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Editorial on the Research Topic 


The immune escape mechanism and novel immunotherapeutic strategies of leukemia


Increasing evidence unravels that the immune cells within the bone marrow (BM) microenvironment play important roles in the occurrence and development of leukemia (DePasquale et al.; Wurzer et al.) (1). The clinical application of immune checkpoint inhibitors and chimeric antigen receptor (CAR) T-cell therapy has achieved considerable success in treating hematologic malignancies (Aru et al.; Guo et al.; Tomasik et al.; Yang et al.; Hu et al.), but limitations still remain. Therefore, clarifying the interaction of immune cells and leukemia cells and further understanding the mechanisms of immune escape of leukemia cells are the prerequisites for the development of novel immunotherapy strategies.

In this topic, Atene et al. found that chronic lymphocytic leukemia (CLL) cells expressed an active form of indoleamine 2, 3-dioxygenase 1 (IDO1) enzyme and interferon (IFN)-γ secreted from microenvironmental stimuli induced IDO1 expression via Jak/STAT1 pathway, and thereby promoting the conversion of tryptophan (Trp) into L-kynurenine (Kyn). Kyn upregulated the expression of myeloid leukemia cell differentiation protein (MCL1) by aryl hydrocarbon receptor (AHR) to promote CLL cell survival. In general, their data identified IDO1/Kyn/AHR signaling as a novel therapeutic target for CLL. Michelis et al. also found that serum alpha-2-macroglobulin (A2M) levels were significantly elevated in CLL patients, possibly due to A2M production by malignant B-lymphocytes. These excess A2M production could upregulate the IgG-hexamerization, resulting in chronic complement activation. Therefore, serum A2M levels were correlated with the disease severity and restraining its overproduction may improve complement activity and immunotherapy outcomes in CLL. TCF1 and its partner gene BCL11B are crucial for sustaining T cell commitment and proliferation, especially maintaining the stem-like properties of CD8+ T cells. Liang et al. found that TCF1 and BCL11B were downregulated in CLL patients, especially in CD8+ T cells, and significantly correlated with poor time-to-first treatment and overall survival as well as short restricted survival time. More importantly, the combination of TCF1 and BCL11B assessed prognosis more accurately than either alone. In addition, reduced expression of TCF1 and BCL11B, which implied T cell immune dysfunction, was an independent risk factor for rapid disease progression, consistent with high-risk indicators including unmutated IGHV, TP53 changes, and advanced disease.

Grazioli et al. found that functional CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs) accumulated in the Notch3-transgenic murine model of T-ALL and aberrant CD4+CD8+ (DP) T cells from these mice could induce the expansion of MDSCs in vitro, as well as in NSG hosts. The MDSC induction was IL-6-dependent and induced MDSCs conversely sustained the expansion and proliferation of DP T-ALL cells. These results clarified a novel role of Notch-dergulated T cells in modifying MDSCs in the T-ALL environment. Jimenez-Morales et al. summarized recent findings on ALL studies and concluded that leukemic cells could avoid immune surveillance through a variety of immunosuppressive mechanisms, and the resulting immune evasioncan in turn boost their proliferation and invasion. How to resist the leukemic cell strategies to deactivate immune cells and favor an immunosuppressive tumor microenvironment (TME) to acquire apoptosis resistance has been applied broadly to develop personalized immunotherapy for ALL. For example, the infusion of co-stimulatory adapted CAR-T cells or neoepitope-specific ALL cells to increase cytotoxic T cell or MHC response is a current option for ALL treatment.

CD4+ regulatory T cells (Tregs) are considerably enriched in the BM compared to other secondary lymphoid organs and are critically involved in the establishment of an immune privileged niche to maintain hematopoietic stem cell (HSC) quiescence and to protect HSC integrity. In leukemia, increased Tregs frequency has been recognized as a major immune-regulatory mechanism. Since the cure of leukemia means the elimination of leukemia stem cells (LSCs), it is particularly important to understand these immune-regulatory processes for the development of future treatments of leukemia (Riether). In CLL mouse models, a specific CD44loCD25lo Treg subpopulation was identified and characterized, which was activated to induce an immunosuppressive microenvironment for support of leukemia survival and proliferation. Tregs depletion could trigger the expansion of new anti-leukemic cytotoxic T cell clones to eradicate leukemia. And inhibition of Treg activation with an inhibitor of MALT1 also provided a therapeutic benefit (Goral et al.). Mast cells as immune cells synthesize and store a substantial number of proteases in their secretory granules, including tryptase. Alanazi et al. found that tryptase was also seen in the nuclear compartments of human mast cell line HMC-1. Treatment with cytotoxic agents led to histone 3 cleavage and reduced the levels of several epigentic histone marks, including H3 lysine-4-monomethyl (H3K4me1), H3K9me2, H3 serine-10 phosphorylation (H3S10p), and H2B lysine 16-acetylation (H2BK16ac), in HMC-1 cells. Tryptase inhibition reversed the effects of cytotoxic agents-induced cell death on these epigenetic markers, indicating that it has a profound influence on histone processing. TP53 gene mutations in AML are strongly enriched in complex karyotypes, and are associated with poor prognosis, high tumor mutation load and tumor-infiltrating immune cells, which can be used as biomarkers to predict the immune response to AML (Wen et al.). Myeloid cells as resident immune cells extensively infiltrate the leukemic microenvironment, mainly including populations of neutrophils, macrophages, and MDSCs. These infiltrating cells have been found to be associated with the clinical outcome of the AML patients, and can exert dichotomous functions based on the polarization status of each cell. N2 TANs, M2 TAM and MDSCs show strong immunosuppressive activities that contribute to leukemic progression, acting as a “Yin” role. N1 TANs and M1 TAM stimulate antitumor immune responses, acting as a “Yang” role. Unraveling characterization of the BM immune microenvironment can indicate relevant therapeutic targets and subsequent biomarkers for patients (Magalhaes-Gama et al.).

Although CAR-T cell therapy has revolutionized the treatment of hematological malignancies and achieved a remarkable remission rate, the high recurrence of leukemia after CAR-T cell therapy remains an obstacle to overcome. The value of consolidative transplantation following CAR-T cell-mediated remission is still controversial. Xu et al. conducted a retrospective study and found that patients with R/R B-ALL achieving remission following CD19 CAR-T therapy underwent consolidative unrelated cord blood transplantation (UCBT), conducing to abetter median event-free survival and relapse-free survival (RFS), but without a superior overall survival. And patients with the occurrence of acute graft-versus-host disease (aGVHD) after UCBT had a longer RFS.

The presence of minimal residual disease (MRD) is a well-recognized risk factor for poor prognosis in ALL patients. To investigate the role of CAR-T cell therapy in ALL patients with persistent/recurrent MRD, Hu et al. conducted a respective study and found that 90.7% of these patients achieved MRD negativity after CAR-T cell infusion. Patients who received CAR-T cell therapy had a higher 3-year RFS than those who received chemotherapy bridging to allogeneic HSC transplantation and those who received intensified chemotherapy, suggesting that CAR-T cell therapy can effectively and safely eliminate MRD and significantly improve survival in ALL patients with a suboptimal MRD response. Han et al. reported that a patient with relapsed/refractory Ph+ B-ALL received allogeneic HSC infusion to support hematopoiesis after CAR-T cell therapy, and finally, HSC was successfully implanted, suggesting that CAR-T cell therapy can not only induce disease response, but also directly serve as a preconditioning regimen for HSC implantation.

In summary, although great advances have been made in the immune escape mechanism of leukemia in recent years, the roles of some immune cells in the TME have not yet been identified. Immunotherapy provides the possibility of long-term treatment with more specificity and less toxicity for leukemia (2, 3). Increased attention to new immunotherapy strategies and further clarification of the AML pathophysiology have resulted in a better understanding of how TME plays pivotal roles in impeding therapeutic efficacy and exerting toxicity.
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Acute myeloid leukemia (AML) is a heterogeneous disease related to a broad spectrum of molecular alterations. The successes of immunotherapies treating solid tumors and a deeper understanding of the immune systems of patients with hematologic malignancies have promoted the development of immunotherapies for the treatment of AML. And high tumor mutational burden (TMB) is an emerging predictive biomarker for response to immunotherapy. However, the association of gene mutation in AML with TMB and immunological features still has not been clearly elucidated. In our study, based on The Cancer Genome Atlas (TCGA) and BeatAML cohorts, 20 frequently mutated genes were found to be covered by both datasets in AML. And TP53 mutation was associated with a poor prognosis, and its mutation displayed exclusiveness with other common mutated genes in both datasets. Moreover, TP53 mutation correlated with TMB and the immune microenvironment. Gene Set Enrichment Analysis (GSEA) showed that TP53 mutation upregulated signaling pathways involved in the immune system. In summary, TP53 mutation is frequently mutated in AML, and its mutation is associated with dismal outcome, TMB, and immunological features, which may serve as a biomarker to predict immune response in AML.
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Introduction

Immunotherapy of cancers has opened a new era in cancer treatment. A great quantity of immunomodulatory strategies has gradually been explored in the past decade such as engineered viruses and cells with enhanced functionalities, immune checkpoint inhibitors (ICIs), and so on (1). And ICIs are changing the treatment paradigms of many tumor types (2–4). The most well-depicted inhibitory immune checkpoint is the relationship of programmed death 1 (PD-1) receptor with PD-ligand 1 (PD-L1), where clinical activity was observed in multiple solid tumor types (5).

At present, several clinical trials using anti-PD-1 or PD-L1 antibodies treat patients with acute myeloid leukemia (AML) (6, 7). It is suggested that PD-1/PD-L1 blockade may be a revolutionary immunotherapeutic strategy for AML. However, clinical trials showed that the clinical response to PD-1/PD-L1 blockade varied in different AML patients (8, 9). It is thought that factors other than PD-1 and PD-L1 may aggravate their immunosuppression and affect their effects on immunotherapy of AML patients (8, 10). Additionally, ICIs can induce immune-related adverse events that can lead to fulminant and even fatal consequences and limit applications of ICIs in many patients (11). Therefore, identifying predictive biomarkers of both efficacy and toxicity connected with the use of ICIs would greatly help guide treatment decisions. Accurate identification of patients with tumors likely to respond to immunotherapy is crucial. High tumor mutational burden (TMB) is a sensitive biomarker for response to immunotherapy largely because tumor mutations provide more opportunities to generate immunogenic neoantigens, and neoantigens enable highly specific and effective anticancer immune responses that provide an exceptionally absorbing target for immunotherapy (12).

In AML, gene mutations devoted to disease features, survival, treatment response, and promising examples demonstrate that some of those mutations might be thought to be therapeutic targets (6, 13). A number of potential shared neoantigens have been recognized for hematologic malignancies, most of which originated from well-established mutations and fusions (14). The neoantigens derived from driver gene mutations are less likely to cause immune evasion since leukemic cells have to definitely express the critical driver mutated protein to maintain their malignant phenotype (14). TP53 aberrations have been addressed to modulate both the immune and inflammatory responses in malignant tumors, involving the regulatory T cell (Treg) recruitment and T-cell differentiation (15–17). Mutations in the TP53 gene are strongly enriched in complex karyotype AML and associated with adverse outcomes and treatment selection in AML (18, 19). It has been reported that TP53 mutations are related to increased leukocyte infiltration across 30 diverse cancer types, and higher TMB and higher proportions of PD-L1–expressing CD8+ T cells correlate with beneficial responses to pembrolizumab immunotherapy in patients with TP53-mutated lung adenocarcinoma (20, 21). However, little research has been done on the association of TP53 gene mutations with TMB and immune response in AML.

In our study, we first found somatic mutations in AML patients using The Cancer Genome Atlas (TCGA) dataset and BeatAML dataset and then identified the common mutant genes in the two cohorts. Furthermore, the association of these gene mutations with TMB and prognosis was investigated. Finally, we explored whether TP53 mutation was related to immune response.



Materials and Methods


Data Acquisition

Somatic gene mutations with clinical data were obtained from TCGA portal (https://cancergenome.nih.gov/) (n = 164). Meanwhile, BeatAML mutation, clinical, and sample annotation data were downloaded from source data (from Table S3) (22), and 558 cases were included in the analysis.




Bioinformatics Analyses

Circos plot was acquired by the use of Circos (http://circos.ca/). And somatic interactions, oncoplot, and Lollipop plot were performed by the “maftools” package. Somatic interaction function that performed pairwise Fisher’s exact test was applied to survey mutually exclusive or co-occurring sets of genes. Lollipop plots were drawn for TP53 mutation. Then, Mutation Annotation Format data files based on TCGA and BeatAML cohorts were functioned by “maftools” package to extract detailed mutational information. TP53 mutation in AML was also evaluated by the cbioportal dataset (https://www.cbioportal.org/). Gene Set Enrichment Analysis (GSEA) (http://www.gsea-msigdb.org/gsea/index.jsp) was used based on analysis of Hallmark gene sets and curated gene sets.


Assessment of Tumor Mutational Burden

TMB, defined as the number of somatic non-synonymous variations, which included nonsense mutation, deletion, missense mutation, splice site, and insertion. The corresponding TMB value was acquired by calculating the number of tumor mutations per Mb in each sample, and the relationship between gene mutations and TMB was visualized using the ggplot2 package.



Tumor-Infiltrating Lymphocyte Cell Analysis

For TCGA and BeatAML datasets, the edgeR voom algorithm was used to convert the RNA sequencing data and the count data to values that were closer to the microarray results (23). CIBERSORT algorithm (24), a deconvolution approach that evaluates the proportions of 22 tumor-infiltrating lymphocyte cells (TILs) in a bulk tumor transcriptome, was used to examine the relative abundance of immune cell infiltration in different TP53 mutation statuses. And the 22 cell types included B cells, T cells, natural killer (NK) cells, macrophages, dendritic cells, and myeloid subsets. Difference in immune cell abundance between wild group and mutation group was analyzed using a violin map. TIDE, a novel computational method that can evaluate the potential of tumor immune escape, was used to calculate immune measures (http://tide.dfcl.harvard.edu/).



Statistical Analyses

Statistical analyses in this study were performed with R software version 4.0.4 (https://www.r-project.org/). The data were shown as either boxplots or violin plots using the ggplot2 package concerning comparison of two continuous variables, and the association between two categorical variables was evaluated by chi-square test and Fisher’s exact test. Univariate Cox regression was used to test whether gene mutations had prognostic value in AML. The prognostic effects of gene mutations were verified through Kaplan–Meier survival analysis using a log-rank test. We employed the survival package to generate Kaplan–Meier survival curves. The correlation between mutant genes and TMB was examined by Wilcoxon rank sum test. The TMB value of each patient was calculated with the TMB function of the maftools package. The two-sided with a significance level of 0.05 in all comparisons was defined as statistically significant.




Results


Somatic Genomic Mutations in Acute Myeloid Leukemia

Using TCGA and BeatAML cohorts, we revealed the key visualizations generated using maftools. We recognized 30 frequently mutated genes from TCGA cohort, and the 10 most frequently mutated genes were FLT3 (27%), DNMT3A (25%), NPM1 (17%), IDH2 (10%), IDH1 (9%), TET2 (9%), RUNX1 (8%), TP53 (8%), NRAS (8%), and CEBPA (7%) (Figure 1A). At the same time, we also defined 30 frequently mutated genes from BeatAML cohort (Figure 1B), and the 10 most frequent mutations were FLT3 (29%), DNMT3A (23%), NPM1 (22%), NRAS (13%), TET2 (12%), RUNX1 (12%), IDH2 (12%), SRSF2 (12%), WT1 (9%), and TP53 (9%). Interestingly, there were 20 genes mutated in both TCGA and BeatAML cohorts of AML (Figure S1). Then, we analyzed these commonly mutated genes in the next study.




Figure 1 | The most frequently mutated genes in acute myeloid leukemia (AML). (A) Waterfall plot of the frequently mutated genes in AML from The Cancer Genome Atlas (TCGA) cohort. (B) Oncoplot visualizing the frequently mutated genes in AML from BeatAML cohort. In the above two figures, top 30 mutated genes were ordered according to reducing mutation frequency from top to bottom. The upper panel presented mutation frequencies of genes. The bottom panel showed different gene mutation types.





Co-Occurrence of Genetic Alterations in Acute Myeloid Leukemia

As shown in Figures 2A, B, the length of the arc indicated the frequency of gene mutations, whereas the width of the connecting lines represented the frequency of co-occurrence between two genes. The frequency of co-mutation of NMP1 with DNMT3A and FLT3-ITD was significantly higher. In addition, we identified potentially altered gene sets that showed co-occurrence or exclusiveness in their mutation pattern. Notably, the results indicated that only TP53 and other common mutated genes were mutually exclusive in both TCGA and BeatAML cohorts (Figures 2C, D).




Figure 2 | The relationship between common mutant genes in acute myeloid leukemia (AML). (A, B) Circos plot diagram showing the frequency of pairwise co-occurring gene mutations in AML from The Cancer Genome Atlas (TCGA) (A) and BeatAML (B) cohorts. The thickness of connecting lines between two genes denoted proportion of the number of such cases. (C, D) Gene pairs with co-occurrence or exclusiveness in their mutation pattern were illustrated as a triangular matrix in AML from TCGA (C) and BeatAML (D). Green displayed tendency toward co-occurrence, whereas pink showed exclusiveness.





Prognosis of TP53 Mutations in Acute Myeloid Leukemia

Next, the prognostic effects of the commonly mutated genes were examined by Cox regression. As displayed in Figure 3A, patients with U2AF1, TP53, TET2, STAG2, PHF6, or ASXL1 gene mutations had poor prognosis in BeatAML cohort and so do patients with TP53, RUNX1, EZH2, or DNMT3A mutations in TCGA cohort. Remarkably, we identified that TP53 gene mutations were dramatically associated with worse overall survival (OS) in both TCGA and BeatAML cohorts [p ≤ 0.05, hazard ratio (HR) >1] (Figure 3A). Furthermore, we performed Kaplan–Meier survival analysis to validate the relationship between mutated genes and the prognosis of patients with AML. We also observed the parallel results; as shown in Figure 3B, TP53 mutation was associated with a poor prognosis (p < 0.001 and p = 0). Meanwhile, DNMT3A and RUNX1 gene mutations predicted poor survival probability (p = 0.001, and p = 0.042) in TCGA cohort, and patients with TET2 and U2AF1 gene mutations had shorter survival time (p = 0.006 and p = 0.001, respectively) in the BeatAML cohort using Kaplan–Meier methods (Figure S2).




Figure 3 | The impact of TP53 mutation on survival of acute myeloid leukemia (AML) patients. (A) The 20 genes with the highest mutation frequency shared by The Cancer Genome Atlas (TCGA) and BeatAML datasets were subjected to Cox regression analysis. (B) Kaplan–Meier survival curves of TP53 mutation on survival in AML.





TP53 Mutations Are Associated With Tumor Mutational Burden

We compared TMB data from public databases (TCGA and BeatAML). Among commonly mutated genes, patients with mutation in TET2, RUNX1, WT1, TP53, ASXL1, STAG2, U2AF1, and PHF6 displayed significantly higher TMB levels in TCGA cohort (Figure 4A). There were five types of TP53 mutations such as frame shift deletion, missense mutation, splice site, frame shift insertion, and nonsense mutation. To address the different roles of TP53 mutation subtypes in TMB, we then detected the association between different TP53 mutation subtypes and TMB. No difference in TMB was observed between TP53 mutation subtypes in both TCGA and BeatAML cohorts (p = 0.682 and p = 0.369, respectively) (Figures 4B, C). The TMB score of AML ranged from 0.00 to 0.68 mutation/per Mb with a median of 0.18 mutation/per Mb in TCGA cohort (Figure S3A), and the TMB score is ranging from 0.02 to 1.44 per Mb with a median of 0.17 per Mb in BeatAML cohort (Figure S3B). Also, patients with mutation in TET2, RUNX1, IDH2, ASXL1, U2AF1, EZH2, PHF6, and RAD21 had higher TMB levels in BeatAML cohort (Figure S3C). We investigated the association of TMB with NPM1 and FLT3, which were mutually exclusive genes of TP53, and found that NPM1 mutation subtypes were significantly connected with TMB in BeatAML (p < 0.001) (Figure S4).




