Notch in T cell differentiation: all things considered. Trends Immunol. (2015) 36:802–14. doi: 10.1016/j.it.2015.10.007

 6. Grazioli P, Felli MP, Screpanti I, Campese AF. The mazy case of Notch and immunoregulatory cells. J Leukoc Biol. (2017) 102:361–68. doi: 10.1189/jlb.1VMR1216-505R

 7. Pear WS, Aster JC, Scott ML, Hasserjian RP, Soffer B, Sklar J, et al. Exclusive development of T cell neoplasms in mice transplanted with bone marrow expressing activated Notch alleles. J Exp Med. (1996) 183:2283–91. doi: 10.1084/jem.183.5.2283

 8. Bellavia D, Campese AF, Alesse E, Vacca A, Felli MP, Balestri A, et al. Constitutive activation of NF-kappaB and T-cell leukemia/lymphoma in Notch3 transgenic mice. EMBO J. (2000) 19:3337–48. doi: 10.1093/emboj/19.13.3337

 9. Weng AP, Ferrando AA, Lee W, Morris JP IV, Silverman LB, Sanchez-Irizarry C, et al. Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia. Science. (2004) 306:269–71. doi: 10.1126/science.1102160

 10. Bernasconi-Elias P, Hu T, Jenkins D, Firestone B, Gans S, Kurth E, et al. Characterization of activating mutations of NOTCH3 in T-cell acute lymphoblastic leukemia and anti-leukemic activity of NOTCH3 inhibitory antibodies. Oncogene. (2016) 35:6077–86. doi: 10.1038/onc.2016.133

 11. Choi SH, Severson E, Pear WS, Liu XS, Aster JC, Blacklow SC. The common oncogenomic program of NOTCH1 and NOTCH3 signaling in T-cell acute lymphoblastic leukemia. PLoS ONE. (2017) 12:e0185762. doi: 10.1371/journal.pone.0185762

 12. Taniguchi K, Karin M. NF-κB, inflammation, immunity and cancer: coming of age. Nat Rev Immunol. (2018) 18:309–24. doi: 10.1038/nri.2017.142

 13. Gerondakis S, Fulford TS, Messina NL, Grumont RJ. NF-κB control of T cell development. Nat Immunol. (2014) 15:15–25. doi: 10.1038/ni.2785

 14. Felli MP, Vacca A, Calce A, Bellavia D, Campese AF, Grillo R, et al. PKC theta mediates pre-TCR signaling and contributes to Notch3-induced T-cell leukemia. Oncogene. (2005) 24:992–1000. doi: 10.1038/sj.onc.1208302

 15. Vacca A, Felli MP, Palermo R, Di Mario G, Calce A, Di Giovine M, et al. Notch3 and pre-TCR interaction unveils distinct NF-kappaB pathways in T-cell development and leukemia. EMBO J. (2006) 25:1000–8. doi: 10.1038/sj.emboj.7600996

 16. Vilimas T, Mascarenhas J, Palomero T, Mandal M, Buonamici S, Meng F, et al. Targeting the NF-kappaB signaling pathway in Notch1-induced T-cell leukemia. Nat Med. (2007) 13:70–7. doi: 10.1038/nm1524

 17. Espinosa L, Cathelin S, D'Altri T, Trimarchi T, Statnikov A, Guiu J, et al. The Notch/Hes1 pathway sustains NF-κB activation through CYLD repression in T cell leukemia. Cancer Cell. (2010) 18:268–81. doi: 10.1016/j.ccr.2010.08.006

 18. Kumar V, Palermo R, Talora C, Campese AF, Checquolo S, Bellavia D, et al. Notch and NF-kB signaling pathways regulate miR-223/FBXW7 axis in T-cell acute lymphoblastic leukemia. Leukemia. (2014) 28:2324–35. doi: 10.1038/leu.2014.133

 19. Allman D, Karnell FG, Punt JA, Bakkour S, Xu L, Myung P, et al. Separation of Notch1 promoted lineage commitment and expansion/transformation in developing T cells. J Exp Med. (2001) 194:99–106. doi: 10.1084/jem.194.1.99

 20. Bellavia D, Campese AF, Checquolo S, Balestri A, Biondi A, Cazzaniga G, et al. Combined expression of pTalpha and Notch3 in T cell leukemia identifies the requirement of preTCR for leukemogenesis. Proc Natl Acad Sci USA. (2002) 99:3788–93. doi: 10.1073/pnas.062050599