Figure 4 | TP53 mutation was associated with tumor mutational burden (TMB). (A) TMB differences between the mutant group and the wild-type group of the 20 genes with the highest mutation frequency shared by the two datasets in The Cancer Genome Atlas (TCGA). *p < 0.05, **p < 0.01, ns, not significant. (B, C) TMB differences of TP53 mutant subtypes in TCGA (B) and BeatAML (C).





TP53 Mutations in Acute Myeloid Leukemia

The alteration frequencies of AML were 8.68% and 8.5% in BeatAML and TCGA cohort, respectively (Figure 5A). The patients of AML with myelodysplasia-related changes and therapy-related myeloid neoplasms had higher mutation rates (24.22% and 23.81%) (Figure 5B). Meanwhile, we compared TP53 mutant subtypes and the TP53 expression level, the results demonstrated that TP53 mRNA expression was related to TP53 mutant subtypes in TCGA (p = 0.050) (Figure 5C), while no differences were detected between each TP53 group and the TP53 expression level in BeatAML (p = 0.201) (Figure S5). Figure 5D exhibited Lollipop plot, generated by maftools, which showed mutation distribution for TP53 in AML. And TP53 mutations mainly included missense mutation that exhibited a high proportion.




Figure 5 | TP53 alteration frequencies and location in acute myeloid leukemia (AML). (A, B) TP53 alteration frequencies in AML were shown. (C) Correlation of TP53 mutation status with TP53 mRNA expression level in AML patients based on the analysis of The Cancer Genome Atlas (TCGA) database. (D) Lollipop plot indicating location and type of TP53 mutation in AML. Circles representing individual mutations had distinct colored markings for different types of mutations.





TP53 Mutations Are Associated With Tumor-Infiltrating Immune Cells

Tumor-infiltrating immune cells can illustrate either tumor-suppressive or tumor-promoting effects. We evaluated the relationship between TP53 mutation and tumor-infiltrating immune cells in AML microenvironment using CIBERSORT algorithm. As shown in Figure 6A, we observed that resting memory CD4 T cells and resting NK cells were more enriched in TP53 mutant type group from TCGA dataset (p = 0.018 and p < 0.001, respectively), while activated mast cells showed a tendency to be enriched in wild-type group (p = 0.051). Nevertheless, the TP53 wild-type group had more naive CD4 T cells, activated mast cells, and eosinophils from BeatAML dataset (p = 0.017, p = 0.022, and p = 0.033, respectively) (Figure 6B). Besides, M2 macrophages had the tendency to be enriched in TP53 wild-type group than TP53 mutant group (p = 0.05), which would hamper the immune antitumor effect. Also, the FLT3 mutant group had more M2 macrophages and eosinophils in both datasets (Figure S6). Likewise, eosinophils were more enriched in NPM1 mutant group than NPM1 wild-type group across two distinct datasets (Figure S7). Differences of CD8+ T cells between TP53 mutated and wild-type were validated by multiple algorithms in pan-cancer, and CD8+ T cells were highly infiltrated in the TP53 mutant group of TCGA AML dataset (Figure 7A). In immunotherapy prediction analysis with the online tool TIDE, TP53 mutation was highly related to IFGN, Merck18, CD8, CD274, and dysfunction except for exclusion, which were widely used immunotherapy indicators (Figures 7B–G). TET2, RUNX1, ASXL1, U2AF1, and PHF6 mutations presented increased TMB in both TCGA and BeatAML cohorts. We also evaluated the differences of CD8+ T cells of these gene mutated and wild–type groups; interestingly enough, no statistical difference was found in AML and other cancers (Figure S8).




Figure 6 | TP53 mutation was related to tumor-infiltrating immune cells. Violin plots displayed the differences in the immune cell distribution between TP53 mutant group and TP53 wild-type group in The Cancer Genome Atlas (TCGA) cohort (A) and BeatAML cohort (B).






Figure 7 | Differences of CD8+ T cells between TP53 mutation and wild-type in pan-cancer (A). *p < 0.05, **p < 0.01, ***p < 0.001. The differences of gene expression signatures calculated using TIDE between TP53 mutant and non-mutant groups (B–G). The immunotherapy clinical response prediction performance of TP53 mutant group and TP53 wild-type group was compared with those of the following biomarkers: IFGN, Merck18, CD8, CD274, dysfunction, and exclusion.





Enrichment Pathway Analysis of TP53 Mutation

To further explore the difference between TP53 mutant and wild-type groups, we performed GSEA based on RNA sequencing (RNA-seq) data from TCGA, which showed a prominent enrichment in TP53 mutant group of signatures related to wnt beta catenin signaling, IL2 signal transducer and activator of transcription (stat)5 signaling, notch signaling, and inflammatory response (Figure 8A). These findings indicated that samples with TP53 mutation upregulated signaling pathways involved in the immune system. Also, our results confirmed and extended the above findings (Figure 8B): 1) A set of genes that caused characteristic downregulation after KRAS overexpression in the four epithelial cell lines was significantly enriched in the TP53 mutant group. 2) TP53 mutant group showed significant enrichment of genes downregulated in C57MG cells (mammary epithelium) by overexpression of WNT1 gene. 3) TP53 mutant group revealed enrichment of genes upregulated in HCT116 cells (colon carcinoma) upon knockdown of PTEN by RNAi. Together, these results further demonstrated that TP53 mutation was associated with distinct molecular features in AML. For the C7 immunologic collection, the TP53 mutated group had strong enrichment in genes downregulated in monocytes compared to macrophages treated with interleukin (IL)-4 (Figure 8C).




Figure 8 | Significantly enriched pathways associated with TP53 mutation. Gene set enrichment analyses were carried out with The Cancer Genome Atlas (TCGA) based on analysis of Hallmark gene sets (A), curated gene sets (B), and immunologic signature gene sets (C).






Discussion

TP53, located on chromosome 17p13.1, encodes a 393-amino acid phosphoprotein and acts as a transcription factor with pivotal tumor suppressor functionality (25). TP53 mutations are observed in about half of all cancers (26). However, compared with solid tumors, TP53 mutations are rare and closely associated with AML with complex karyotype (13, 27, 28). Our findings underlined the poor prognostic impact of TP53 mutation in AML patients. This observation was largely consistent with published data (18). AML patients with TP53 mutations have dismal outcomes, with median OS of 5–9 months and complete remission (CR) rates of 20%–40% (18, 29–31). The mutation frequency of TP53 is much higher in therapy-related AML (t-AML) than in de novo AML. The P53 protein contains three key regions: the N-terminal region, the central DNA-binding domain (DBD), and the C-terminal region (32). Meanwhile, most TP53 mutations fall within the DBD (32).

High TMB has been proposed as a leading candidate biomarker for response to immunotherapy based on the underlying assumption that tumor mutations will generate antigenic peptides, allowing for enhanced immunogenicity (33, 34). Compared to highly mutated solid tumors, AML has low mutational burdens, with the exception of cases harboring mutations involving DNA mismatch repair genes (35). Nonetheless, profiling of AML patients relapsing after allogeneic hematopoietic stem cell transplantation displayed that T-cell exhaustion was a crucial contributor to failure of the leukemia relapse (36, 37), indicating that ICI can also be an appealing strategy for treatment of these patients. TP53 mutations showed higher TMB levels in TCGA cohort of this study. We speculated that TP53 mutation might participate in the immune response.

The biology of a tumor can only be understood by tumor-intrinsic alterations and the tumor microenvironment, especially the immune cells (38). Immune cells in the tumor immune microenvironment play a critical role in tumorigenesis, and tumor-related immune cells can act as antagonizing or promoting tumors. Apart from the recognition of the crucial role of the immune system in oncogenesis, tumor progression, and therapy response, more and more attention has been attracted by the potential predictive role of immune infiltration. For example, cytotoxic CD8+ T cells act as an indicator of favorable outcome in colorectal, ovarian, and esophageal cancer, whereas immunosuppressive cells such as Tregs and M2-polarized tumor-associated macrophages (TAMs) predict worse prognosis in several cancer types (39). Therefore, we need to investigate and understand the overall characteristics of the tumor immune microenvironment. In our study, TP53 mutant group exhibited higher CD8+ T cell infiltration compared with TP53 wild-type group in AML. However, no difference was found between TET2, RUNX1, ASXL1, U2AF1, and PHF6 mutant and wild-type groups in AML and other cancers. And TP53 mutation plays a key role in activating genes involved in immune responses and inflammation (40). Also, resting memory CD4 T cells and resting NK cells were found to be enriched in TP53 mutant group, while naive CD4 T cells, activated mast cells, and eosinophils were more increased in TP53 wild-type group. It is reported that resting memory CD4+ T cells are often related to prognosis of malignant tumor diseases, such as head and neck squamous cell carcinoma (41) and bladder cancer (42). Compared to naive T cells, memory CD4+ T cells show higher numbers, display distinct trafficking behaviors, and generally have faster effector function following reinfection (43). And NK cells were involved in tumor immune surveillance (44). Hsu et al. (45) proposed that blocking PD-1/PD-L1 may activate NK cells that were indispensable for the treatment effect of these therapies. Mast cells had higher proportions in TP53 wild-type group than TP53 mutant group in this study. It was reported that tumor-associated mast cells (TAMCs) were components of the microenvironment of hematologic human tumors (46). And mast cells owed both tumor-promoting and tumor-suppressive roles, which depend on local stromal conditions (47).

Our study revealed that IL-2 stat5 signaling was enriched in TP53 mutant group. IL-2 was involved in Treg-mediated immunosuppressive mechanisms, and transforming growth factor (TGF)-β1 activates STAT5 binding to the promoter of Foxp3 to induce the differentiation of Tregs via IL-2 (48, 49). It indicated that TP53 mutation may upregulate signaling pathways involved in the immune system. Further research is needed to study the underlying mechanism. TP53 mutant groups showed significant enrichment of genes downregulated in C57MG cells (mammary epithelium) by overexpression of WNT1 gene, and a prominent enrichment of signatures related to wnt beta catenin signaling in the present study. Deregulation of Wnt/β-catenin signaling is well-connected with AML initiation and progression and important to leukemia stem cell (LSC) self-renewal and survival (50, 51). Our results were further evidence that TP53 mutation was associated with cancer hallmarks.

We analyzed the somatic mutation landscape of 164 AML samples from TCGA dataset and 558 AML patients from BeatAML dataset. We discovered that TP53 was frequently mutated in both TCGA and BeatAML cohorts, and its mutation displayed exclusiveness with other common mutated genes and was associated with poor prognosis, TMB, and immune microenvironment. Further experiments are required to verify the relationship between TP53 and TMB and immune infiltration in AML. Also, in view of the fact that CD8+ T cells showed high infiltration in the TP53 mutant group of LAML, our findings therefore inspire further studies of T cell–targeting immunotherapeutic approaches in TP53-mutated AML. We consider co-cultivating T cells with TP53 mutant and wild-type cells, then use flow cytometry, Cell Counting Kit-8 (CCK8), and other experiments to detect cytokines, cell proliferation and invasion, and so on in the following research to further validate these findings.
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Acute lymphoblastic leukemia (ALL) is a malignancy with high heterogeneity in its biological features and treatments. Although the overall survival (OS) of patients with ALL has recently improved considerably, owing to the application of conventional chemo-therapeutic agents, approximately 20% of the pediatric cases and 40–50% of the adult patients relapse during and after the treatment period. The potential mechanisms that cause relapse involve clonal evolution, innate and acquired chemoresistance, and the ability of ALL cells to escape the immune-suppressive tumor response. Currently, immunotherapy in combination with conventional treatment is used to enhance the immune response against tumor cells, thereby significantly improving the OS in patients with ALL. Therefore, understanding the mechanisms of immune evasion by leukemia cells could be useful for developing novel therapeutic strategies.
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Introduction

Acute lymphoblastic leukemia (ALL) is a group of lymphoid neoplasms derived from B- and T-lymphoid progenitors that are clinically and genetically heterogeneous (1–5). The incidence of ALL is rapidly growing worldwide, and it is estimated to be one in 100,000 persons/year globally (6, 7), with a peak prevalence between 1 and 4 years old (7, 8) and during the fifth decade of life (5, 9, 10). The overall survival (OS) for pediatric patients is >90% in high-income countries but is lower in middle- and low-income countries (11)—for instance, in Mexico, the global survival rate reported of children with ALL was 63.9%, the event-free survival rate was 52.3% after an average follow-up of 3.9 years (12), and it had a high rate of early mortality (12.1%) (13). Unfortunately, OS in adults with ALL is worst. Even though most adult patients can reach initial complete remission using recently developed treatments, only 40–50% (<20% in patients aged 60 years or older) of the 5-year OS is achieved (5, 14–17). Relapse, defined as the return of the disease in patients who reach initial complete remission, is one of the main obstacles in achieving improved survival rates (18) and occurs in approximately 20% of children and >50% of adults (19, 20). Most relapse incidences appear during treatment (early relapse: <30 months after diagnosis) or after treatment completion (late relapse: <2 years). Despite the use of diverse anticancer agent combinations (chemotherapy, radiotherapy, and allogeneic hematopoietic stem cell transplantation), patients who experience relapse have a higher probability of treatment failure and death (21). The survival rate of relapsed patients is approximately 50% and worse in relapsed cases where the central nervous system is affected (22–24). Cancer treatment has been based on the use of chemotherapeutic agents that are unable to differentiate between normal and cancer cells. Emerging therapeutic schemes to treat leukemia are based on the knowledge that the immune system plays an important role in tumor cell identification and elimination (25–28). In order to develop new anti-leukemic therapies, it is necessary to understand the mechanisms underlying the displacement of transformed hematopoietic cells by normal hematopoietic progenitors and the immune evasion processes by which the tumor cells hijack the immune system (25, 26). This review focuses on the mechanisms of immune system evasion of ALL cells and its potential for developing new treatments.



Immune System and Tumor Evasion

The human immune system comprises leukocytes, bone marrow (BM), and other organs. Leukocytes include neutrophils, monocytes, eosinophils, basophils, dendritic cells, lymphocytes (T and B cells), and natural killer (NK) cells. By discriminating self from non-self, the human immune system is responsible for protecting the body from diseases caused by exogenous and endogenous agents. To differentiate between self or non-self, the immune system employs fundamental biochemical differences among cells, such as the absence of methylated cytosine residues in DNA and glycoprotein composition (29, 30). The two immune responses recognized are innate and acquired/adaptive (cell-mediated immunity and humoral immunity). The innate immune response, which is present from birth, activates a non-specific immune response in the presence of self-molecules, such as endogenous damage-associated molecular patterns (DAMPs), Toll-like receptor ligands, and non-self-molecules in a cytokine release-dependent manner (31). Acquired immune response involves antibody production by B cells and antigen presentation to T helper cells to stimulate cytotoxic T cells (CTLs), also known as CD8 + T cells, which induce the elimination of non-self elements and produce immune memory cells (30).

The cell-mediated immunity is activated when a specific CTL is stimulated to initiate the lysis of pathogens, infected cells, and tumor cells; thus, this protects the body against infection and tumor growth, spreading, and metastasis (31). To prevent tumor emergence, the immune system eliminates oncogenic viral infections, induces the inflammatory microenvironment, and destroys malignant cells (32, 33). Although tumor cells are self in origin, they differ from their normal counterparts in their biochemical and antigenic characteristics and biological behavior. Cancer cells express tumor-specific neoantigens that arise from an inefficient DNA damage repair system and which are presented to the CTLs by the human leukocyte antigen (HLA) system class I. Then, tumor cells are killed through a combination of direct perforin-dependent destruction and by increasing tumor immune sensitivity through the release of inflammatory cytokines, such as interferon (IFN) alpha (INF-α) and tumor necrosis factor (TNF) (30, 34, 35). However, tumor cells have an acquired mechanism to evade the immune system to avoid their destruction (Figure 1).




Figure 1 | Immune surveillance and cancer development. Emerging malignant cells are identified and eliminated by the immune system; however, certain acquired gene mutations in tumor cells allow them to remain undetected by the immune surveillance system, resulting in cancer.



In 1908, Ehrlich proposed the role of the immune system in controlling cancer development. Later, Burnet (1957) suggested that lymphocytes are tasked with identifying and eliminating mutated cells (29, 30) and the presence of an immunological mechanism for eliminating or inactivating potentially dangerous mutant cells before tumor clinical manifestations, a concept called “immunological surveillance” (36). Currently, the role of the immune system in malignant cell elimination is unequivocally established. The quality control of the immune system to fight against tumor cells involves immune cells and their associated molecules, with the CTLs and NK cells being the major components (34, 37). These cells act as tumor suppressors by patrolling the human body and destroying transformed cells before tumor progression. The anti-tumor immune response attacks the tumor through activated lymphocytes to trigger apoptosis by producing perforin and granzyme B to damage the extracellular membrane and enter targeted tumor cells, expressing Fas-L, TNF-related apoptosis-inducing ligand, and IFN-gamma (IFN-γ) (38–40). However, tumor cells can evade immune surveillance mechanisms, and indirectly, the immune system selects tumor cells that carry mutations in genes involved in the immune detection and elimination pathways, leading to cancer progression (Figure 1). Despite that CTLs detect tumor cells, they frequently fail to control tumor growth (41, 42). CTL dysfunction could be induced by a continuous stimulation of the tumor antigens and by an immunosuppressive tumor microenvironment (TME), driving the T cells to a functionally exhausted state and cancer progression (42, 43). The interaction between the immune system and cancer establishment is called immunoediting.

The central assumption of immunoediting is that CTLs recognize tumor antigens and drive immunological tumor elimination or model cancer development before re-emerging. This process could select cancer cells with mutations that confer resistance to immune effectors and survival advantages in a tumorigenic environment (44, 45). Immunoediting comprises three phases: elimination, equilibrium, and evasion (30). These mechanisms have been extensively reviewed elsewhere; thus, they are briefly summarized here.

Elimination phase involves the recognition and killing of transformed cells and nascent tumors by the immune system through antibody production. This process starts with the recruitment of macrophages, dendritic cells, and infiltrating lymphocytes (NK and natural killer T cells) into the tumor site (46) to suppress angiogenesis and induce immunogenic necrotic tumor cell death, promote regulatory T cells (Tregs) apoptosis, and induce M1 pro-inflammatory macrophage activity to defeat tumor progression (47). Moreover, INF-γ and interleukin-12 (IL-12) enhance cytotoxic responses by NK and CTL cells, promoting tumor death by apoptosis and the release of reactive oxygen and nitrogen intermediates (47). Tumor-specific CD8+ and CD4+ T cells infiltrate the tumor site after the recognition of tumor-specific or tumor-associated antigens through HLA class I and class II molecules, respectively, which facilitate the immune mechanisms in synergy with B cells. Cancer cells that are not eradicated during the elimination phase remain in dormancy or equilibrium (Figure 1) (33, 43).

Equilibrium is the longest phase where cancer remains clinically undetectable, suggesting that tumor cells coexist with the immune system for up to several years (47, 48). Evidences have shown that immune-mediated cancer dormancy is regulated by CD8+ and CD4+ T cells and IFN-γ (49, 50). Through IFN-γ/STAT1 pathway activation, IFN-γ inhibits tumor cell proliferation and establishes tumor dormancy without destroying malignant cells (30). However, IFN-γ can facilitate tumor escape and relapse by inducing tumor antigen loss, upregulating programmed death 1 (PD1) ligand (PD-L1) in tumor cells and recruiting myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs) to the tumor site (50).