 21. Campese AF, Garbe AI, Zhang F, Grassi F, Screpanti I, von Boehmer H. Notch1-dependent lymphomagenesis is assisted by but does not essentially require pre-TCR signaling. Blood. (2006) 108:305–10. doi: 10.1182/blood-2006-01-0143

 22. Bellavia D, Mecarozzi M, Campese AF, Grazioli P, Gulino A, Screpanti I. Notch and Ikaros: not only converging players in T cell leukemia. Cell Cycle. (2007) 6:2730–4. doi: 10.4161/cc.6.22.4894

 23. Witkowski MT, Cimmino L, Hu Y, Trimarchi T, Tagoh H, McKenzie MD, et al. Activated Notch counteracts Ikaros tumor suppression in mouse and human T-cell acute lymphoblastic leukemia. Leukemia. (2015) 29:1301–11. doi: 10.1038/leu.2015.27

 24. Meurette O, Mehlen P. Notch signaling in the tumor microenvironment. Cancer Cell. (2018) 34:536–48. doi: 10.1016/j.ccell.2018.07.009

 25. Tsukumo SI, Yasutomo K. Regulation of CD8(+) T cells and antitumor immunity by notch signaling. Front Immunol. (2018) 9:101. doi: 10.3389/fimmu.2018.00101

 26. Palaga T, Wongchana W, Kueanjinda P. Notch signaling in macrophages in the context of cancer immunity. Front Immunol. (2018) 9:652. doi: 10.3389/fimmu.2018.00652

 27. Hossain F, Majumder S, Ucar DA, Rodriguez PC, Golde TE, Minter LM, et al. Notch signaling in myeloid cells as a regulator of tumor immune responses. Front Immunol. (2018) 9:1288. doi: 10.3389/fimmu.2018.01288

 28. Janghorban M, Xin L, Rosen JM, Zhang XH. Notch signaling as a regulator of the tumor immune response: to target or not to target? Front Immunol. (2018) 9:1649. doi: 10.3389/fimmu.2018.01649

 29. Kawamata S, Du C, Li K, Lavau C. Notch1 perturbation of hemopoiesis involves non-cell- autonomous modifications. J Immunol. (2002) 168:1738–45. doi: 10.4049/jimmunol.168.4.1738

 30. Indraccolo S, Minuzzo S, Masiero M, Pusceddu I, Persano L, Moserle L, et al. Cross-talk between tumor and endothelial cells involving the Notch3-Dll4 interaction marks escape from tumor dormancy. Cancer Res. (2009) 69:1314–23. doi: 10.1158/0008-5472.CAN-08-2791

 31. Sierra RA, Thevenot P, Raber PL, Cui Y, Parsons C, Ochoa AC, et al. Rescue of Notch-1 signaling in antigen-specific CD8+ T cells overcomes tumor-induced T-cell suppression and enhances immunotherapy in cancer. Cancer Immunol Res. (2014) 2:800–11. doi: 10.1158/2326-6066.CIR-14-0021

 32. Wang W, Zimmerman G, Huang X, Yu S, Myers J, Wang Y, et al. Aberrant Notch signaling in the bone marrow microenvironment of acute lymphoid leukemia suppresses osteoblast-mediated support of hematopoietic niche function. Cancer Res. (2016) 76:1641–52. doi: 10.1158/0008-5472.CAN-15-2092

 33. dos Santos NR, Williame M, Gachet S, Cormier F, Janin A, Weih D, et al. RelB-dependent stromal cells promote T-cell leukemogenesis. PLoS ONE. (2008) 3:e2555. doi: 10.1371/journal.pone.0002555

 34. Scupoli MT, Donadelli M, Cioffi F, Rossi M, Perbellini O, Malpeli G, et al. Bone marrow stromal cells and the upregulation of interleukin-8 production in human T-cell acute lymphoblastic leukemia through the CXCL12/CXCR4 axis and the NF-kappaB and JNK/AP-1 pathways. Haematologica. (2008) 93:524–32. doi: 10.3324/haematol.12098