Escape is the phase where tumor cells that have evaded the immune surveillance system acquired additional DNA mutations and epigenetic changes and have great effectiveness to proliferate and evade apoptotic mechanisms (51). Although new mutations could drive the expression of tumor-specific antigens that are recognized by CTL cells (52), tumor cell-intrinsic alterations and TME modifications (e.g., nutrient depletion, metabolic stress, and cytokine regulation) lead to poor immune response and tumor progression (53). Long-term glucose deficiency in the TME results in low T cell response, cytokine production impairment, T cell “anergy” state, and T cell autophagy to save energy (54, 55). Lipid reduction may result in a lower tryptophan concentration in the extracellular environment, which can inhibit CTL proliferation (47, 56). Acquisition of gain-of-function mutations by tumor cells could lead to low or lack of antigenicity properties, resulting in hijacking of immune mechanisms. Mutations can also induce abnormal HLA expression or antigen processing machinery dysregulation; in fact, HLA class I downregulation is described in 40–90% of human tumors (45, 51). Altered PD-1 or PD-L1 expression on tumor and host cells is also observed, which can inhibit T cell activation and enhance the immune tolerance of malignant cells, facilitating tumor immune escape (57, 58). Chronic PD-L1 expression, predominantly by TAMs, prolongs the immunosuppressive TME, likely by tumor-specific T cells, as if they were malignant cells (57). Studies in ALL have shown that leukemic blasts express ligands for NK cell receptors, the natural killer group 2 member D (NKG2D) and DNAX accessory molecule-1, to avoid their destruction (59). Low numbers and impaired NK-cell-mediated cytotoxicity could be due to a reduced level of activating receptors (NKp46, NKp30, NKp44, and NKG2D). Cancer cells can also alter NK cell function by modulating the NK cell surface receptors, releasing soluble factors with immunosuppressive properties such as IL-10 and transforming growth factor beta (TGF-β). The signaling lymphocytic activation molecule-associated protein adaptor, in addition to the overexpression of human leukocyte antigen G (HLA-G), which induced immune tolerance and decreased NKG2D expression in NK cells, contributes to the escape of leukemia cells from immune surveillance (60, 61). Thus, the immune system indirectly promotes tumor progression through the selection of poorly immunogenic malignant clones (44, 45). Table 1 lists the general mechanisms involved in the evasion phase.


Table 1 | Potential mechanisms of tumor immune evasion.





Immune Evasion Mechanisms in ALL

Several studies have shown that solid and liquid tumors share immune evasion mechanisms. Studies on B cell precursor (pre-B) ALL mouse models to analyze the cytotoxicity effect of CTLs on non-immunogenic leukemic cells revealed that leukemic blasts, which are not eliminated by the initial immune response, remain in a dormant state during immune surveillance until an immune-evasive clone emerges, which requires a loss of immunogenic antigens for immune escape (77). In addition, it was proposed that ALL displayed immunological ignorance or immune tolerance (described as poor immunogenic clones that fail to alert the immune sensing mechanisms and avoid immune response) because leukemia cells lack or only a subset of them express relevant co-stimulatory accessory molecules (CD80 and CD87, respectively), showing deficient T cell activation (78, 79). Moreover, the relatively low mutation burden in ALL in comparison to other tumors could reduce neoantigen production and induce a low immunogenic response (80–82). Nevertheless, the presence of tumor-infiltrating lymphocytes as CD8+ T cells in pediatric patients with ALL suggests a potentially robust antitumor immune response (83). In addition, by predicting mutated neoepitopes in leukemia, at least one neoepitope was found in 88% of the cases, which can be recognized by CTLs and induce an anti-tumor response (84). However, B cell leukemia fails to function as an antigen-presenting cell (APC) which, in addition to its rapid dissemination, could affect the initiation and execution of anti-leukemia immunity through non-activation of T cells, which may promote immunosuppressive TME and tumor cell survival (55, 85–87). In ALL, it has been proposed that tumor-specific T cells are never properly activated; they are instead deleted or anergized upon initial antigen presentation (80, 85). Data from pre-B cells ALL show that the T cells become anergic after interleukin-10 (IL-10) expression, which is induced by CD40 activation (80, 85). Abnormal IL-10 and CD40 expression has been found in patients with ALL (78, 79, 88–90), and polymorphisms within the IL-10 gene promoter region (-G1082A) that influences the IL-10 plasma levels have been associated with ALL prognosis (78, 91, 92).

Immune tolerance mechanisms that protect healthy tissues are hijacked by cancer to maintain immune escape through the modulation of additional processes, such as metabolically essential amino acid (tryptophan and arginine) depletion, immunosuppressive cytokine (TGF-β and IL-10) overproduction, expansion of Tregs, MDSCs, macrophages, and expression of T cell response inhibitors and co-inhibitory ligands (e.g., PD-L1) (93). Studies focused on ALL suggest that defective antigen presentation on MHC-I molecules is involved in immune evasion (94). Alterations in the expression and functionality of HLA class I (essential for CTL cytotoxicity) or II (important for CD4+ T cell response) are commonly observed in solid tumors (95, 96). The downregulation or loss of cell surface expression of HLA-I and high resistance to NK-cell-mediated killing has been described in ALL (97–101)—for instance, the C2 epitope that is encoded by HLA-C has been found to be overrepresented in patients with ALL. Given that C2 is a high-affinity ligand of the natural killer cell inhibition receptor (KIR2DL1), it has been suggested that C2 may decrease the destruction of leukemic blasts and increase the probability of late relapse in patients with ALL (>2.5 years) by reducing the cytotoxic capacity of NK cells (99). The absence of HLA class II expression in leukemic T-cells and its regulator class II trans activator has been reported (102). Recently, HLA class II expression was associated with a better prognosis in adult T cell leukemia/lymphoma (103).

Other mechanisms, such as disrupted immune checkpoint expression and high production of suppressor factors by CTLs, alterations in the anti-inflammatory/pro-inflammatory cytokine ratio, cytotoxic abnormalities, and other cell populations with altered functions, and aberrations in the immunophenotype of the lymphoid lineage have been proposed to avoid immune surveillance by ALL cells (Figure 2) (85, 104).




Figure 2 | Immune evasion mechanisms that are potentially involved in the progression of acute lymphoid leukemia (ALL). (A) Low MHC-I and co-stimulatory ligands but high co-inhibitory lead to the inactivation or depletion of the CD8+ T-cell cytotoxic function. (B) Abnormal expression of anti-inflammatory cytokines (TGF-β, IL-4, and IL-10) reduces the cytotoxic T lymphocyte (CTL) population, and the pro-inflammatory cytokines (MCP1, TNF-α, IL-6, IL-12, and IFN-γ) are responsible for malignant cell destruction. (C) Immune cell enrichment, such as MDSCs, Tregs, and M2 macrophages, generates a favorable microenvironment for ALL cells and inhibits the activation and differentiation of CTLs and natural killer cells. (D) The plasticity of ALL cells leads to immunophenotype switching, which can reprogram immune evasion pathways. It has been proposed that these mechanisms could together contribute to the dissemination and progression of ALL. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CD, cluster differentiation; CTLs, cytotoxic T lymphocytes; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; ICOS, inducible co-stimulator; ICOS-L, inducible co-stimulator ligand; IFN-γ, interferon gamma; IL, interleukin; M2, M2 macrophages; MCP1, chemoattractant protein-1; MDSC, myeloid-derived suppressor cells; MHC-I, major histocompatibility complex class I; NK, natural killer; PD1, programmed death 1 ligand; PD-L1/2, programmed death 1/2 ligand; TCR, T-cell receptor; TNF-α, necrosis factor alpha; Treg, regulatory T-cell.




Disrupted Immune Checkpoint Expression and High Production of Tumor Suppressor Factors by Cytotoxic T Cells

Cytotoxic cells are the major components of the immune system that counterattack tumor cells. The overexpression of co-inhibitory ligands for specific receptors on cancer cell surfaces to disrupt T cell response is one of the primary mechanisms developed to hijack the immune system. The cell surface molecules CD28, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), inducible co-stimulator (ICOS), PD1, and PD-1L are basic ligands that induce co-stimulatory or inhibitory signals in T cells to maintain immune system homeostasis (Figure 2A) (105). In the early immune response stages, CD28 facilitates and maintains the CD4+ and CD8+ T cell response. CTLA-4 arrests T cell activation by triggering an inhibitory signal within the T cell, affecting critical peripheral T cell tolerance and function (106). CD28 and CTLA-4 share ligands and are necessary to avoid inappropriate or prolonged CD4+ and CD8+ T cell activation. Both molecules have been found to be constitutively expressed in acute myeloid leukemia (AML) blasts at diagnosis and have an increased expression in leukocytes from the peripheral blood of these patients compared with that of healthy controls, likely favoring AML cell escape from T cell activation and its effector functions (107). An evaluation of the CTLA-4 expression revealed that this co-inhibitory molecule was elevated in T cells in patients with high-risk ALL (108); in addition, CTLA-4 solubility was significantly elevated in 70% of B-ALL pediatric patients with active disease (109). Furthermore, CTLA-4 overexpression has been correlated with the percentage of leukemic B cells and poor prognosis in pediatric patients (108, 110), and a high serum CTLA-4 level has been detected in patients with B-ALL who died from the disease (111). Thus, the disputed CTLA-4 expression from ALL cells could be a potential mechanism of immune surveillance escape (109, 112).

PD-1 and PD-L1 overexpression has been reported to evade the host immune system in numerous cancer types (105, 110, 113). PD-L1 and PD-L2 are ligands of PD-1, which is an important inhibitory immune checkpoint that suppresses T cell activity after antigen activation. In fact, CTL function inhibition by PD-1 expression has been observed in patients with AML (113). CTLA-4 and PD-1 expression in hematological malignant cells has been suggested as an immune evasion strategy to promote leukemia blast survival and prevent efficient recognition and destruction by anti-tumor T cells (107, 110). Studies using a mouse model of disseminated AML and in transplanted patients before relapse have shown that sustained inhibitory signaling mediated by CTLA-4 and PD-1 on T cells correlates with a T cell exhaustion stage, reduced T cell effector function, and lower cytotoxicity (114, 115). Data from ALL evidenced a decrease in PD-1 expression on CD4+ and CD8+ T cells after the inhibition of myeloid–epithelial–reproductive tyrosine kinase, a gene associated with the induction of an antiapoptotic gene expression signature in B-ALL cells, leading to increased T cell activation (116). Abnormal expression of checkpoint molecule PD-1 has been reported in BM biopsies from adult patients and in T cells of pediatric cases with ALL (108, 117). In addition to the observations in ALL, upregulation of both malignant and infiltrating immune cells from B cell lymphomas and T cells of peripheral blood mononuclear cells from patients with chronic myeloid leukemia (CML) exhibits the relevance of PD-L1 in hematological malignancies (118–120). PD-L1 overexpression is correlated with poor prognosis in ALL (113) and has been found to be one of the most expressed inhibitory markers in pediatric ALL blast, whose expression is increased in relapsed patients with ALL (108, 115). Other checkpoint molecules are T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) and lymphocyte-activation gene 3 (LAG-3). TIM-3 is involved in apoptosis, and Tregs expressing TIMP3 have a higher suppressor function than Tregs negative to TIMP3 (121). LAG-3 expression has been detected in highly immunosuppressive T cells and correlates with an increased expression of IL-10 production by Tregs (122, 123). TIM-3 and LAG-3 have been found to be subexpressed in the BM of patients with ALL, in contrast to healthy subjects (117).

ICOS (CD275) is involved in maintaining immune reactions and has a relevant role in Tregs function and differentiation, which protects tumor cells from immune cells in the TME (124, 125). Significant Tregs accumulation in the BM-TME and upregulation of ICOS ligand (ICOS-L) have been observed in AML, suggesting that ICOS-L contributes to the conversion and expansion of Tregs and preserves the immunosuppressive environment. Additionally, ICOS-L and ICOS expression was found to be a predictor of OS and disease-free survival in patients with AML (126). Although there is no information regarding ICOS or ICOS-L in ALL, the relevance of ICOS in ALL immune escape is supported by studies showing that ICOS is part of the intracellular region of the signaling domain complexes that activate and induce cytotoxicity against target cells during chimeric antigen receptor (CAR) T cell immunotherapy (127).



Alterations in the Anti-inflammatory/Pro-Inflammatory Cytokine Ratio

Inflammation is an immune response to body damage and is mediated by cytokines, which are relevant players involved in oncogenic processes, such as cell proliferation, apoptosis inhibition of mutated cells, and promotion and progression of cancer development (128). Cytokines are classified as pro-inflammatory (IL-1β, IL-6, IL-15, IL-17, IL-23, IFN-α, and TNF-α) and anti-inflammatory (IL-4, IL-10, IL-13, and TGF-β). Interestingly, an inflammatory marker analysis of neonatal blood reported that children who developed pre-B ALL had a cytokine signature (lower concentrations of the cytokine IL-8, soluble IL-6 receptor α, and TGF-β1 and higher concentrations of IL-6, IL-17, and IL-18) (129). Increased CCL2 and IL-8 concentrations of T cell-polarizing cytokines (IFN-γ and IL-12) and cytokines associated with infectious processes, such as TNF-α and IL-6, have been detected in patients with ALL at diagnosis, suggesting a pro-inflammatory state (130–133). These findings could be associated with immune cell activation by endogenous molecules that are released after tissue injury or cell death to generate an immune response against cancer (133, 134). The pro-inflammatory environment in the BM of patients with leukemia is facilitated by hematopoietic and stromal cells. However, studies indicate that cancer cells hamper immune activation by creating an anti-inflammatory TME by overproducing anti-inflammatory cytokines and by blocking the release of pro-inflammatory cytokines, thus successfully evading immune surveillance (128, 135). In CML, AML, and ALL, cancer cells express TGF-β and IL-10 to reduce immunogenicity (136, 137). Studies in mouse models with B-ALL have shown that TNF-α is secreted by B-ALL cells, and this leads to increased invasiveness and significant prolongation of surviving leukemia cells (138), which is an important mediator of leukemia-induced NK cell dysfunction. Thus, it is fundamental for NK cell immune evasion in childhood B cell ALL (139). Although IL-4 has shown antitumor effects and ALL cell suppression (140), it has been suggested that IL-4 expression in leukemia cells could reduce immunological recognition by decreasing HLA-class II molecule expression (132).

IFN-γ and interleukin 6 (IL-6) are among the most important cytokines associated with immune response in cancer (141). IFN-γ gene expression is reduced in patients with ALL, suggesting that the immune system is disrupted and leukemia cells may take advantage of defective IFN-γ production to promote escape from immune surveillance (142, 143). IL-6 contributes to lymphocyte and monocyte differentiation and induces antibody secretion by B cells. The low antibody production and decreased cellular immunity derived from abnormal IL-6 expression detected in ALL cases (Figure 2B), in addition to the association between single-nucleotide polymorphisms in the IL-6 gene and susceptibility to ALL (the genotype of which correlated with IL-6 serum levels), are evidence of the relevance of this cytokine in this malignant disease (141, 144, 145).

Other cytokines and chemokines, such as IL-1, IL-7, IL-8, CCL2, CXC-10, and CXCL-12, could contribute to immunotolerance (112, 146). In fact, IL-1, IL-7, and CXCL12 expression favors ALL cell surveillance in the BM-TME (146, 147). Through the induction of CCL2 by periostin, this molecule stimulates the proliferation and dissemination of ALL (146, 148).



Abnormal Cytotoxic and Other Cell Populations and Alteration of Their Functions

The abnormal proliferation of immune cell populations is another important mechanism for preventing immune attacks in cancer. Two distinct T cell subsets are involved in the immune system against cancer. The first is CTLs that kill cancer cells, and the second is cells required for the activation and proliferation of APCs.

Tregs (CD4+ CD25+ Foxp3+) are involved in tumor development and progression by inhibiting anti-tumor immunity in the TME (93, 149). Under physiological conditions, Tregs play an essential role in self-tolerance and immune homeostasis processes by suppressing normal and pathological immune responses and by eliminating a broad range of pathogenic microorganisms and malignant cells (85, 150–152). The correlation between tumor-infiltrating Treg levels and prognosis has been described in several malignancies, including ALL, suggesting that Tregs may be involved in the immune evasion process (149, 153–156). Indeed a high number of Tregs in the BM and peripheral blood of ALL cases has been associated with poor prognosis (153, 154, 157, 158). Studies in BM-TME have shown that immunosuppressive cytokines, such as IL-10 and TGF-β, are secreted by Tregs (Figure 2C) (159).

One of the biological features of patients with ALL is the presence of severe cytopenia and poor reconstitution of the innate and adaptive immune system. Although normal lymphoid and myeloid cells are present in ALL BM, the early compartment of progenitor hematopoietic cells is reduced in number and activity, including NK cells, MDSCs, and macrophages (93, 130, 160).

NK cells represent 5–20% of the lymphocytes in peripheral blood and are relevant in early antitumor immune response by lysing the tumor cells due to cytokine release. Based on CD56 and CD16 expression, two principal subpopulations of NK cells were identified: cytotoxic NK cells or cNK (CD56dim CD16+) and regulatory NK cells or NKregs (CD56highCd16-). cNK are abundant in peripheral blood (95% of the NK) and inflammation sites and show a higher cytotoxic capacity than NKregs, which predominate in lymphoid nodes (33). Natural cytotoxic receptor expression is a relevant mechanism to stimulate responses against tumor cells and has been observed to be downregulated in ALL BM (33). In recent years, several studies have provided evidence of the fundamental role of NK cells in the onset, development, and establishment of ALL (59, 139, 161, 162). ALL NK cells at diagnosis had an inhibitory phenotype associated with impaired function due to abnormal NK ligand expression (139). Torrelli et al. (59) observed a higher expression of the ligands for NK cell-activating receptors, Nec2, ULBP1, and UBLP3, on the surface of the blasts from children in contrast to adults with ALL, which could be associated with the worse clinical evolution of ALL in adults than in children (59). Differences in NK cell activity among molecular ALL subtypes have been described, with increased NK cell-activating ligand expression (NKG2D and DNAM1) in patients with ALL carrying the fusion gene BCR-ABL (Philadelphia chromosome: Ph+), in contrast to Ph negatives (59). Additionally, Ph+ cells are more susceptible to NK cell killing activity than ALL cells carrying no known molecular markers and were enhanced in Ph+ adult cases; B-ALL with MLL-AF4 gene and T-ALL cases displayed a high density of the NKG2D ligand and UL16-binding protein (ULBP-1) (59). NK cells from child and adult patients have shown aberrant functions, such as low degranulation of granzyme B (117, 139). In a cohort of child patients with B cell ALL sampled at diagnosis, end induction, and maintenance, evidence of altered NK phenotype and function compared to age-matched controls was revealed. It should be emphasized that the NK abnormalities were partially corrected during the maintenance phase of the ALL treatment and were inducible in healthy NK cells after co-culture with ALL blasts in vitro by TGF-β1 release (139). In fact, leukemic cells secrete IL-10 and TGF-β in order to evade the effect of CTLs and NK cells (137). Furthermore, a direct contribution of the TME to the exhaustion of NK cell functions by the CRTAM/Necl-2 interaction was reported in ALL. Indeed the decreased NK cell content and their depleted cytotoxic capacity in peripheral blood are two of the predominant immune surveillance problems in acute leukemia (139). Current investigations focusing on in vitro activation and NK cell expansion protocols to treat ALL are underway.

MDSCs are a heterogeneous population of regulatory immature cells derived from monocytes or granulocytes that are involved in immunosuppression in patients with cancer (163). MDSCs consist of two main subpopulations (monocytic MDSCs—MO-MDSCs and polymorphonuclear MDSCs—PMN-MDSCs) that suppress the activation, proliferation, and cytotoxicity of effector T and NK cells and induce the differentiation and expansion of Tregs (163–165). The role of MDSCs in ALL remains incomplete. Recently, it was reported that patients with B cell ALL at diagnosis have a higher number of MDSCs than healthy subjects, which was even higher during induction chemotherapy (166). Furthermore, Zahran et al. (163) detected increased MDSCs in pediatric patients with B cell ALL compared to healthy controls. Moreover, these authors observed a relationship between PMN-MDSCs and the levels of peripheral and BM blast cells and CD34 + cells, suggesting that PMN-MDSC cells provide a suitable immune-suppressive state for B cell ALL tumor progression. A reduction in PMN-MDSC population was related to complete post-induction remission (163). The high number of these cells in pediatric patients with B cell ALL suggests that the increased levels and activity of MDSCs and Tregs could explain the immunosuppression state observed in this malignancy (163). MDSCs secrete TGF-β and IL-10 that have direct immunosuppressive effects and induce Treg expansion, which suppressed tumor-specific T cell responses (167) (Figure 2C).

Macrophages are other essential immune cell populations of the host and are composed of two subtypes: M1, which has antitumor effects, and M2 (anti-inflammatory cells with protumoral properties), which supports TME through the induction of angiogenesis, metastasis, and immune suppression (168–170). Macrophages have anti-tumoral activities at the initial stages of solid and hematological tumor development; however, TME impairs macrophage function, transforming them into immunosuppressive cell types with pro-tumoral activities (171). The frequency of M1 macrophages has been reported to be notably reduced in adult patients with B-ALL compared to controls, while M2 macrophages are increased (117). M2 is divided into several subtypes, where TAMs, which are relevant in solid tumor cell invasion, are included. Knowledge about the role of macrophages in hematopoietic malignancies has been obtained mainly from the study of lymphomas, where an association between the number of TAMs in lymph node biopsy and the prognosis of patients with classical Hodgkin lymphoma (cHL) was found (172). In ALL, the production of M2 macrophages with immunosuppressive/tolerogenic properties can be induced by tumor-mediated mechanisms (tumor-derived cytokines and growth factors, etc.) (171). Furthermore, it has been found that spleen leukemia-associated macrophages (LAMs) stimulate the proliferation of T cell ALL and have high migration, and their functional and phenotypic characteristics are modified by an organ-specific microenvironment (169, 173). Most LAMs have an M2-like phenotype. It has been reported that this type of immune cells also secrete immunosuppressive cytokines such as IL-10 and TGF-β (159).



Leukemia Cell Plasticity and Immunophenotype Switching

During malignant hematopoietic disorders, such as acute leukemias, intrinsic and extrinsic signals (including those participating in immune surveillance) influence the cell differentiation pathway and cooperate in abnormal fate decisions, highlighting the relevance of a continuous homeostatic control to produce elements of tumor suppression (174, 175). Switching of CML to ALL in the blast crisis, AML cases relapsing as ALL, ALL converting AML after chemotherapy, and mixed phenotypes (simultaneous expression of both myeloid and lymphoid antigens) suggest that linage-associated molecule expression contributes to immune response disruption and facilitates cancer progression (174, 176–179). Lineage switching in leukemia is more frequent in children than in adults, and most cases are ALL converting to AML (180). Studies have proposed that this process is a consequence of stem cell plasticity (capacity to cell fate conversion in defined cells adopting biological properties to the same or different lineages) since the evidence shows that cancer cells are derived from the same founder clone in leukemia lineage switching (180). Leukemias with lineage switching appear to be more common in specific genetic subtypes, such as those with KMT2A (MLL) gene rearrangements (180). The absence of EBF1 expression in ALL allows early lymphoid progenitors to differentiate into the myeloid lineage, and deletion of PAX5 in mature B cells can induce conversion to different fates, including macrophages and T cells (176, 181). Low PAX5 expression has been reported in patients with ALL and very early relapse-expressing AML genes, such as MPO and FLT3 (174). A single-cell RNA-seq study revealed that plasticity coexists with oncogenic and immune evasion programs in early T progenitor ALL (174), suggesting that specific features acquired during lineage conversion could contribute to immune evasion response in ALL. It has been proposed that the plasticity of leukemic blasts in early progenitor T cell ALL can modulate the treatment based on inhibitors of the Notch pathway due to the coexistence of transcriptional programs that are characteristic of lymphoid and myeloid lineages. Additionally, immunoevasion signatures were found to be activated in the TME—for example, the interaction between hepatitis A cellular virus receptor 2 and galectin 9 is associated with CD8+ T cell dysfunction (174). Studies aimed at understanding leukemic blast plasticity could contribute to the identification of potential therapeutic targets based on the reversion of T cell depletion and consequently improve OS rates in patients with ALL.




Bone Marrow Tumor Microenvironment and Immune System Evasion

Immunological evasion is due to mechanisms inherent to the TME. It is well known that malignant blasts maintain a close interaction with normal cells within the BM niche and, at the expense of normal hematopoiesis, remodel functionally and structurally the BM-TME to favor ALL development and promote tumor cell dissemination and chemotherapy resistance (43, 47, 55, 112, 118, 182–184). BM-TME favors tumor growth through polarization of host immunity to prevent anti-cancer immune responses. Alterations in immune cell populations in the TME are other mechanisms involved in the immune evasion by leukemic cells—for instance, it has been reported that the presence of leukemic cells in BM affects the CD14-expressing monocytes and non-classical CD16-expressing monocytes populations (185). Leukemic blasts have the capacity for TME remodeling during disease progression and promote monocyte differentiation into non-classical monocytes. In the BM-TME, a decrease in CTLs and NK cells has also been reported as well as an increase in suppressor immune cell populations such as Tregs, M2 macrophages, and MDSCs to support an immunosuppressive microenvironment (55). Mice models of AML revealed that those leukemic cells reduce the osteoblast population, modifying the lineage fate of hematopoietic stem cells, which increase tumor burden and reduce OS (186, 187). The interaction between leukemic blasts and the different cell types has been associated with a major surveillance of tumor cells (188). Besides this, ALL cells and the primary mesenchymal stromal cells (MSC) within the niche interact by using tunneling nanotubes (TN) that induce the secretion of prosurvival cytokines IL-8, CCL2, and CXCL10, driving stroma-mediated steroid resistance. By interruption of the TN signal, the leukemogenic processes are inhibited; thus, pre-B-leukemic cells are resensitized with prednisolone (189, 190).

ALL blasts also express surface molecules shared with hematopoietic stem cells and interact with extracellular matrix (ECM) molecules, soluble factors, and cytokines for ALL promotion—for instance, it has been reported that integrins have a role in the retention of leukemic blasts in the BM and contribute to ALL dissemination from BM to the CNS and chemoresistance (191, 192). Otherwise, the MSC-derived ECM proteins, such as periostin and osteopontin in the niche, stimulate the proliferation and dissemination of ALL. ECM of the BM also represents a physical barrier that contributes to immune evasion in the cell niche (193).

Another important alteration in the leukemic TME is the increased levels of anti-inflammatory and immunosuppressive cytokines, such as IL-10 and TGF-β, and the high expression of PD-1 and TIGIT, which contribute to tumor progression and immune evasion (43, 47, 55, 194). IL-1, IFN-γ, TNF-α, and HLA-G in the BM-TME may induce immune tolerance and then ALL recurrence. Additionally, overexpression in BM-TME of chemotactic cytokines such as CXCL12/CXCR4 and CCL25/CCR9 (produced by stromal cells in the BM) has a role in ALL and influences the outcomes and chemoresistance. Thus, targeting the chemokine axis could significantly reduce tumor burden in ALL (182).

It is well known that the immunosuppressive microenvironment surrounding tumor cells represents a key cause of treatment failure; therefore, BM-TME is the central target for reprogramming the immune system in ALL and other hematological malignancies.



Into the Frontline of ALL Treatment: Targeting the Immune Cells

Initial ALL treatment comprises induction, consolidation, and long-term maintenance therapy. The backbone of ALL therapy is chemotherapy using drugs developed during the 1950s and 1960s focused on leukemic cell eradication, normal hematopoiesis restoration, and prevention of “sanctuary site” invasion, relapse, and death (195, 196). Chemotherapy has achieved considerable success in ALL survival (9); however, relapse occurring in approximately 20% of patients with ALL is the main obstacle in improving the OS rates. Adult patients with ALL have a higher risk of relapse than pediatric patients, and the protocols used (adapted from pediatric protocols) reach less than 50% of the success rate and have lower minimal residual disease negative rates after induction therapy (197). Allogeneic hematopoietic stem cell transplantation (alloHSCT) has been an effective anti-leukemic therapy for patients with ALL (198, 199) but is a highly toxic therapy, and disease recurrences can occur within the time of immunosuppressive treatment (200, 201).

Over the last two decades, multiple studies have attempted to improve the OS of patients with ALL by incorporating new agents into the treatment protocols and exploiting the immune response against leukemia cells. Targeting of tumor cells is a promising therapeutic approach. Antibody-based therapeutic strategies are being developed to select cells of the immune system, enhance anti-tumor immune response, and reduce damage to normal tissues (93, 202). T cell signaling pathway inhibition (particularly PD-L1/PD-1), immune cell regulation, and the prevention of tryptophan depletion by indoeamine-2,3-dioxygenase are the most well-studied immunosuppressive mechanisms in liquid tumors (93). Nevertheless, few trials based on these pathways have been described for ALL treatment. Monoclonal antibodies (mAbs), immune checkpoint blockers, CAR T cells, and bispecific T-cell engagers (BiTEs) are currently used in ALL treatments approved by the USA Food and Drug Administration (FDA) (203–205). Approaches using adoptive T cell therapy (ACT) and tumor neoantigens are under investigation (93).


Monoclonal Antibodies

Antibodies are the basis for many new anti-cancer treatment strategies due to their immunomodulatory properties and capacity to promote the induction of anti-tumor immune responses. These antibodies target self-tumor antigens or the TME to inhibit tumor growth by increasing host immune responses to antigens expressed by the tumor itself or by reducing pro-tumorigenic factors generated in the tumor stroma (206). CTLA-4-specific mAbs have been used in human cancers, such as melanoma (206). Using the anti-CTLA-4 mAb (ipilimumab) in combination with IgG4 mAb (nivolumab), which disrupts the interaction between PD-1 and PD-L1/PD-L2, in patients with relapsed/refractory cHL, non-Hodgkin lymphoma, or multiple myeloma showed no significant improvement in efficacy over single-agent nivolumab (207). The anti-PD-1 anti-leukemic treatment is based on the maintenance and expansion of tumor-specific memory T cells and NK cell activation. This approach has been explored in diverse tumors, including relapsed/refractory lymphoid malignancies; however, its clinical application in ALL remains unknown. In ALL, CD-38 and CD-52 have been identified as target antigens of mAbs for the treatment of relapsed T cell ALL. Currently, there are ongoing clinical trials testing the efficacy of anti-CD38 mAbs (isatuximab and daratumumab) and anti-CD52 mAbs (alemtuzumab) with favorable results for better disease prognosis (127).



Bispecific T Cell Engagers

BiTEs are bispecific recombinant glycoproteins with two single-chain variable fragments (scFvs) connected by a flexible linker, whose targets are membrane molecules (costimulators, coinhibitors, adhesion, etc.) from both T cells and malignant cells. BiTEs favor immune responses by creating an immune synapse among tumor antigens and T cells (204). The distribution of BiTEs depends on factors such as the diffusion of the vascular endothelium, laminar flux rate, and interaction with the target. Blinatumomab (anti-CD19/anti-CD3; AMG103) is a BiTE that binds to CD3+ lymphocyte T and CD19+ B lymphocytes. Although blinatumomab induces selective lysis of tumoral cells, its half-life is short, and constant administration is necessary for effect maintenance. The Children’s Oncology Group has incorporated blinatumomab in clinical trials in patients with B cell ALL with a standard risk (1–9.99 years and leukocyte count <50,000/ml) classification. Good results and acceptable toxicity were observed; in addition, half of the population had a significant twofold improvement in median OS compared to patients with standard chemotherapy regimens (208).

Studies in patients with relapse/refractory pre-B cell ALL indicate that Treg proportion could determine the prognosis of blinatumomab treatment. It was observed that blinatumomab responders had a lower percentage of Tregs (4.82%) in peripheral blood compared to non-responders (10.25%). Additionally, the restoration of the activated T cell population was detected after the in vitro depletion of Tregs in leukemic blasts, thus highlighting the regulatory role of Tregs in the development of the immune response in ALL (209).

The main disadvantage of BiTEs is the induction of cytokine release syndrome (CRS) through proinflammatory cytokines and aplasia of lymphocytes B (205). Although collateral effects in clinical assays with blinatumomab have been reported (fever, nausea, headache, neurological, and hepatic adverse effects), a lower percentage of minimal residual disease in patients treated with blinatumomab in contrast to patients with high-risk ALL treated with conventional regimens was reported (204, 208, 210).



CAR T Cells

CAR is a synthetic construct formed by an extracellular scFvc (that recognizes the tumor antigen) fused to a transmembrane domain and to intracellular activating/co-stimulator motives (CD3ζ, CD28, 4-1BB) (204, 211–213). CAR is transduced to T cells (CAR T cell), and after the recognition of the tumoral antigen, it promotes a cytotoxic effect on the target cell (205). It has been reported that CAR T cells act independently of HLA recognition. Therefore, this approach could be used in different cases to overcome the lower HLA density of ALL malignant cells. Furthermore, it is feasible to use CD4+ T and CD8+ T cells to generate CAR T cells, which increases the effector and cytotoxic potential of T cells (213).

CAR T cells have recently been approved by the FDA to treat patients with leukemia and lymphoma (203–205), and several clinical trials of CD19 CAR T cell therapy are being carried out in ALL relapse patients, which have shown favorable results with remission after 6 months in up to 90% of the patients, with 78% OS and 67% event-free survival (214). However, in a group of refractory/relapsed patients with B cell ALL, CD22 CAR T cell therapy treatment achieved a complete remission of 70.5% in comparison with those previously treated with CD19 CAR T cells without success. CD22 CAR T cell-treated patients only exhibited a moderate grade of CRS and neurotoxicity, and better results were observed in patients undergoing alloHSCT (215). An important advantage of CAR T cells is their capacity to interact with malignant cells displaying different antigens, such as CD19, CD20, and CD22 (212).

Although CAR T cell implementation in B cell ALL has obtained favorable results, its implementation in T cell ALL presents limitations because CAR T cells and malignant T cells share similar expression profiles of target antigens, which gives rise to a non-specific cytotoxic activity incapable of discriminating CAR T cells from malignant T cells, leading to T cell aplasia and eventual immunodeficiency. Notwithstanding, the identification of antigens, such as CD4, CD5, and CD7, on T cell ALL shows promise for the use of CAR T cell technology, the clinical trials of which are ongoing (127).

Limitations of CAR T cell therapy in ALL involve the following (1): poor expansion and limited persistence in vivo caused by defects in the design and manufacturing of CAR T cell therapy (2), internalization of the CD19 glycoprotein and resurgence in tumor cells (3), toxicity (CAR T cells present numerous cellular interactions that could promote the cytokine-mediated systemic inflammatory response), and (4) aplasia of B cells and humoral deficiency that might promote infections (204, 205, 216).



Adoptive T Cell Therapy Using Tumor Neoantigens

ACT is based on TIL expansion and infusion in patients following lymphodepletion. ACT aims to generate a robust immune-mediated antitumor response via infusion of ex vivo-manipulated T cells. Studies have suggested that clinical outcomes correlate with tumor mutational and neoantigen load (217–219). Although ALL has been described as a malignancy with low mutational load, a recent analysis reported that it is possible to obtain immunodominant neoantigens that could be used to develop neoepitope-CD8+ T cells and treat patients with ALL (83, 220). To explore the effectiveness of this strategy, 36 putative neoantigens from the ETV6–RUNX1 fusion were tested, and 31 neoantigens were immunogenic. The co-culture of HLA-specific APCs with neoepitopes and isolated CD8+ tumor-infiltrating lymphocytes results in TNF-α and IFN-γ production. Therefore, this strategy provides a possibility to consider the adoptive transfer of neoepitope-CD8+ T cells as immunotherapy in leukemia and could be used in the consolidation phase or subsequent treatment (83).



Activation of Necroptosis

The suppression of cell proliferation in leukemic lineages has significant challenges. On one hand, mAb treatment ablates the main elements of the adaptive immune response, including T and B cells, which could favor infection burst or immune-mediated disease development (221, 222). On the other hand, to increase tumor-specific T cell responses, it is necessary to promote leukemic cell immunogenicity. To date, the primary goal of several research groups has been to promote apoptosis in malignant cells; however, this type of cell death is immune-tolerogenic. Recent studies have shown that a new class of targeted drugs (second mitochondrial activator of caspases, SMAC) antagonizes diverse anti-apoptotic proteins (inhibitor of apoptosis proteins) and, in combination with dexamethasone, promotes increased immunogenic cell death (necroptosis) in ALL (223, 224). Necroptosis is a regulated inflammatory mode of cell death that is caspase-independent and presents highly regulated necrotic features (225). Necroptosis produces the release of DAMPs and proinflammatory cytokines, allowing a better cytotoxic function by tumor-specific T cells (225–227). The activation of necroptosis has been explored as an anti-leukemic therapy, and several SMAC mimetic compounds are currently in phase I or II clinical trials to treat hematological malignancies, including ALL (225, 228). The leading problem with active necroptosis in ALL therapy is its potential to induce immunogenicity. Observations from solid tumors suggest that necroptosis is not always pro-inflammatory or immunogenic; however, there are no reports of necroptosis in ALL (223, 229).




Conclusion

Despite defined treatment protocols, leukemia remains a global health problem due to high relapse and treatment failure rates. ALL studies suggest that immune response evasion by leukemic cells could promote malignant cell proliferation and invasion. The identification of leukemic cell strategies to deactivate immune cells and induce an immunosuppressive TME to resist apoptosis has been suggested to have potential implications in the field of personalized immunotherapy for ALL—for example, the infusion of co-stimulatory adapted CAR T cells to increase cytotoxic T cell responses is a current option for ALL treatment. The infusion of neoepitope-specific ALL cells to increase the MHC response is also a potential alternative. Among the treatments for patients with ALL, the induction of leukemic cells to become immunogenic is a promising alternative because it promotes an immunogenic microenvironment and influences direct malignant cell elimination. Further research into the immune evasion mechanisms underlying ALL development and progression is required to gain knowledge on the molecular and cellular leukemogenesis mechanisms, which could contribute to the design of new anti-ALL therapies.
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Mast cells are immune cells that store large amounts of mast cell-restricted proteases in their secretory granules, including tryptase, chymase and carboxypeptidase A3. In mouse mast cells, it has been shown that tryptase, in addition to its canonical location in secretory granules, can be found in the nuclear compartment where it can impact on core histones. Here we asked whether tryptase can execute core histone processing in human mast cell leukemia cells, and whether tryptase thereby can affect the epigenetic modification of core histones. Our findings reveal that triggering of cell death in HMC-1 mast cell leukemia cells is associated with extensive cleavage of core histone 3 (H3) and more restricted cleavage of H2B. Tryptase inhibition caused a complete blockade of such processing. Our data also show that HMC-1 cell death was associated with a major reduction of several epigenetic histone marks, including H3 lysine-4-mono-methylation (H3K4me1), H3K9me2, H3 serine-10-phosphorylation (H3S10p) and H2B lysine-16-acetylation (H2BK16ac), and that tryptase inhibition reverses the effect of cell death on these epigenetic marks. Further, we show that tryptase is present in the nucleus of both viable and dying mast cell leukemia cells. In line with a role for tryptase in regulating nuclear events, tryptase inhibition caused increased proliferation of the mast cell leukemia cells. Altogether, the present study emphasizes a novel principle for how epigenetic modification of core histones is regulated, and provides novel insight into the biological function of human mast cell tryptase.
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Introduction

Mast cells are hematopoietic cells of the immune system. They are implicated in various pathological conditions, including allergic conditions, autoimmune disorders, cancer and cardiovascular diseases (1–3). In addition, mastocytosis is a pathological condition in which the mast cell population is expanded. Typically, the latter occurs through a D816E mutation in KIT, i.e., the receptor for stem cell factor. This mutation results in constitutive KIT activation, and since stem cell factor is a critical growth factor for mast cells, constant KIT signaling will result in excessive mast cell proliferation (4). Mastocytosis is a rare disorder and is subclassified into cutaneous and systemic forms, with the systemic form being further subclassified into indolent and advanced variants, the latter encompassing aggressive systemic mastocytosis and mast cell leukemia (4).