 35. Ferrandino F, Grazioli P, Bellavia D, Campese AF, Screpanti I, Felli MP. Notch and NF-κB: coach and players of regulatory T-cell response in cancer. Front Immunol. (2018) 9:2165. doi: 10.3389/fimmu.2018.02165

 36. Wu CP, Qing X, Wu CY, Zhu H, Zhou HY. Immunophenotype and increased presence of CD4(+)CD25(+) regulatory T cells in patients with acute lymphoblastic leukemia. Oncol Lett. (2012) 3:421–24. doi: 10.3892/ol.2011.499

 37. Anastasi E, Campese AF, Bellavia D, Bulotta A, Balestri A, Pascucci M, et al. Expression of activated Notch3 in transgenic mice enhances generation of T regulatory cells and protects against experimental autoimmune diabetes. J Immunol. (2003) 171:4504–11. doi: 10.4049/jimmunol.171.9.4504

 38. Barbarulo A, Grazioli P, Campese AF, Bellavia D, Di Mario G, Pelullo M, et al. Notch3 and canonical NF-kappaB signaling pathways cooperatively regulate Foxp3 transcription. J Immunol. (2011) 186:6199–206. doi: 10.4049/jimmunol.1002136

 39. Sha WC, Liou HC, Tuomanen EI, Baltimore D. Targeted disruption of the p50 subunit of NF-kappa B leads to multifocal defects in immune responses. Cell. (1995) 80:321–30. doi: 10.1016/0092-8674(95)90415-8

 40. Campese AF, Grazioli P, Colantoni S, Anastasi E, Mecarozzi M, Checquolo S, et al. Notch3 and pTalpha/pre-TCR sustain the in vivo function of naturally occurring regulatory T cells. Int Immunol. (2009) 21:727–43. doi: 10.1093/intimm/dxp042

 41. Perli E, Fiorillo A, Giordano C, Pisano A, Montanari A, Grazioli P, et al. Short peptides from leucyl-tRNA synthetase rescue disease-causing mitochondrial tRNA point mutations. Hum Mol Genet. (2016) 25:903–15. doi: 10.1093/hmg/ddv619

 42. Campese AF, Grazioli P, de Cesaris P, Riccioli A, Bellavia D, Pelullo M, et al. Mouse Sertoli cells sustain de novo generation of regulatory T cells by triggering the notch pathway through soluble JAGGED1. Biol Reprod. (2014) 90:53. doi: 10.1095/biolreprod.113.113803

 43. Cipriani P, Di Benedetto P, Ruscitti P, Campese AF, Liakouli V, Carubbi F, et al. Impaired endothelium-mesenchymal stem cells cross-talk in systemic sclerosis: a link between vascular and fibrotic features. Arthritis Res Ther. (2014) 16:442. doi: 10.1186/s13075-014-0442-z

 44. Palermo R, Checquolo S, Giovenco A, Grazioli P, Kumar V, Campese AF, et al. Acetylation controls Notch3 stability and function in T-cell leukemia. Oncogene. (2012) 31:3807–17. doi: 10.1038/onc.2011.533

 45. Franciosa G, Diluvio G, Gaudio FD, Giuli MV, Palermo R, Grazioli P, et al. Prolyl-isomerase Pin1 controls Notch3 protein expression and regulates T-ALL progression. Oncogene. (2016) 35:4741–51. doi: 10.1038/onc.2016.5

 46. Ferrandino F, Bernardini G, Tsaouli G, Grazioli P, Campese AF, Noce C, et al. Intrathymic Notch3 and CXCR4 combinatorial interplay facilitates T-cell leukemia propagation. Oncogene. (2018) 37:6285–98. doi: 10.1038/s41388-018-0401-2

 47. Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common myeloid progenitor that gives rise to all myeloid lineages. Nature. (2000) 404:193–7. doi: 10.1038/35004599

 48. Wang D, Paz-Priel I, Friedman AD. NF-κ B p50 regulates C/EBP alpha expression and inflammatory cytokine-induced neutrophil production. J Immunol. (2009) 182:5757–62. doi: 10.4049/jimmunol.0803861

 49. Isomura I, Palmer S, Grumont RJ, Bunting K, Hoyne G, Wilkinson N, et al. c-Rel is required for the development of thymic Foxp3+ CD4 regulatory T cells. J Exp Med. (2009) 206:3001–14. doi: 10.1084/jem.20091411