A hallmark feature of mast cells is their high content of secretory granules. These contain vast amounts of preformed bioactive inflammatory mediators, including various amines (e.g., histamine, serotonin), proteoglycans of serglycin type, lysosomal hydrolases, cytokines (e.g., TNF), growth factors (e.g., VEGF), and a panel of mast cell-restricted proteases (5). The latter category encompasses tryptase, chymase and carboxypeptidase A3 (CPA3), and these proteases are stored in remarkably high amounts (5, 6). The mast cell proteases have been shown to account for the detrimental impact of mast cells in various pathological settings (5–9), but they also have beneficial functions, in particular in host defense against various toxins (10–12).

Among the mast cell proteases, tryptase has a unique macromolecular organization, being built up as a tetrameric enzyme with all of its active sites facing a central, narrow pore (13). Due to this organization, tryptase is completely resistant to the action of endogenous, macromolecular protease inhibitors. Moreover, since most macromolecular substrates are not able to enter the central pore of tryptase, the enzyme has a relatively narrow substrate cleavage repertoire (13, 14).

In a previous study, we noted that tryptase expressed by mouse primary mast cells has the capacity to execute N-terminal cleavage of nuclear core histones in mast cells undergoing apoptotic cell death (15). We also demonstrated that tryptase, in addition to its canonical location within the mast cell secretory granules, also can be found in the nucleus of primary, cultured mouse mast cells (15). It is now well established that the N-terminal portions of nuclear core histones are important sites for deposition of epigenetic marks, including acetylation, phosphorylation and methylation (16, 17). N-terminal cleavage of core histones by tryptase could potentially serve to remove such epigenetic histone marks. Hence, any biological effects mediated by the respective marks will be erased though the action of tryptase. In support of this notion, we found previously that murine mast cells lacking tryptase expression display an elevation in the levels of histone 2B (H2B) lysine-5 acetylation (H2BK5ac) (18).

Although an effect of tryptase on core histones has been detected in primary mouse mast cells, the possibility that tryptase has an effect on the processing and epigenetic modification of core histones in human mast cells has not been explored. In this study we addressed this possibility by examining the effects of tryptase on core histone processing and epigenetic modification in human mast cell leukemia cells undergoing cell death. Moreover, we investigated whether tryptase can be found in the nucleus of mast cell leukemia cells and if tryptase can have an impact on mast cell leukemia cell proliferation.



Results


H-Leu-Leu-OMe (LLME), Staurosporine and Histone Methyltransferase Inhibitors Are Cytotoxic for HMC-1 Mast Cells

To investigate the impact of tryptase on histone integrity during mast cell death, we first evaluated cell death responses of HMC-1 cells to various cytotoxic agents. To this end, HMC-1 cells were treated with either H-Leu-Leu-OMe (LLME) [a lysosomotropic agent with mast cell granule-permeabilizing properties (19)], staurosporine (an agent known to cause caspase-dependent apoptosis), UNC-0638 or UNC-1999; the latter compounds represent histone methyltransferase inhibitors with known ability to induce cell death in transformed mast cells (20). These analyses revealed that all of the employed agents were cytotoxic to the HMC-1 cells (Supplementary Figure 1A). A further analysis showed that all agents caused cell death with signs of both apoptosis (Annexin V+/Draq7-) and necrosis/late apoptosis (Annexin V+/Draq7+) (Supplementary Figure 1B, C). Notably, apoptotic cell death dominated in response to LLME, in agreement with previous findings in which LLME was shown to cause apoptosis in primary mouse mast cells (19, 21).



LLME, Staurosporine and Histone Methyltransferase Inhibitors Cause Histone 3 Processing in HMC-1 Mast Cells

To investigate the impact of cell death on core histone processing in the HMC-1 cells, we performed Western blot analysis. As shown in Figure 1A, the intensities of the bands corresponding to the respective core histones (H3, H2B, H4, H2A) were generally reduced in response to UNC-0638 or UNC-1999 (Figure 1A), most likely reflecting a general decline in cellular protein levels during the cell death process; this was supported by a general reduction in β-actin levels (Figure 1A). Interestingly, limited cleavage of H3 was seen in response to UNC-0638, and also to some extent in response to UNC-1999 (Figure 1A; quantification of band intensities is shown in the right part of the panel), suggesting that histone processing may accompany cell death in response to these agents. Cleavage of H2B, H2A or H4 was not observed. Limited H3 cleavage was also seen in response to staurosporine (Figure 1B), and profound H3 cleavage was seen in response to LLME (Figure 1B); LLME also caused cleavage of H2B. Altogether, these findings indicate that cell death of HMC-1 cells, in response to various cytotoxic agents, is accompanied by histone cleavage. Moreover, out of the assessed cytotoxic agents, LLME had the most extensive effects on core histone cleavage in the HMC-1 cells.




Figure 1 | Histone 3 (H3) is cleaved in human mast cell leukemia cells in response to cytotoxic agents. HMC-1 cells (0.5 x 106 cells/ml) were either left untreated or incubated for 24 h with either (A) UNC-0638 (25 μM), UNC-1999 (50 μM), (B) staurosporine (1 μM) or H-Leu-Leu-OMe (LLME) (400 μM). Samples corresponding to equal numbers of cells were subjected to Western blot analysis for histone 3 (H3), H2B, H4 and H2A, with ß-actin as loading control. Quantification of the signal intensity for cleaved H3 and H2B, as % of total H3 and H2B, is shown in the right part of the panels. The presented data are representative of at least two independent experiments and are given as mean values ± SEM (n=3). ***p ≤ 0.001; ****p ≤ 0.0001. ns, not significant.





Cell Death in HMC-1 Cells Is Associated With a Reduction in the H3K4me1, H3K9me2 and H3K27me3 Epigenetic Marks

Next, we assessed whether cell death in HMC-1 cells is accompanied by effects on the levels of epigenetic histone marks, based on the notion that apoptosis is associated with extensive histone modifications (22). For this purpose, we examined the effects of LLME, staurosporine, UNC-0638 or UNC-1999 on the levels of the H3 lysine-4 mono-methylation (H3K4me1), H3 lysine-9 di-methylation (H3K9me2) and H3 lysine-27 tri-methylation (H3K27me3) epigenetic marks. As shown in Figure 2A, a robust reduction of H3K4me1 and H3K27me3, as well as a minor rection of H3K9me2, was seen in response to both UNC-0638 and UNC-1999. Moreover, a profound reduction in the levels of H3K4me1 and H3K9me2 was seen in response to LLME (Figure 2B). A more limited reduction of H3K4me1 and H3K9me2 was seen in response to staurosporine, whereas neither LLME nor staurosporine caused a reduction of H3K27me3 levels.




Figure 2 | Cytotoxic agents cause reductions in the levels of epigenetic histone marks in mast cell leukemia cells. HMC-1 cells (0.5 × 106 cells/ml) were incubated for 24 hours with (A) UNC-0638 (25 μM), UNC-1999 (50 μM), (B) staurosporine (1 μM) or H-Leu-Le (400 μM), followed by Western blot analysis for the levels of the H3K4me1, H3K9me2 and H3K27me3 marks, with ß-actin as loading control. Quantification of H3K4me1, H3K9me2 and H3K27me3 levels by densitometry is shown in the lower part of the panels. Data are representative of three independent experiments and are given as mean values ± SEM (n=3). *p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001. ns, not significant.





Tryptase Inhibition Causes Increased Late Apoptosis/Necrosis Over Apoptosis in HMC-1 Cells

The findings above reveal that cell death in HMC-1 cells is accompanied by extensive core histone processing and alterations in the levels of epigenetic histone marks. Considering that tryptase has previously been shown to regulate such processes in primary murine mast cells (15, 18), we next considered the possibility that the effects on core histone processing/epigenetic modification in HMC-1 cells could be dependent on tryptase. To approach this issue, we first assessed whether the inhibition of tryptase, by using either a general seine protease inhibitor (Pefabloc SC) or a potent tryptase inhibitor (nafamostat) (23), could have an impact on the cell death process in HMC-1 cells. Moreover, since we noted above that cell death-induced core histone cleavage and epigenetic modification was most profound in response to LLME, we focused in the following on LLME out of the assessed cytotoxic agents.

As seen in Figures 3A, B and Supplementary Figure 1, LLME caused predominantly apoptotic cell death in HMC-1 cells. However, in the presence of either Pefabloc SC (Figure 3A) or nafamostat (Figure 3B), a profound reduction in the proportion of apoptotic (Annnexin V+/Draq7-) cells was seen, and this was accompanied by a corresponding increase in the population of late apoptotic/necrotic (Annexin V+/Draq7+) cells. Nafamostat was not cytotoxic to the HMC-1 cells (Figure 3B), whereas limited cytotoxicity of Pefabloc SC was seen (Figure 3A). Hence, these findings reveal that tryptase impacts on the mechanism of cell death of HMC-1 cells in response to LLME.




Figure 3 | Tryptase inhibition alters the mode of cell death in human mast cell leukemia cells subjected to cytotoxic agent. HMC-1 cells (0.5 x 106 cells/ml) were incubated with either Pefabloc SC (A; 100 μM) or nafamostat (B; 20 μM) for 30 min prior to treating the cells with LLME (400 μM) for 24 h. Cells were analyzed by flow cytometry for Annexin V/Draq7 positivity. Dot plots are shown with representative samples showing staining with Annexin V-FITC (FL-1) and Draq7 (FL-3), with the % of cells indicated within each quadrant. Quantification of the data is shown to the left. Data are representative of at least two independent experiments and are given as mean values ± SEM (n = 3). ***p ≤ 0.001.





Tryptase Inhibition Blocks H3 Cleavage in HMC-1 Cells

Next, we sought to investigate whether the LLME-induced cleavage of H3 was dependent on tryptase. As seen in Figures 4A, B, extensive cleavage of H3 was seen in response to LLME, confirming our findings above. However, when cells had been treated with either Pefabloc SC or nafamostat, the H3 processing was completely abolished. In contrast, the H3 cleavage was not affected in the presence of general inhibitors of cysteine proteases (E-64d), aspartic acid proteases (Pepstatin A) or metalloproteases (EDTA). Hence, these findings indicate that tryptase has a major role in executing H3 cleavage in the context of cell death in HMC-1 cells.




Figure 4 | Treatment of mast cell leukemia cells with tryptase inhibitor abrogates H3 cleavage in response to cytotoxic agents. (A) HMC-1 cells (0.5 x 106 cells/ml) were incubated with protease inhibitors: Pefabloc SC (Pefa; 0.1 mM), nafamostat (Nafa; 20 μM), E-64d (15 μM), Pepstatin A (Pep A; 50 μM) or EDTA (20 μM) for 30 min prior to treating the cells with LLME (400 μM) for 24 h. Subsequently, samples corresponding to equal numbers of cells were subjected to Western blot analysis for histone 3 (H3), with ß-actin as loading control. (B) Quantification of the signal intensity for cleaved H3, as % of total H3. The presented data are representative of at least two independent experiments, and are given as mean values ± SEM (n=3). ****p ≤ 0.0001. ns, not significant.





Tryptase Inhibition Modulates Epigenetic Histone Modification in HMC-1 Cells

Extending from the observation that tryptase causes H3 cleavage in HMC-1 cells during cell death, we then proceeded to investigate whether tryptase thereby could modify the pattern of epigenetic H3 marks in the HMC-1 cells. First, we investigated the impact of tryptase inhibition on the levels of the H3K4me1 and H3K9me2 marks, considering that the levels of both of these are affected during LLME-induced cell death (see Figure 2). As seen in Figures 5A, B, tryptase inhibition by either Pefabloc SC or nafamostat completely reversed the effect of LLME on the levels of both these marks. Moreover, both Pefabloc SC and nafamostat caused a slight increase in the levels of the H3K4me1 and H3K9me2 marks also at baseline conditions, i.e., in the absence of cell death-inducing agent (Figures 5A, B).




Figure 5 | Tryptase inhibition blocks the effect of cytotoxic agents on the levels of epigenetic histone marks in mast cell leukemia cells. (A) HMC-1 cells (0.5 x 106 cells/ml) were either left untreated or treated with either Pefabloc SC (Pefa; general serine protease inhibitor) or nafamostat (Nafa; tryptase inhibitor) for 30 min prior to incubation with LLME (400 μM) for 24 h. Samples corresponding to equal numbers of cells were subjected to Western blot analysis for levels of the H3K4me1, H3K9me2, H3K27me3, H2BS14p, H3S10p and H2BK16ac marks, with ß-actin used as loading control. (B) Quantification of the levels of the H3K4me1, H3K9me2, H3K27me3, H2BS14p, H3S10p, and H2BK16ac marks, normalized to the loading control. The presented data are representative of at least two independent experiments and are given as mean values ± SEM (n=3). *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. ns, not significant.



To extend these findings, we also analyzed whether tryptase inhibition could impact on the levels of the H2B serine-14 phosphorylation (H2BS14p), H3 serine-10 phosphorylation (H3S10p) and H2B lysine-16 acetylation (H2BK16ac) marks. Out of these, the H2BS14p mark has a documented role in apoptosis, typically being upregulated in response to cell death (24–26). The H3S10p mark has an important role in chromatin remodeling during the mitotic process (27) but is also implicated in apoptosis (28). Further, the H2BK16ac mark has been shown to be involved in regulation of the cell cycle (29). As depicted in Figures 5A, B, cell death induced by LLME caused a robust reduction in the levels of the H3S10p mark, and it was also seen that tryptase inhibition by either Pefabloc SC or nafamostat attenuated the effect of LLME on H3S10p levels. LLME also caused a reduction in the levels of the H2BK16ac mark, and this effect was blunted in the presence of nafamostat, whereas Pefabloc SC was not capable of reverting the effects of LLME on H2BK16ac levels. Further, cell death in response to LLME was accompanied by a robust increase in the levels of the H2BS14p mark. However, neither nafamostat nor Pefabloc SC had the capacity to reverse the effect of LLME on the levels of this epigenetic mark.



Tryptase Is Found in the Nucleus of HMC-1 Cells

The observed impact of tryptase on nuclear histones implies that tryptase is physically associated with these proteins, either at baseline conditions or as a consequence of the apoptotic process. To address this, we stained the HMC-1 cells for tryptase, both at baseline conditions and after treatment with LLME. As seen in Figures 6A, B, HMC-1 cells showed strong cytoplasmic staining for tryptase, in agreement with the large quantities of tryptase typically found in the secretory granules. Tryptase positivity was also seen after LLME-induced cell death. However, a gradual decline in tryptase staining was seen after induction of cell death, most likely reflecting the release or degradation of tryptase during the cell death process. In accordance with previous finding in mouse mast cells (15), tryptase staining was also seen in the nuclear compartment. This was observed both at baseline conditions and after induction of cell death by LLME. As expected, LLME treatment caused extensive disintegration of the nuclear compartment of the HMC-1 cells, and it was also seen that the levels and distribution of nuclear tryptase was relatively similar at baseline vs. cell death conditions.




Figure 6 | Tryptase is found in the nucleus of HMC-1 cells. HMC-1 cells (0.5 x 106 cell/ml) were either left untreated or treated with 400 μM LLME for 2 or 6 hours. Cells were stained for tryptase and nuclear DNA (Hoechst 33342), followed by confocal microscopy analysis. (A) 3-D view generated from Z-stack sections. Note the abundant tryptase staining in the cytoplasm of control cells and a gradual decline in tryptase staining after LLME treatment; bar scale = 10 μm. (B) The left and right panels show solid front and back views of the same control cell or cells treated with LLME for either 2 or 6 hours. The middle panels show translucent nuclear structure. Note that the translucent depiction of nuclei reveals the presence of tryptase within the nuclear compartment of both control- and LLME-treated cells (indicated by white arrows); bar scale = 5 μm.





Tryptase Inhibition Causes Increased HMC-1 Cell Proliferation

Our findings above reveal that tryptase has an impact on events occurring during cell death, and our data also demonstrate that tryptase is found in the HMC-1 cell nucleus, both at baseline conditions and in the context of cell death. Intriguingly, our findings also suggest that tryptase has an impact on the levels of certain epigenetic marks at baseline conditions. Altogether, this introduces the possibility that tryptase might impact on nuclear events even at baseline conditions, a notion that is supported by previous studies showing that the knockout of tryptase in murine primary mast cells results in loss of proliferative control (18). To assess whether tryptase could have an impact on proliferation also in transformed, human mast cells, we next investigated whether tryptase inhibition has an effect on the ability of HMC-1 cells to proliferate. For this purpose, HMC-1 cells were cultured in the absence or presence of nafamostat, followed by assessment of cell death (Annexin V/Draq7 staining) and quantification of cell numbers. This analysis revealed that nafamostat was not cytotoxic to the HMC-1 cells (Figure 7A), and also revealed a more rapid increase in cell numbers when cells were cultured in the presence of the tryptase inhibitor (Figure 7B). To assess whether the increased growth rate was due to increased proliferation, we adopted EdU staining. Indeed, this analysis revealed a markedly higher portion of proliferating cells in the presence of nafamostat (Figure 7C), suggesting that tryptase inhibition has a stimulatory impact on HMC-1 cell proliferation.




Figure 7 | Nafamostat increases proliferation of HMC-1 cells. HMC-1 (0.1 x 106 cell/ml) were left untreated or cultured in presence of nafamostat. (A) Flow cytometry analysis showing representative dot plots and cell viability of HMC-1 cells after 24h treatment with different concentrations of nafamostat; quantification is shown in the right panel. (B) Cell counts in control cultures and in cultures containing 10 μM nafamostat. Note the increase in cell numbers when cells are cultured in the presence of nafamostat. No effect of nafamostat was seen on cell viability as measured by trypan-blue staining or on cell size. (C) Cells were assessed for proliferation by EdU staining and flow cytometry analysis. Representative dot blot shows gated alive cells (upper left panel) and merged representative histograms for the EdU staining (left lower panel). Quantification of the EdU staining as % EdU+ cells and mean fluorescence intensity (MFI) is depicted in the right panel. Data are represented as mean values ± SEM and analyzed with 2-way ANOVA and unpaired t test. *p ≤ 0.05, ***p ≤ 0.0001. ns, not significant.






Discussion

Tryptase is one of the established biomarkers for mastocytosis, with an increase in tryptase levels being one out several criteria for diagnosing a patient with mastocytosis (30). Tryptase is also a well-established biomarker for anaphylaxis, in which a dramatic increase in serum tryptase levels can be attained (31). Further, tryptase is considered as a potential biomarker for a range of additional pathologies, including asthma (8) and melanoma (32). On a different angle, it has been found that certain individuals harbor an increased copy number of the tryptase alpha gene, which leads to elevated basal tryptase levels, associated with a complex pathology denoted hereditary alpha tryptasemia syndrome (33).

Altogether, tryptase is thus implicated as a diagnostic tool in a wide range of disorders. However, beyond its diagnostic value, there is more limited insight as to whether tryptase has a functional impact on any of these settings. In this study we provide novel insight into this issue, by examining the functional impact of tryptase on mast cell leukemia cells. Our findings reveal that tryptase has a profound effect on the processing of nuclear core histones, in the context of cell death induced in response to a variety of triggers. Notably, the extent of histone processing was most profound in cells where cell death was triggered by exposure to LLME. LLME is a lysosomotropic agent that has the capacity to induce mast cell secretory granule permeabilization. This will lead to the release of tryptase from the granules into the cytosol, and it would thus be expected that cell death in response to such a mechanism would lead to more evident effects on histone processing vs. triggering of cell death by other mechanisms (which may not cause granule permeabilization to the same extent). It was also notable that, out of the various core histones, H3 was most susceptible, being degraded in response into each of the adopted cell death-triggering agents. This probably reflects that H3 has a more extended N-terminal tail than the other core histones, protruding outside of the nucleosomes. Most likely, the N-terminal tail of H3 is thereby highly susceptible to the proteolytic action of tryptase. Moreover, since the H3 N-terminal tail is structurally flexible, it is likely that it can enter the central pore of tryptase without major steric hindrance.

We also noted that cell death induced by LLME was accompanied by a reduction in several epigenetic marks deposited on H3, including H3K9me2 and H3K4me1. H3K9me2 is strongly associated with transcriptional repression (34), whereas H3K4me1 is enriched at active enhancers (35). The reduction of these marks in HMC-1 cells exposed to cytotoxic agents may thus reflect effects on regulation of the transcriptional program. Intriguingly, the reduction in the levels of these marks was completely abolished in cells treated with tryptase inhibitor, introducing the notion that tryptase can regulate transcriptional events mediated through these epigenetic marks. These marks are found close to the N-terminus of H3, and a likely explanation for the observed effects would be that tryptase executes proteolytical cleavage in the N-terminal tail of H3, such that these marks are erased.

In addition to influencing H3K9me2 and H3K4me1, our data also indicate that tryptase has the capacity to remove H3S10p and H2BK16ac marks in response to triggering of cell death. The H3S10p mark is known to have a role in the regulation of cell apoptosis (28), and our data thus suggest that tryptase has the capacity to modulate apoptotic responses mediated by this epigenetic mark. In line with this, we noted that tryptase inhibition has a strong impact on the mechanism of cell death, with tryptase inhibition causing a diversion of the cell death mode from apoptosis to late apoptosis/necrosis. However, further investigations are needed to determine if this diversion is a direct effect of the altered epigenetic landscape induced by proteolytic effects of tryptase on core histone tails.

An interesting observation was that tryptase inhibition caused an increase in the levels of certain histone marks (H3K4me1 and H3K9me2) even at baseline conditions, i.e., in the absence of cell death-triggering agent. This implies that tryptase may have an impact in the nuclear compartment even in viable cells. In line with this, we found here that tryptase, in addition to its location within secretory granules, also is found within the nuclear compartment of the human mast cell leukemia cells, and there is also previous evidence that tryptase can be found in the nucleus of non-transformed mast cells (36, 37). Hence, tryptase can impact on core histones not only during cell death, when large amounts of tryptase are released from granules, but also at steady state. Indeed, our data show that tryptase inhibition caused an increased expansion of the HMC-1 cultures under baseline conditions, and that this was attributed to an enhanced rate of proliferation. Potentially, this increase in proliferation could be due to tryptase-mediated effects on the epigenetic landscape in the HMC-1 nucleus, such as our observed increase in the H3K4me1 and H3K9me2 marks in HMC-1 cells treated with tryptase inhibitor. However, further investigations will be needed to establish the causative relationship between tryptase inhibition and regulation of cellular proliferation.



Materials and Methods


Reagents

UNC-0638 (cat no U4885) was from Sigma-Aldrich (Steinheim, Germany), UNC-1999 (cat no S7165) from Selleckchem (Houston, TX), H-Leu-Leu-OMe (LLME) (cat no 4000725.0005) from Bachem (Bubendorf, Switzerland). Nafamostat mesylate (cat no N0289), staurosporine (cat no S4400), mefloquine (cat no M2319), Pefabloc SC (cat no 11429868001), pepstatin A (cat no 516481) and E-64d (cat no E8640) were from Sigma-Aldrich (Steinheim, Germany). Rabbit anti-H3K9me2 antibody (cat no 07-441) was from EMD-Millipore (Darmstadt, Germany). Rabbit anti-H3K4me1 (cat no 5323S) monoclonal antibody was from Cell Signaling Technology (Danvers, MA). Rabbit anti-histone 2A (H2A) (cat no ab177308), H2B (cat no ab1790), H3 (cat no ab1791) and H4 (cat no ab177840) antibodies, mouse anti-H3K27me3 (cat no ab6002) monoclonal antibody and rabbit anti-H3S10p (cat no ab272166) polyclonal antibody were from Abcam (Cambridge, UK). A mouse monoclonal antibody to β-actin (cat no sc-517582) was from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-H2BS14p polyclonal antibody (cat no PA5-105775) was from Invitrogen (Eugene, OR). Rabbit anti-H2BK16ac (cat no 39121) was from Active Motif (Carlsbad, CA).



Culture of Mast Cell Leukemia Cells

The human mast cell line (HMC-1) was cultured in Iscove’s Modified Dulbecco’s medium (IMDM) (cat no 11504556; Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (cat no 11573397; Invitrogen, Carlsbad, CA), 2 mM L-glutamine (cat no 59202C; Sigma Aldrich), 100 μg/mL streptomycin (Sigma Aldrich), 100 IU/mL penicillin (Sigma Aldrich; cat no P4333) and 1.2 mM 1-thioglycerol (cat no M6145; Sigma Aldrich). The medium was replaced every third day; cells were cultured at 0.3 x 106 cells/ml at 37°C with 5% CO2 and used for at most 10 passages after initial thawing.



Cell Viability Assessment

To evaluate the effects of different inhibitors on cell viability, cells were preincubated with or without inhibitors. The Cell Titer-Blue cell viability assay (cat no G8080; Promega, Carlsbad, CA) was used to assess cytotoxicity. Triplicates of 0.5 x 106 cells/ml were resuspended in complete culture medium, transferred into a 24-well flat-bottomed plates and incubated overnight at 37°C with 5% CO2. The next day, cells were either treated with inhibitors or left non-treated and incubated at 37°C with 5% CO2. After 24 h incubation, 90 μl of the cell suspensions were transferred into 96-well flat-bottomed plates, followed by adding 10 μl of cell viability reagent, and incubation for 1 h at 37°C (5% CO2) followed by measuring of fluorescence using a microplate reader (M200-Infinite; Tecan, Männedorf, Switzerland) at 560 nm for excitation and 590 nm for emission.



Flow Cytometry Assessment of Cell Death

Cells were treated with UNC-0638 (25 μM), UNC-1999 (50 μM), LLME (400 μM), staurosporine (1 μM) or left untreated prior to incubation for 24h (at 37°C, 5% CO2). Subsequently, cells were centrifuged (400 x g, 5 min), washed with cold PBS and cell death was assessed by staining with Annexin V-FITC (BD Biosciences, Franklin Lakes, NJ) and Draq7™ (Biostatus, Shepshed, UK) diluted in Annexin V binding buffer (BD Biosciences). Cells were analyzed with a BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences), and the FlowJo software (BD Biosciences) was used for data analysis. Cells were counted using a Countess II FL automated cell counter (Thermo Fisher Scientific, Waltham, MA). Protease inhibitors (Pefabloc SC, Nafamostat, E-64d, EDTA and pepstatin A) were preincubated for 30 min before adding the UNC-0638, UNC-1999, LLME or Staurosporine.



Western Blot

Western blot analysis was performed as previously described (38). Equal amounts of cells were diluted in 100 μl of Laemmli sample buffer and boiled for 10 min at 95°C in a heating-block. Thereafter, samples were separated by SDS-PAGE (Novex WedgeWell 4-20% Tris-Glycine Gels, Thermo Fisher Scientific). Gels were transferred onto Immobilon-FL PVDF membranes (EMD-Millipore), followed by blocking in Odyssey Blocking buffer (LI-COR, Lincoln, NE) mixed with an equal volume of TBS or PBS, prior to overnight-incubation at 4°C with one of the following primary antibodies (1:1000; in blocking buffer): anti-histone 2A (H2A), H2B, H4, H3K4me, H3K9me3, H3K27me3, H2B-S14p or H3-S10p antibody. Thereafter, membranes were washed (3 × 10 min) with PBS or TBS/0.1% Tween-20, followed by a final wash (10 min) with PBS or TBS and then by incubation with secondary fluorescent antibodies (1:15,000; in TBS or PBS). The secondary antibodies were from LI-COR (IRDye 800 CW Donkey Anti-Rabbit IgG, IRDye 680 CW Donkey Anti-Mouse IgG, and IRDye 800 Donkey; LI-COR). After one hour of incubation at room temperature, the membranes were washed and scanned by using the Odyssey CLx Imaging System (LI-COR). Western blots were quantified and analyzed using Image Studio Lite Software (LI-COR). The targeted proteins were normalized to the loading control (β-actin).



Confocal Microscopy

Aliquots of 200 μl with 0.3 x 106 cells were dropped into round areas on microscopic glasses made with liquid-repellent pen. Suspensions were kept for 15 min and liquid was removed carefully with filter paper. The remaining cells were left to dry for 15 min. Samples were fixed and permeabilized with methanol for 10 min, followed by a 15 min drying step. On the top of each area, 100 μl of the mouse monoclonal human mast cell tryptase antibody (Abcam, Cambridge, UK) (1:500) in Tris-buffered saline (TBS)/1% bovine serum albumin (BSA) and/or isotype control at the same concentration were left overnight at 4°C, followed by 3 x washing with TBS-T. 100 μl of anti-mouse Alexa-488 conjugated antibody in TBS/1% BSA was added to each slide. The slides were kept at room temperature in the dark for 2 h and then washed three x with TBS-T. NucBlue (Life Technologies, Carlsbad, CA) was added, followed by 3 x washing with TBS-T. The slides were mounted with SlowFade™ diamond antifade mounting medium (Invitrogen, Eugene, OR) and cover glasses. Samples were analyzed using a laser-scanning microscope equipped with ZEN 2009 software (LSM 710, Carl Zeiss, Berlin, Germany).



Cell Growth in the Presence of Nafamostat

HMC-1 cells were initially diluted to 0.1 x 106 cells/ml and 1 ml cell suspensions were distributed in triplicates into 24-well plates. Nafamostatat mesylate was added at different concentrations and cells were incubated at 37°C with 5% CO2 for different time periods. Cell viability was accessed using Annexin-V and Draq7 (Biostatus, Shepshed, UK) 24 h after nafamostat treatment to evaluate toxicity. Samples were analyzed by flow cytometry using a BD Accuri C6 plus flow cytometer (BD Biosciences). Cells left under culture conditions were subcultured for 4 and 7 days. Cell counts, viability and size were measured using the Countess II FL automated cells counter (Life Technologies).



EdU Labeling

1 ml of 0.1 x 106 cells/ml were distributed into 24-well plates. Cells were treated with 10 μM nafamostat and kept at 37°C in 5% CO2 for 48 h. Two hours before harvesting the cells, 10 μM EdU was added. Cells were then stained using the Click-iT™ EdU Alexa 488 flow cytometry kit (Life Technologies). Flow cytometry analysis was performed (BD Accuri C6 plus). Data from 10,000 events/sample were collected and analyzed by the Flow Jo software (Ashland, OR).



Statistical Analysis

Statistically significant differences between groups were determined by using one-way ANOVA with post hoc Dunnett’s multiple comparison test. All graphs were prepared, and statistics calculated using GraphPad Prism 8.0 (GraphPad software Inc., San Diego, CA). A P-value of less than 0.05 was considered significant.
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Background

The presence of minimal residual disease (MRD) is an independent risk factor for poor prognosis in patients with acute lymphoblastic leukemia (ALL). Moreover, the role of chimeric antigen receptor T-cell (CAR-T) therapy in patients with MRD is currently unclear.



Methods

We conducted a prospective study to investigate the role of CAR-T therapy in patients with persistent/recurrent MRD-positive ALL in first remission.



Results

A total of 77 patients who had persistent/recurrent MRD were included. Of these patients, 43 were enrolled in the CAR-T group, 20 received chemotherapy as a bridge to allogeneic hematopoietic cell transplantation (allo-HSCT), and 14 patients received intensified chemotherapy. MRD negativity was achieved in 90.7% of the patients after CAR-T infusion. Patients who received CAR-T therapy had a higher 3-year leukemia-free survival (LFS) than patients who did not (77.8% vs. 51.1%, P = 0.033). Furthermore, patients in the CAR-T group had a higher 3-year LFS than those in the chemotherapy bridge-to-allo-HSCT group [77.8% (95% CI, 64.8–90.7%) vs. 68.7% (95% CI, 47.7–89.6%), P = 0.575] and had a significantly higher 3-year LFS than those in the intensified chemotherapy group [77.8% (95% CI, 64.8–90.7%) vs. 28.6% (95% CI, 4.9–52.3%), P = 0.001]. Among the patients who received CAR-T therapy, eight were not bridged to allo-HSCT, and six (75%) remained in remission with a median follow-up of 23.0 months after CAR-T infusion.



Conclusions

Our findings show that CAR-T therapy can effectively eliminate MRD and improve survival in patients with a suboptimal MRD response.





Keywords: measurable residual disease, chimeric antigen receptor T-cell, pre-empty therapy, acute lymphocyte leukemia, pediatrics



Background

Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer. Despite remarkable improvements in the prognosis of ALL over the past decades, treating relapsed ALL remains challenging. Many studies have shown that eliminating minimal residual disease (MRD), which is one of the most important criteria for risk stratification, reduces relapse (1, 2). The US Food and Drug Administration claimed that the persistence of MRD is associated with poor prognosis, regardless of trial approach and detection methods, and highlighted the need for interventions for patients in first complete remission (CR1) (3). A previous study in our institute also showed that persistent/recurrent MRD was the most significant adverse prognostic indicator in pediatric ALL (4). Thus, eradicating MRD in CR1 is essential.

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is recommended as a frontline treatment for high-risk and relapsed ALL. Several studies have suggested that allo-HSCT is associated with lower relapse risk than chemotherapy in patients with MRD in CR1 (5, 6). However, Zhao et al. indicated that the 3-year cumulative incidence of relapse was significantly lower in patients with pre-HSCT MRD negativity than in those with pre-HSCT MRD positivity (16% vs. 31%, P < 0.001). St. Jude Children’s Research Hospital also reported that persistent MRD at the time of HSCT was associated with high relapse rates and transplant-related mortality (TRM) (7). HSCT and intensification of chemotherapy to decrease pre-HSCT MRD carry a substantial risk of morbidity and mortality in the presence of MRD. Therefore, novel therapeutic approaches that can effectively eliminate MRD are urgently needed.

Recently, chimeric antigen receptor T-cell (CAR-T) therapy has been reported to be the most promising approach for the treatment of refractory/relapsed (R/R) B-cell ALL (8). In the ELIANA trial, which included children and young adults with R/R B-ALL, the response rate was 81%, and the leukemia-free survival (LFS) among responders was 62% at 24 months (9). Several groups have shown that most of patients become MRD-negative and maintain their status for several months after CAR-T infusion. Moreover, a previous study in our institute showed that CAR-T infusion was effective in patients with MRD and with no responsive to donor lymphocytes infusion after allo-HSCT (10), suggesting that CAR-T therapy has the potential to induce deeper remission while reducing toxicity. However, the short-term and long-term effects of CAR-T on patients with MRD have not been assessed. Several issues that need to be explored include whether CAR-T therapy can efficiently eradicate MRD and reach a satisfactory response rate similar to those of previous reports on R/R ALL, whether CAR-T therapy can improve the long-term survival of patients with MRD, and whether sustained remission can be achieved with the application of CAR-T therapy without allo-HSCT. To the best of our knowledge, this study is the first prospective study to explore the role of CAR-T therapy in patients with persistent/recurrent MRD in CR1.



Methods


Patients

In this single-center, prospective study, a total of 525 patients who were newly diagnosed with Philadelphia chromosome-negative B-ALL between January 2015 and September 2019 were included (Figure 1). The inclusion criteria were (1) age of 1–18 years (2), achieved complete remission (CR) after induction chemotherapy (3), persistent positive MRD within three months from the start of treatment, and (4) achieved MRD negativity and the conversion of negative to positive MRD during consolidation chemotherapy. The exclusion criteria included (1) morphological relapse within two months of recurrent MRD and (2) severe heart, kidney, or liver disease. This study was approved by the Peking University People’s Hospital review board. All patients’ legal guardians provided written informed consent documents in accordance with the Declaration of Helsinki.




Figure 1 | Diagram of patients enrolled in this study. CAR-T, chimeric antigen receptor T cells; ALL, acute lymphoblastic leukemia; allo-HSCT, allogeneric haematopoietic stem cell transplantation; MRD, measurable residual disease; NR, non-remission; Ph, Philadelphia chromosome.





CAR-T Protocols

The lymphodepleting chemotherapy before CAR-T therapy included fludarabine (25 mg/m2/d on days –5 to –3) and cyclophosphamide (250 mg/m2/d on days –5 to –3). Multiple up-to-date CAR-T engineering technologies have been summarized (11). Anti-CD19 CAR-T cells constructed with a 4-1BB (79%) or CD28 (21%) costimulatory domain were generated via lentiviral vector from fresh leukapheresis material in this study.

For the CAR-T with a 4-1BB costimulatory domain, peripheral blood mononuclear cells (PBMCs) were collected from patients and stimulated with dynabeads coated with anti-CD3 and anti-CD28 mAbs (Thermo Fisher Scientific). Activated T cells were transduced with lentiviral vector encoding the anti-CD19 CAR construct consisting of CD19 recognition domain, transmembrane link domain, 4-1BB intracellular domain, CD3ζ intracellular domain. After lentiviral transduction, the 4-1BB CAR-T-19 cells were cultured in medium supplemented with 500 IU/ml IL-2 at 37°C/5% CO2 for approximately 5 to 11 days to obtain sufficient cells for infusion.

For the CAR-T with a CD28 costimulatory domain, peripheral blood mononuclear cells (PBMCs) were acquired through apheresis from the patients at relapses with sufficient lymphocyte counts, and the T cells were selected using CD3 magnetic beads. CD28 monoclonal antibodies were added for T cell activation in vitro. The activated T cells were transduced with the 4SCAR19 lentiviral vector encoding the CD19 CAR carrying a “safety switch”—iCasp9 for 3-5 days. The CAR-T cells were cultured in AIM-V (Invitrogen, San Diego, CA, USA) medium supplemented with IL-2, IL-7, and IL-15 at 37°C/5% CO2 for approximately 5–7 days to obtain sufficient cells for infusion.

Real-time quantitative polymerase chain reaction was used to quantify the level of the CAR gene (<100 copies/μg DNA was defined as negative). Flow cytometry (FCM) was performed to determine the transduction efficiency and the ratio of B cells in peripheral blood and bone marrow after CAR-T infusion. For patients who chose to be enrolled in the observation group after CAR-T infusion, the levels of the CAR gene and B cells were assessed every month, and maintenance chemotherapy was administered if CAR T cells were not detected in vivo and/or B cells were recovered.



Transplant Protocols

The conditioning regimen for allo-HSCT was in accordance with previous reports (12, 13). Patients who received an HLA-mismatched HSCT received a regimen that included cytarabine (4 g/m2/day IV, days −10 and −9), busulfan (3.2 mg/kg/day IV, days −8 to −6), cyclophosphamide (1.8 g/m2/day IV, days −5 and −4), semustine (250 mg/m2 PO, day −3), and antithymocyte globulin (ATG) (2.5 mg/kg/day IV, days −5 to −2). Patients who received an HLA-identical HSCT were treated with a regimen identical to that of the patients who received an HLA-mismatched HSCT, but without ATG. All patients received acute graft-versus-host disease (aGVHD) prophylaxis consisting of cyclosporine A, mycophenolate mofetil, and a short-term methotrexate regimen.



Chemotherapy Protocols

The intensified chemotherapy regimens were in accordance with a previous report (14). These regimens included (1) an induction therapy (2), a consolidation therapy with two cycles of a re-induction block in between, and (3) a maintenance therapy. The induction and re-induction chemotherapy regimens consisted of vincristine, idarubicin, cyclophosphamide, and L-asparaginase. The consolidation chemotherapy regimens were comprised of methotrexate (MTX), vincristine, and peg-aspargase; and cytarabine (Ara-c), idarubicin, fosfamide, etoposide, and vincristine. The maintenance chemotherapy regimens included mercaptopurine (50 mg/m2/d PO, daily) and methotrexate (20 mg/m2/d IM, weekly). Patients in the chemotherapy bridge-to-allo-HSCT group received MTX (2–3 g/m2/d IV) and/or Ara-c (2 g/m2/d IV, days 1 to 3) based chemotherapy regimens.