 50. Oh H, Grinberg-Bleyer Y, Liao W, Maloney D, Wang P, Wu Z, et al. An NF-κB transcription-factor-dependent lineage-specific transcriptional program promotes regulatory T cell identity and function. Immunity. (2017) 47:450–65.e5. doi: 10.1016/j.immuni.2017.08.010

 51. Grinberg-Bleyer Y, Oh H, Desrichard A, Bhatt DM, Caron R, Chan TA, et al. NF-κB c-rel is crucial for the regulatory T cell immune checkpoint in cancer. Cell. (2017) 170:1096–108.e13. doi: 10.1016/j.cell.2017.08.004

 52. Ruan Q, Kameswaran V, Tone Y, Li L, Liou HC, Greene MI, et al. Development of Foxp3(+) regulatory t cells is driven by the c-Rel enhanceosome. Immunity. (2009) 31:932–40. doi: 10.1016/j.immuni.2009.10.006

 53. Deenick EK, Elford AR, Pellegrini M, Hall H, Mak TW, Ohashi PS. c-Rel but not NF-kappaB1 is important for T regulatory cell development. Eur J Immunol. (2010) 40:677–81. doi: 10.1002/eji.201040298

 54. Zheng Y, Vig M, Lyons J, Van Parijs L, Beg AA. Combined deficiency of p50 and cRel in CD4+ T cells reveals an essential requirement for nuclear factor kappaB in regulating mature T cell survival and in vivo function. J Exp Med. (2003) 197:861–74. doi: 10.1084/jem.20021610

 55. Sriskantharajah S, Belich MP, Papoutsopoulou S, Janzen J, Tybulewicz V, Seddon B, et al. Proteolysis of NF-kappaB1 p105 is essential for T cell antigen receptor-induced proliferation. Nat Immunol. (2009) 10:38–47. doi: 10.1038/ni.1685

 56. Deftos ML, Huang E, Ojala EW, Forbush KA, Bevan MJ. Notch1 signaling promotes the maturation of CD4 and CD8 SP thymocytes. Immunity. (2000) 13:73–84. doi: 10.1016/S1074-7613(00)00009-1

 57. Skuljec J, Cabanski M, Surdziel E, Lachmann N, Brennig S, Pul R, et al. Monocyte/macrophage lineage commitment and distribution are affected by the lack of regulatory T cells in scurfy mice. Eur J Immunol. (2016) 46:1656–68. doi: 10.1002/eji.201546200

 58. Gasparini C, Celeghini C, Monasta L, Zauli G. NF-κB pathways in hematological malignancies. Cell Mol Life Sci. (2014) 71:2083–102. doi: 10.1007/s00018-013-1545-4

 59. Karimian A, Ahmadi Y, Yousefi B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional regulation after DNA damage. DNA Repair. (2016) 42:63–71. doi: 10.1016/j.dnarep.2016.04.008

 60. Lobry C, Oh P, Mansour MR, Look AT, Aifantis I. Notch signaling: switching an oncogene to a tumor suppressor. Blood. (2014) 123:2451–9. doi: 10.1182/blood-2013-08-355818

 61. Hsieh CS, Lee HM, Lio CW. Selection of regulatory T cells in the thymus. Nat Rev Immunol. (2012) 12:157–67. doi: 10.1038/nri3155

 62. Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleukin 2 in Foxp3-expressing regulatory T cells. Nat Immunol. (2005) 6:1142–51. doi: 10.1038/ni1263

 63. Hettmann T, DiDonato J, Karin M, Leiden JM. An essential role for nuclear factor kappaB in promoting double positive thymocyte apoptosis. (1999) 189:145–58. doi: 10.1084/jem.189.1.145

 64. Wang YA, Elson A, Leder P. Loss of p21 increases sensitivity to ionizing radiation and delays the onset of lymphoma in atm-deficient mice. Proc Natl Acad Sci USA. (1997) 94:14590–5. doi: 10.1073/pnas.94.26.14590

 65. Wuerzberger-Davis SM, Chang PY, Berchtold C, Miyamoto S. Enhanced G2-M arrest by nuclear factor-{kappa}B-dependent p21waf1/cip1 induction. Mol Cancer Res. (2005) 3:345–53. doi: 10.1158/1541-7786.MCR-05-0028

 66. Rosato RR, Almenara JA, Yu C, Grant S. Evidence of a functional role for p21WAF1/CIP1 down-regulation in synergistic antileukemic interactions between the histone deacetylase inhibitor sodium butyrate and flavopiridol. Mol Pharmacol. (2004) 65:571–81. doi: 10.1124/mol.65.3.571

 67. Abbas T, Dutta A. p21 in cancer: intricate networks and multiple activities. Nat Rev Cancer. (2009) 9:400–14. doi: 10.1038/nrc2657

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.