Detection of MRD

A panel of eight antibody combinations, which included cCD3, mCD3, CD2, CD5, CD7, CD10, CD19, CD20, CD34, CD38, CD45, CD58, CD99, CD123, and cTDT, were used for MRD detection. The standardized assays and quality controls were consistent with those of previous reports (15). Any MRD level was considered positive. MRD was assessed every month until MRD negativity, every two to three months during consolidation chemotherapy, and every six months during maintenance chemotherapy for patients in the chemotherapy group. MRD was assessed every month until one year of CAR-T therapy and every two to three months until two years of CAR-T therapy for patients in the CAR-T group. MRD was assessed at 1, 2, 3, 4.5, 6, 9, and 12 months post-HSCT and at six-month intervals thereafter for patients in the HSCT group.



Definitions

CR was defined as the presence of <5% blasts in the bone marrow, an absolute neutrophil count of >1 × 109/L, a platelet count of >100 × 109/L, and the absence of extramedullary disease. Recurrence of ≥5% bone marrow blasts and/or the development of extramedullary disease were defined as a relapse. Recurrent MRD was defined as two MRD-positive samples at an interval of one month in a patient who was previously MRD-negative. Non-relapse-related mortality (NRM), aGVHD, and chronic GVHD (cGVHD) were defined as previously described (12). Cytokine release syndrome (CRS) grading was based on the National Cancer Institute (NCI) consensus CRS scoring system.



End Points and Statistical Analysis

The primary endpoint is LFS. The secondary endpoints are MRD negativity rate, overall survival (OS), and safety. LFS was measured from the time when CR was achieved; events of LFS included death in CR1 or relapse. MRD negativity was associated with an undetectable MRD by FCM. The event of OS was death at the date of the last follow-up. The patients’ characteristics were compared using the chi-square test or Fisher’s exact test for categorical variables and the Mann–Whitney rank test or Student’s t-test for continuous variables. The Kaplan-Meier method was used to analyze the LFS and OS. Comparisons between different LFS and OS probabilities were performed using the log-rank test. Multivariate analysis was performed using the Cox proportional hazards regression model. Statistical significance was set at P < 0.05. SPSS version 23.0 (SPSS Inc., Chicago, IL, USA) and R version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria) were used for data analysis.




Results


Patients’ Characteristics

A total of 525 patients diagnosed with Philadelphia chromosome-negative B-ALL were included in this study; 448 patients were excluded due to persistent negative MRD (n = 414), relapse within two months of recurrent MRD (n = 14), withdrawal due to personal reasons (n = 12), failure to achieve CR after induction chemotherapy (n = 6), and loss to follow-up (n = 2). Of the 77 patients with persistent/recurrent MRD who were screened and encouraged to receive CAR-T therapy, 43 patients were enrolled in the CAR-T group. The remaining patients were divided into the chemotherapy bridge-to-allo-HSCT group (n = 20) and the intensified chemotherapy group (n = 14) according to their personal willingness, economic background, and donor availability. After a month of CAR-T infusion, patients who failed to achieve MRD negativity received allo-HSCT (n = 4), and patients who achieved MRD negativity were divided into the bridge-to-allo-HSCT group (n = 31) and the observation group (n = 8). Tables 1 and 2 show the characteristics of the patients, and the baseline characteristics of the patients who received CAR-T therapy and those who did not were comparable.


Table 1 | Characteristics of patients stratified by CAR-T and non-CAR-T group.




Table 2 | Characteristics of patients stratified by CAR-T bridge to allo-HSCT and chemotherapy bridge to allo-HSCT.





CAR-T Therapy

In this study, 43 patients received CAR-T therapy. The median dose of infused CAR T cells was 3.85 × 106 (0.45–8.45 × 106)/kg. The viability of CAR-T pre-infusion was 93.4% (75.0-99.1%), transduction efficiency of CAR-T pre-infusion was 29.5% (8.7-83.8%). CAR T cells rapidly expanded during the first month in 42 (97.6%) patients. The mean CAR-T count at peak expansion was 303,238 (1,250–1,890,000), and the median time to peak expansion was 11.6 (7–17) days. One patient had unsatisfactory peak CAR-T counts (1,250 copies at peak expansion).

The median MRD level pre-lymphodepletion was 0.22% (0.01–2.86%), and the rate of patients who achieved MRD negativity after a month of CAR-T infusion was 90.7%. Patients who achieved MRD negativity and those who did not received comparable doses of CAR T cells (3.9 × 106/kg vs. 5.0 × 106/kg, P = 0.65), but the peak CAR-T counts of patients who achieved MRD negativity were significantly higher than those of patients who failed to achieve MRD negativity (362,350 copies vs. 70,323 copies, P = 0.02). Among the patients who failed to achieve MRD negativity after a month of CAR-T infusion (n = 4), one had unsatisfactory peak CAR-T counts, and another had undetectable CAR-T counts at 1 month after CAR T-cell infusion.

Among the patients who received CAR-T therapy, 23 (53.8%) had CRS of any grade, and six (13.9%) had severe CRS (grades 3 and 4). Neurological adverse events occurred in six (13.9%) patients, of which four experienced headache and confusion, one had seizures, and another had encephalopathy. No CAR-T-related mortality was observed.

All patients who failed to achieve MRD negativity after CAR-T therapy received allo-HSCT. Among the patients who achieved MRD negativity after CAR-T infusion (n = 39), 31 were bridged to allo-HSCT after CAR-T therapy, while eight were not (Table 3). Among patients who bridged to allo-HSCT after CAR-T therapy, 26 of them received 4-1 BB CAR-T, CAR-T cell can be detected before allo-HSCT in 24 patients who received 4-1 BB CAR-T. Among patients who bridged to allo-HSCT after CAR-T therapy, 9 of them received CD28 CAR-T (Table 4), the level of CAR-T cell after infusion was not monitored.


Table 3 | Clinical features and outcomes of patients who did not bridge to allo-HSCT after CAR-T therapy.




Table 4 | Characteristics of patients stratified by 4-1 BB CAR-T and CD28 CAR-T.



In patients who were not bridged to allo-HSCT after CAR-T therapy, the median dose of infused CAR T cells was 3.96 × 106 (0.45–5.3 × 106)/kg, the median persistence time of CAR T cells was 5.0 (2–12) months, and the median recovery time of B cells was 3.9 (1.5–7.5) months. B cells were not recovered in two patients until the last follow-up. One of them remained in CR after 23 months of CAR-T infusion, while the other patient with CD19 negativity relapsed.



Allo-HSCT

In this study, 55 patients received allo-HSCT. A total of 35 patients received CAR-T therapy before allo-HSCT, and the median time from CAR-T therapy to allo-HSCT was 67 days. The other 20 patients received chemotherapy before allo-HSCT. Thirty (85.7%) patients in the CAR-T bridge-to-allo-HSCT group were MRD-negative pre-HSCT, while the other five patients were MRD-positive with a median MRD level of 0.17% (0.01–0.77%). Fifteen (75%) patients in the chemotherapy bridge-to-allo-HSCT group were MRD-negative pre-HSCT, while the other five patients were MRD-positive with a median MRD level of 0.44% (0.01–1.5%).

Of the patients who received allo-HSCT, five received allo-HSCT from matched sibling donors, while the others received haplo-HSCT. Patients achieved neutrophil engraftment at a median time of 13 (10–35) days, and all patients achieved platelet engraftment at a median time of 14 (7–58) days. The cumulative 100-day incidence of aGVHD grades II–IV and grades III–IV in the CAR-T bridge-to-allo-HSCT group were similar to those of the chemotherapy bridge-to-allo-HSCT group [24% (95% CI, 17–27%) vs. 23% (95% CI, 12–32%), P = 0.956; 8% (95% CI, 4–12%) vs. 6% (95% CI, 3–11%), P = 0.818]. The cumulative 3-year incidence of total cGVHD and severe cGVHD in the CAR-T bridge-to-allo-HSCT group were also similar to those of the chemotherapy bridge-to-allo-HSCT group [56% (95% CI, 38–65%) vs. 49% (95% CI, 39–55%), P = 0.687; 12% (95% CI, 6–19%) vs. 11% (95% CI, 5–15%), P = 0.918]. The cumulative 3-year incidence of NRM was 3% (95% CI, 1–6%).



Chemotherapy

Of the patients who received intensified chemotherapy without allo-HSCT, nine (64.2%) achieved MRD negativity. No serious treatment-related toxicity or TRM was observed.



Relapse, LFS, and OS

Between January 1, 2015 and December 31, 2020, the median follow-up time for surviving patients was 44.0 (18.0–70.0) months. Of patients in the CAR-T group, 10 (23.2%) relapsed (four withdrew, three achieved second CR with allo-HSCT, two achieved second CR with CD22-CAR-T therapy, and one abandoned further treatment after no response to CD22-CAR-T therapy). Relapse occurred at a median time of 9.6 (4–17) months after CAR-T infusion. Nine (20.9%) patients experienced a CD19-positive relapse, while one (2.3%) patient experienced a CD19-negative relapse. Of the patients in the chemotherapy bridge-to-allo-HSCT group, six (30%) relapsed (four withdrew and two achieved second CR with allo-HSCT). Of the patients who received intensified chemotherapy, 10 (71.4%) relapsed (five withdrew, three achieved second CR with allo-HSCT, and two failed to achieve second CR with salvage chemotherapy). At the last follow-up, 17 (22.0%) patients died of relapse, and two (2.5%) patients died of transplant-related complications.

Patients who received CAR-T therapy (n = 43) had a higher 3-year LFS [77.8% (95% CI, 65.6–89.9%) vs. 51.1% (95% CI, 33.8–68.3), P = 0.033, Figure 2A] and a trend of higher OS [86.0% (95% CI, 93.4–75.6%) vs. 62.6% (95% CI, 45.5–76.5%), P = 0.059, Figure 2B] than those who did not (n = 34). Patients in the CAR-T group (n = 43) also had a trend of higher 3-year LFS than those in the chemotherapy bridge-to-allo-HSCT group (n = 20) [77.8% (95% CI, 64.8–90.7%) vs. 68.7% (95% CI, 47.7–89.6%), P = 0.575] and had a significantly higher 3-year LFS than those in the intensified chemotherapy group (n = 14) [77.8% (95% CI, 64.8–90.7%) vs. 28.6% (95% CI, 4.9–52.3%), P = 0.001) (Figure 2C). The 3-year OS of patients in the CAR-T group (n = 43) tented to be higher than that in the chemotherapy bridge-to-allo-HSCT group (n = 20) [86.0% (95% CI, 75.6–96.3%) vs. 73.3% (95% CI, 52.9–93.6%), P = 0.470] and was significantly higher than that in the intensified chemotherapy group (n = 14) [86.0% (95% CI, 75.6–96.3%) vs. 49.0% (95% CI, 22.3–75.6%), P = 0.010] (Figure 2D).




Figure 2 | Kaplan- Meier estimates for patients with persistent/recurrent MRD. (A) LFS rates for patients received CAR-T therapy and patients did not receive CAR-T theraphy; (B) OS rates for patients received CAR-T therapy and patients did not receive CAR-T therapy; (C) LFS rates for patients received CAR-T therapy, patients received chemotherapy bridge to allo-HSCT and patients received chemotherapy without allo-HSCT; (D) OS rates for patients received CAR-T therapy, patients received chemotherapy bridge to allo-HSCT and patients received chemotherapy without allo-HSCT; (E) LFS rates for CAR-T patients who bridge to allo-HSCT and who did not; (F) Os rates for CAR-T patients who bridge to allo-HSCT and who did not.



Multivariate Cox regression modeling showed that MRD ≥1% at any checking point and non-CAR-T therapy were independent risk factors associated with inferior LFS in all patients (Table 5).


Table 5 | Multivariate analysis of factors associated with survival outcomes.





Subgroup Analysis for Patients Who Received CAR-T Therapy

In patients who received CAR-T therapy (n = 43), the LFS and OS of patients who were bridged to allo-HSCT after CAR-T infusion (n = 35) were comparable with those of patients who were not (n = 8) [75.0% (95% CI, 59.9–90.0%)vs. 75.0% (95% CI, 45.0–104.9%), P = 0.765, Figure 2E; 85.2% (95% CI, 73.2–97.1%) vs. 75.0% (95% CI, 45.0–104.9%), P = 0.470, Figure 2F]. MRD ≥1% at any checking point pre-CAR-T therapy (n = 15) tended to lower the LFS of the CAR-T group, but the trend was not statistically significant [65.5% (95% CI, 40.8–90.1%) vs. 82.9% (95% CI, 67.6–98.1%), P = 0.236], indicating that the negative impact of high-level MRD can be abrogated by CAR-T therapy to some extent. Multivariate Cox regression modeling showed that high-risk cytogenetics was an independent risk factor associated with inferior OS in patients who received CAR-T therapy (Table 5).



Subgroup Analysis for Patients Who Received Allo-HSCT

In patients who received allo-HSCT (n = 55), the 3-year LFS and OS of patients who received CAR-T therapy pre-HSCT (n = 35) were higher than those of patients who did not (n = 20) [75.0% (95% CI, 59.7–90.2%) vs. 68.7% (95% CI, 47.7–89.6%), P = 0.586; 85.6% (95% CI, 69.9–97.3%) vs. 73.3% (95% CI, 52.9–93.6%), P = 0.382]. MRD ≥1% at any checking point pre-HSCT (n = 16) significantly lowered the LFS and OS of the allo-HSCT group [46.1% (95% CI, 20.2–71.9%) vs. 85.5% (95% CI, 73.7–97.2%), P = 0.006; 61.4% (95% CI, 33.9–88.8%) vs. 88.7% (95% CI, 78.3–99.0), P = 0.045]. The 3-year LFS of patients with cGVHD (n = 29) [85.9% (95% CI, 71.0–100.7%)] was higher than that of patients without cGVHD (n = 26) [61.4% (95% CI, 41.9–80.8%)] (P = 0.045). Multivariate Cox regression modeling revealed that MRD ≥1% and not having cGVHD were independent risk factors associated with inferior LFS, and MRD ≥1% was also an independent risk factor associated with inferior OS.



Subgroup Analysis for Patients Who Received Intensified Chemotherapy

In patients who received intensified chemotherapy (n = 14), the 3-year LFS of patients with recurrent MRD (n = 9) was lower than that of patients with persistent MRD (n = 5) [0.0% vs. 40.0% [95% CI, 9.0–69.0%], P = 0.350). MRD ≥1% at any checking point (n = 4) tended to lower the LFS (0.0% vs. 40.0% [95% CI, 9.6–70.3], P = 0.125).




Discussion

Multiple studies have demonstrated the effectiveness of CAR-T therapy in treating R/R B-ALL, with consistently high response rates (83–94.3%) (16–19). However, the patients enrolled in previous trials were those who relapsed and were in morphological non-remission (20–22). In a retrospective study, CAR-T therapy was effective in patients with refractory ALL, of which nine had positive MRD (23). However, the survival analysis of patients with MRD was not performed, and the median follow-up time was only seven months. Thus, whether CAR-T therapy can eliminate MRD and improve outcomes in patients with MRD remains unknown. In this study, with a median follow-up of 44.0 months for all patients and 37.4 months for patients who received CAR-T therapy, we observed that MRD negativity after one month of CAR-T infusion was achieved by 90.7% of patients. This proportion was higher than that in patients who did not receive CAR-T infusion (90.7% vs. 70.5%, P = 0.036), proving the effectiveness of CAR-T therapy in eliminating MRD. Patients who received CAR-T therapy had a higher 3-year LFS (77.8% vs. 51.1%, P = 0.033) than patients who did not, and only one (2.3%) experienced a CD19-negative relapse. Patients who received CAR-T therapy also tended to be a higher 3-year LFS and OS than patients who received chemotherapy as a bridge to allo-HSCT. Eight patients were not bridged to allo-HSCT after CAR-T infusion, and six (75%) of them remained in remission with a median follow-up of 23.0 months after CAR-T infusion. This observation indicates the effectiveness of CAR-T therapy in improving long-term survival. In this study, the incidence of CRS was 53.8%, which is lower than that reported by Maude et al. (77–93%) (9), suggesting the possible correlation between CRS incidence and severity with tumor burden (24). As present, this study is the first prospective trial to prove the effectiveness of CAR-T therapy in patients with MRD.

The high MRD negativity and survival rates demonstrate that CAR-T therapy is effective in patients with low tumor loads. In patients with MRD, the LFS of patients who were bridged to allo-HSCT was similar to that of patients who were not (n = 8) (75.0% vs. 75.0%, P = 0.765). Six (75%) of patients who received CAR-T therapy without bridging to allo-HSCT remained in remission with a median follow-up of 23.0 months after CAR-T infusion. Thus, CAR-T therapy alone with improved CAR-T structure and risk stratification to achieve long-term survival may be feasible in patients with MRD in CR1. The role of allo-HSCT in patients receiving CAR-T therapy for R/R ALL is controversial. In a single-center phase I trial conducted by the University of Pennsylvania, only 10% of MRD-negative patients in CR underwent allo-HSCT post-CAR-T treatment (22). Similarly, in the multicenter ELIANA trial, 14% (n = 8) of the patients in CR underwent allo-HSCT (9); an updated analysis of the trial showed that the OS was nearly identical irrespective of whether patients were censored during allo-HSCT. In an analysis from Seattle Children’s Hospital, the 28% of patients who underwent allo-HSCT after CAR-T therapy had a lower relapse rate than those who did not (18% vs. 55%) at a median follow-up of 12.2 months (25). Consistently, an NCI phase I cohort study revealed that most patients (83%) who received CAR-T therapy achieved MRD-negative CR after allo-HSCT, and all HSCT recipients were in remission at the last follow-up (18). Moreover, Hay et al. found that the intervention involving CAR-T therapy with HSCT was associated with improved LFS compared with the non-HSCT intervention (HR 0.39) (26). The American Society for Transplantation and Cellular Therapy recommended that conducting allo-HSCT after CAR-T therapy should be based on patient (physical condition and donor availability), disease (MRD status and B cell aplasia), and CAR T cell (costimulatory domain and potential persistence of CAR T cells) factors (27). Certainly, whether patients with MRD should receive allo-HSCT after CAR-T therapy remains unclear. The present study showed that allo-HSCT might not be necessary in patients with MRD after CAR-T therapy, especially in patients who achieved MRD negativity after CAR-T infusion.



Conclusions

This prospective study showed that CAR-T therapy could effectively and safely eliminate MRD and significantly improve survival in children with persistent/recurrent MRD in CR1. In some patients, improve survival through CAR-T alone may be possible; however, further multicenter, prospective clinical trials are needed.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

This study was approved by the Peking University People’s Hospital Review Board. All patients’ legal guardians provided written informed consent documents in accordance with the Declaration of Helsinki.



Author Contributions

LZ and XH designed the research and revised the paper. GH and YFC analyzed the data and wrote the paper. YZ, YJC, PS, JW, YJ, AL, YL, YW (10th author), SJ, LZ, XZ, CY, LX, XZ, KL, and YW (18th author) collected and analyzed data. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Foundation of 2018 Beijing Key Clinical Specialty Construction Project-Pediatrics (2199000726) and the Foundation of CAMS Innovation Fund for Medical Sciences (CIFMS) (grant number: 2019-I2M-5-034).



Acknowledgments

The authors thank all the doctors at the institute who participated in this study for providing the follow-up samples and information.