Copyright © 2020 Grazioli, Orlando, Giordano, Noce, Peruzzi, Scafetta, Screpanti and Campese. 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.



OPS/images/fimmu-11-00541-g005.gif
cotetou






OPS/images/fimmu-11-00541-g006.gif
iﬂ Ei% qﬂ“lﬂi

'] W
Fidg Fig ey






OPS/images/fimmu-11-00541-g003.gif
spLeen

o -

oo W

oy oo
ot ae e

M






OPS/images/fimmu-11-00541-g004.gif
B

e

ggji?m
=4

£

e

H





OPS/images/fimmu-11-00541-g009.gif
M SERNED THE B

wt
9%

Ly

-

Natg

%
-
Ay

Notgips0*
s9%

i ar !

192
Ay

% of DP/AnnV" cells

B GEIED SF

Natg
%

Natgips0*
S0

% of DPIARRY-

— e





OPS/images/fimmu-11-00541-g007.gif
LR 8 <
100 e, courcos cowcos”

o T

E i
b

cowcos covcos: cowcos. covcos






OPS/images/fimmu-11-00541-g008.gif
TS - GATED Cou'CDS”
oS0t
-

oS0

s

g Notgpso*
g7 T

Tr0g Number <107

—






OPS/xhtml/Nav.xhtml




Contents





		Cover



		NF-κB1 Regulates Immune Environment and Outcome of Notch-Dependent T-Cell Acute Lymphoblastic Leukemia



		Introduction



		Materials and Methods



		Mice



		Cell Preparation and Flow Cytometry



		In vivo T-Cell Depletion



		Cell Sorting



		Colony Forming Unit Assay



		Cell Culture



		mRNA Analysis



		Western Blotting



		Statistics







		Results



		Deletion of NF-κB1/p50 Delays Progression of Notch3-Dependent T-ALL and Induces Myeloproliferation



		Expansion of “Granulocyte/Monocyte Progenitor”(GMP) Subset in the Bone-Marrow of N3tg/p50−/− Mice



		T Cells Sustain the Expansion of Myeloid Compartment in N3tg/p50−/− Mice



		Profound Alterations of T Cell Compartment in the Thymus and Spleen of N3tg/p50−/− Mice



		Thymic and Splenic Treg Numbers Are Greatly Reduced in N3tg/p50−/− Mice



		The Apoptotic Rate of DP T Cells and Tregs From N3tg Mice Is Enhanced in the Absence of NF-κB1



		Tregs From N3tg/p50−/− Mice Present Altered Responsiveness to IL-2



		Apoptosis Induction in DP T Cells From N3tg/p50−/− MiceCorrelates With Suppression of the p21Waf1/Cip1 Protein Expression







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

NF-xB1 Regulates Immune
Environment and Outcome of
Notch-Dependent T-Cell Acute

Lymphoblastic Leukemia





OPS/images/fimmu-11-00541-g012.gif
Tvaus. I
coucos*colls H
o £

H

L “op o





OPS/images/fimmu-11-00541-g001.gif
ot - Natg
~ Natgipso*
— pso* orw

P00t

PERCENT SURVIVAL >

s % 80 S0 120 150 180

TIME (days)
o speenToraLceLL viEw
g o *
5
{
2o
]

b0 wt N3l NSIgps0*

THYMUS TOTAL CELL YIELD

oy

Cull Numbar (x10°)

p50¢  wt Natg N3lg/pso*





OPS/images/fimmu-11-00541-g002.gif
§35%2 T

goE g a7 s
-5 K
Say A

wmm § % M






OPS/images/fimmu-11-00541-g011.gif
s speEn

- IO
iy

+ bz
=]

&

.

: 5

g |
£ N g

: &






OPS/images/fimmu-11-00541-g010.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