References

1. Malard, F, and Mohty, M. Acute Lymphoblastic Leukaemia. Lancet (2020) 395:1146–62. doi: 10.1016/S0140-6736(19)33018-1

2. Inaba, H, and Mullighan, CG. Pediatric Acute Lymphoblastic Leukemia. Haematologica (2020) 105:2524–39. doi: 10.3324/haematol.2020.247031

3. Berry, DA, Zhou, S, Higley, H, Mukundan, L, Fu, S, Reaman, GH, et al. Association of Minimal Residual Disease With Clinical Outcome in Pediatric and Adult Acute Lymphoblastic Leukemia: A Meta-Analysis. JAMA Oncol (2017) 3:e170580. doi: 10.1001/jamaoncol.2017.0580

4. Xue, YJ, Wang, Y, Jia, YP, Zuo, YX, Wu, J, Lu, AD, et al. The Role of Minimal Residual Disease in Specific Subtypes of Pediatric Acute Lymphoblastic Leukemia. Int J Hematol (2021) 113:547–55. doi: 10.1007/s12185-020-03063-w

5. Dhedin, N, Huynh, A, Maury, S, Tabrizi, R, Beldjord, K, Asnafi, V, et al. Role of Allogeneic Stem Cell Transplantation in Adult Patients With Ph-Negative Acute Lymphoblastic Leukemia. Blood (2015) 125:2486–96; quiz 2586. doi: 10.1182/blood-2014-09-599894

6. Giebel, S, Labopin, M, Socie, G, Beelen, D, Browne, P, Volin, L, et al. Improving Results of Allogeneic Hematopoietic Cell Transplantation for Adults With Acute Lymphoblastic Leukemia in First Complete Remission: An Analysis From the Acute Leukemia Working Party of the European Society for Blood and Marrow Transplantation. Haematologica (2017) 102:139–49. doi: 10.3324/haematol.2016.145631

7. Leung, W, Pui, CH, Coustan-Smith, E, Yang, J, Pei, D, Gan, K, et al. Detectable Minimal Residual Disease Before Hematopoietic Cell Transplantation is Prognostic But Does Not Preclude Cure for Children With Very-High-Risk Leukemia. Blood (2012) 120:468–72. doi: 10.1182/blood-2012-02-409813

8. Inaba, H, and Pui, CH. Immunotherapy in Pediatric Acute Lymphoblastic Leukemia. Cancer Metastasis Rev (2019) 38:595–610. doi: 10.1007/s10555-019-09834-0

9. Maude, SL, Laetsch, TW, Buechner, J, Rives, S, Boyer, M, Bittencourt, H, et al. Tisagenlecleucel in Children and Young Adults With B-Cell Lymphoblastic Leukemia. N Engl J Med (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

10. Chen, Y, Cheng, Y, Suo, P, Yan, C, Wang, Y, Chen, Y, et al. Donor-Derived CD19-Targeted T Cell Infusion Induces Minimal Residual Disease-Negative Remission in Relapsed B-Cell Acute Lymphoblastic Leukaemia With No Response to Donor Lymphocyte Infusions After Haploidentical Haematopoietic Stem Cell Transplantation. Br J Haematol (2017) 179:598–605. doi: 10.1111/bjh.14923

11. Huang, R, Li, X, He, Y, Zhu, W, Gao, L, Liu, Y, et al. Recent Advances in CAR-T Cell Engineering. J Hematol Oncol (2020) 13:86. doi: 10.1186/s13045-020-00910-5

12. Wang, Y, Liu, QF, Xu, LP, Liu, KY, Zhang, XH, Ma, X, et al. Haploidentical vs.Identical-Sibling Transplant for AML in Remission: A Multicenter, Prospective Study. Blood (2015) 125:3956–62. doi: 10.1182/blood-2015-02-627786

13. Huang, XJ, Liu, DH, Liu, KY, Xu, LP, Chen, H, Han, W, et al. Haploidentical Hematopoietic Stem Cell Transplantation Without In Vitro T-Cell Depletion for the Treatment of Hematological Malignancies. Bone Marrow Transplant (2006) 38:291–7. doi: 10.1038/sj.bmt.1705445

14. Xue, YJ, Suo, P, Huang, XJ, Lu, AD, Wang, Y, Zuo, YX, et al. Superior Survival of Unmanipulated Haploidentical Haematopoietic Stem Cell Transplantation Compared With Intensive Chemotherapy as Post-Remission Treatment for Children With Very High-Risk Philadelphia Chromosome Negative B-Cell Acute Lymphoblastic Leukaemia in First Complete Remission. Br J Haematol (2020) 188:757–67. doi: 10.1111/bjh.16226

15. Chang, YJ, Wang, Y, Xu, LP, Zhang, XH, Chen, H, Chen, YH, et al. Haploidentical Donor is Preferred Over Matched Sibling Donor for Pre-Transplantation MRD Positive ALL: A Phase 3 Genetically Randomized Study. J Hematol Oncol (2020) 13:27. doi: 10.1186/s13045-020-00860-y

16. Yang, X, Wang, GX, and Zhou, JF. CAR T Cell Therapy for Hematological Malignancies. Curr Med Sci (2019) 39:874–82. doi: 10.1007/s11596-019-2118-z

17. Grupp, SA, Kalos, M, Barrett, D, Aplenc, R, Porter, DL, Rheingold, SR, et al. Chimeric Antigen Receptor-Modified T Cells for Acute Lymphoid Leukemia. N Engl J Med (2013) 368:1509–18. doi: 10.1056/NEJMoa1215134

18. Lee, DW, Kochenderfer, JN, Stetler-Stevenson, M, Cui, YK, Delbrook, C, Feldman, SA, et al. T Cells Expressing CD19 Chimeric Antigen Receptors for Acute Lymphoblastic Leukaemia in Children and Young Adults: A Phase 1 Dose-Escalation Trial. Lancet (2015) 385:517–28. doi: 10.1016/S0140-6736(14)61403-3

19. Heng, G, Jia, J, Li, S, Fu, G, Wang, M, Qin, D, et al. Sustained Therapeutic Efficacy of Humanized Anti-CD19 Chimeric Antigen Receptor T Cells in Relapsed/Refractory Acute Lymphoblastic Leukemia. Clin Cancer Res (2020) 26:1606–15. doi: 10.1158/1078-0432.CCR-19-1339

20. Park, JH, Riviere, I, Gonen, M, Wang, X, Senechal, B, Curran, KJ, et al. Long-Term Follow-Up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N Engl J Med (2018) 378:449–59. doi: 10.1056/NEJMoa1709919

21. Cappell, KM, Sherry, RM, Yang, JC, Goff, SL, Vanasse, DA, McIntyre, L, et al. Long-Term Follow-Up of Anti-CD19 Chimeric Antigen Receptor T-Cell Therapy. J Clin Oncol (2020) 38:3805–15. doi: 10.1200/JCO.20.01467

22. Maude, SL, Frey, N, Shaw, PA, Aplenc, R, Barrett, DM, Bunin, NJ, et al. Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia. N Engl J Med (2014) 371:1507–17. doi: 10.1056/NEJMoa1407222

23. Pan, J, Yang, JF, Deng, BP, Zhao, XJ, Zhang, X, Lin, YH, et al. High Efficacy and Safety of Low-Dose CD19-Directed CAR-T Cell Therapy in 51 Refractory or Relapsed B Acute Lymphoblastic Leukemia Patients. Leukemia (2017) 31:2587–93. doi: 10.1038/leu.2017.145

24. Gust, J, Hay, KA, Hanafi, LA, Li, D, Myerson, D, Gonzalez-Cuyar, LF, et al. Endothelial Activation and Blood-Brain Barrier Disruption in Neurotoxicity After Adoptive Immunotherapy With CD19 CAR-T Cells. Cancer Discov (2017) 7:1404–19. doi: 10.1158/2159-8290.CD-17-0698

25. Gardner, RA, Finney, O, Annesley, C, Brakke, H, Summers, C, Leger, K, et al. Intent-To-Treat Leukemia Remission by CD19 CAR T Cells of Defined Formulation and Dose in Children and Young Adults. Blood (2017) 129:3322–31. doi: 10.1182/blood-2017-02-769208

26. Hay, KA, Gauthier, J, Hirayama, AV, Voutsinas, JM, Wu, Q, Li, D, et al. Factors Associated With Durable EFS in Adult B-Cell ALL Patients Achieving MRD-Negative CR After CD19 CAR T-Cell Therapy. Blood (2019) 133:1652–63. doi: 10.1182/blood-2018-11-883710

27. Kansagra, AJ, Frey, NV, Bar, M, Laetsch, TW, Carpenter, PA, Savani, BN, et al. Clinical Utilization of Chimeric Antigen Receptor T Cells in B Cell Acute Lymphoblastic Leukemia: An Expert Opinion From the European Society for Blood and Marrow Transplantation and the American Society for Blood and Marrow Transplantation. Biol Blood Marrow Transplant (2019) 25:e76–85. doi: 10.1016/j.bbmt.2018.12.068




Conflict of Interest: Authors YL and YW (10th author) were employed by Beijing Yongtai Reike Biotechnology Company Ltd.

The remaining 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.


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

Copyright © 2022 Hu, Cheng, Zuo, Chang, Suo, Wu, Jia, Lu, Li, Wang, Jiao, Zhang, Zhao, Yan, Xu, Zhang, Liu, Wang, Zhang and Huang. 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.




ORIGINAL RESEARCH

published: 28 February 2022

doi: 10.3389/fimmu.2022.781364

[image: image2]


A Specific CD44lo CD25lo Subpopulation of Regulatory T Cells Inhibits Anti-Leukemic Immune Response and Promotes the Progression in a Mouse Model of Chronic Lymphocytic Leukemia


Agnieszka Goral 1, Malgorzata Firczuk 1, Klaudyna Fidyt 1, Marta Sledz 1, Francesca Simoncello 2, Karolina Siudakowska 1, Giulia Pagano 3, Etienne Moussay 3, Jérôme Paggetti 3, Patrycja Nowakowska 1, Stefania Gobessi 4, Joanna Barankiewicz 5, Aleksander Salomon-Perzynski 5, Federica Benvenuti 2, Dimitar G. Efremov 4, Przemyslaw Juszczynski 5, Ewa Lech-Maranda 5 and Angelika Muchowicz 1*


1 Department of Immunology, Medical University of Warsaw, Warsaw, Poland, 2 Cellular Immunology, International Centre for Genetic Engineering and Biotechnology, Trieste, Italy, 3 Tumor-Stroma Interactions, Department of Cancer Research, Luxembourg Institute of Health, Luxembourg, Luxembourg, 4 Molecular Hematology, International Centre for Genetic Engineering and Biotechnology, Trieste, Italy, 5 Department of Experimental Hematology, Institute of Hematology and Transfusion Medicine, Warsaw, Poland




Edited by: 

Eyad Elkord, University of Salford, United Kingdom

Reviewed by: 

Daniel Gray, Walter and Eliza Hall Institute of Medical Research, Australia

Mingfeng Zhao, Tianjin First Central Hospital, China

*Correspondence: 

Angelika Muchowicz
 angelika.muchowicz@wum.edu.pl

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 22 September 2021

Accepted: 07 February 2022

Published: 28 February 2022

Citation:
Goral A, Firczuk M, Fidyt K, Sledz M, Simoncello F, Siudakowska K, Pagano G, Moussay E, Paggetti J, Nowakowska P, Gobessi S, Barankiewicz J, Salomon-Perzynski A, Benvenuti F, Efremov DG, Juszczynski P, Lech-Maranda E and Muchowicz A (2022) A Specific CD44lo CD25lo Subpopulation of Regulatory T Cells Inhibits Anti-Leukemic Immune Response and Promotes the Progression in a Mouse Model of Chronic Lymphocytic Leukemia. Front. Immunol. 13:781364. doi: 10.3389/fimmu.2022.781364



Regulatory T cells (Tregs) are capable of inhibiting the proliferation, activation and function of T cells and play an important role in impeding the immune response to cancer. In chronic lymphocytic leukemia (CLL) a dysfunctional immune response and elevated percentage of effector-like phenotype Tregs have been described. In this study, using the Eµ-TCL1 mouse model of CLL, we evaluated the changes in the Tregs phenotype and their expansion at different stages of leukemia progression. Importantly, we show that Tregs depletion in DEREG mice triggered the expansion of new anti-leukemic cytotoxic T cell clones leading to leukemia eradication. In TCL1 leukemia-bearing mice we identified and characterized a specific Tregs subpopulation, the phenotype of which suggests its role in the formation of an immunosuppressive microenvironment, supportive for leukemia survival and proliferation. This observation was also confirmed by the gene expression profile analysis of these TCL1-specific Tregs. The obtained data on Tregs are consistent with those described so far, however, above all show that the changes in the Tregs phenotype described in CLL result from the formation of a specific, described in this study Tregs subpopulation. In addition, functional tests revealed the ability of Tregs to inhibit T cells that recognize model antigens expressed by leukemic cells. Moreover, inhibition of Tregs with a MALT1 inhibitor provided a therapeutic benefit, both as monotherapy and also when combined with an immune checkpoint inhibitor. Altogether, activation of Tregs appears to be crucial for CLL progression.
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Introduction

Despite the extensive research and the development of new treatment modalities, the number of chronic lymphocytic leukemia (CLL) cases with clinical resistance to therapy is constantly rising (1). The newest achievement in immunotherapy – chimeric antigen receptor T cells (CAR-T cells) – are less effective in CLL as compared to other B cell malignancies, including B cell acute lymphoblastic leukemia or diffuse large B cell lymphoma (2–4). Similarly, immune checkpoint inhibitors have a limited efficacy in relapsed/refractory CLL (3). In preclinical studies, antibodies against lymphocyte activation gene 3 (LAG-3), programmed cell death protein 1 (PD-1) or programmed death-ligand 1 (PD-L1) are only effective when administrated in the initial stage of leukemia development (5–7). Importantly, the immune system dysfunctions observed in CLL patients, suggest that CLL cells modulate the microenvironment to their own benefit (8–10). The exhausted phenotype of T cells that display high expression of PD-1, LAG-3, or T cell immunoglobulin domain and mucin domain (TIM-3) is a hallmark of CLL (11, 12). In order to improve the therapeutic strategies for CLL, it is crucial to understand the mechanisms that shape the leukemia microenvironment.

Naturally occurring, thymic, Forkhead box protein P3 (FoxP3)+, CD4+ regulatory T cells (Tregs), are sensitive to activation by self-antigens and tumor neoantigens, and are main players of the neoplastic microenvironment (13). Tregs can affect T cells in all stages of immune response development: priming, proliferation, and T cell effector functions (14). Increased frequency of Tregs correlates with poor prognosis of CLL patients (15). The expression patterns of Tregs-associated markers (CD25, LAG-3, killer cell lectin like receptor G1, CD69, Eomesodermin - EOMES) that determines their suppressive functions was recently presented in both CLL patients and leukemia-bearing mice (5, 16, 17). Nevertheless, the function of Tregs in CLL has not been elucidated and the approaches for Tregs elimination have shown to be insufficient. For instance, the administration of anti-CD25 antibodies or phosphoinositide 3-kinase δ (PI3Kδ) inhibitors affected not only Tregs but also abrogated the activation and function of CD8+ lymphocytes (18).

In order to evaluate the role of Tregs in the development and shaping of immunosuppressive microenvironment of CLL, in this work we used Eµ-TCL1 transgenic mice model (19, 20). We characterized a novel, TCL1-derived Tregs subpopulation and assessed Tregs suppressive activity in functional tests. Furthermore, TCR sequencing allowed us to better understand the influence of leukemia on Tregs and CD8+ T lymphocytes activation and clonality. Finally, we used the inhibitor of mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) to block the activation of Tregs. MALT1 protease is a component of CARMA1-BCL10-MALT1 (CBM) complex which was shown to be crucial for Tregs activity (21). The results obtained in this study provide the evidence that Tregs are essential for leukemia progression in immunocompetent mice and can be efficiently targeted to block CLL progression.



Materials And Methods


Reagents

MI-2 (Malt1 inhibitor, Selleckchem.com) was dissolved in DMSO (Sigma-Aldrich, St Louis, MA, USA), aliquoted and stored at -20°C. Albumin from chicken egg white (OVA, Sigma-Aldrich, St Louis, MA, USA) and Poly (I:C) (HMW) (In vivoGen, San Diego, CA, USA) were aliquoted and stored at -20°C. Diphtheria Toxin (DT) from Corynebacterium diphtheriae (Sigma-Aldrich, St Louis, MA, USA) was aliquoted and stored at -80°C. Anti-mouse PD-L1 antibody InVivoPlus (B7-H1) (BioXcell, Lebanon, NH, USA) and InVivoPlus rat IgG2b isotype control, (BioXcell, Lebanon, NH, USA) were stored at 4°C.



Animals Studies

All in vivo studies were performed in accordance with the EU Directive 2010/63/EU and the Polish legislation for animal experiments of the Polish Ministry of Science and Higher Education (February 26, 2015) and approved by the Local Ethics Committee for the Animal Experimentation in Warsaw. The in vivo experiments were carried out in Animal Facility of the Medical University of Warsaw.

For the study, 6-12 weeks old female or male (never mixed in one experiment) mice were used. Mouse strains include: C57BL6/J (wild-type, immunocompetent mice) (Medical University of Bialystok or Mossakowski Medical Research Centre), B6.Cg-Foxp3tm2(EGFP)Tch/J (B6 Foxp3EGFP, Tregs express GFP) (University of Warsaw), C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmjax (DEREG, Tregs express GFP and receptor for diphtheria toxin) (The International Centre for Genetic Engineering and Biotechnology, Trieste, Italy) B6(Cg)-Rag2tm1.1Cgn/J (RAG2-KO, immunodeficient mice) and C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1) (Medical University of Warsaw). Splenocytes or leukemic CD5+CD19+ TCL1 cells (5×106 – 1×107) isolated from spleens of female Eμ-TCL1 transgenic mice (The International Centre for Genetic Engineering and Biotechnology, Trieste, Italy) were adoptively transferred via tail vein injection. In described experiments we used cells isolated from two different Eµ-TCL1 transgenic mice, either TCL1-1159 or TCL1-1013. These cells were propagated in mice maximally twice, with the exception of genetically modified TCL1 cells expressing OVA (due to the procedure of generating modified cells, they required additional propagation in RAG2-KO mice).



In Vivo Treatments

Eµ-TCL1 mice model of CLL was used in this study. To monitor leukemia development and progression, the percentage of leukemic TCL1 cells (CD5+CD19+) among white blood cells (WBC) in the peripheral blood (PB) collected from cheek vein was assessed by flow cytometry. The consistency in the assessment of leukemia was ensured and blinding practice was not applicable. Mice with detected leukemia were randomly selected and further used in the experiments. The sample size was calculated with power analysis test (22).

DEREG mice were treated with DT (50 µg/kg) administered intraperitoneally (i.p.) every four days. MI-2 was administered i.p. daily, at dose 20 mg/kg and the control mice were injected with the DMSO as a solvent. Anti-PD-L1 antibody or the appropriate isotype control were administered i.p. every second day at a dose 200 μg/mouse. The schemes of the treatments are presented in details in the appropriate figures.



Cell Isolation

In order to prepare a single cell suspension, spleens (SPL) or lymph nodes (LNs) were cut in small pieces and passed through a 150 μm cell strainer. To remove red blood cells the isolated splenocytes were lysed with ACK Lysing Buffer (Thermofisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. CD19+, CD4+ and CD8+ cell subpopulations were isolated by immunomagnetic negative selection using EasySep™ Mouse B Cell Isolation Kit, EasySep™ Mouse CD4+ T cell Isolation Kit and EasySep™ Mouse CD8+ Cell Isolation Kit (STEMCELL Technologies, Vancouver, Canada), respectively, according to the manufacturer’s protocols. The efficacy of the isolation was over 90%.



CD8+ Cells Proliferation Assay

CD8+ cells isolated from spleens were incubated with CellTrace ™ Violet Cell Proliferation kit (CT) (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA) for 20 min at 37°C, washed with cell culture medium and seeded onto 96-well U-bottom plates coated with anti-CD3 antibody (eBioscience, San Diego, CA, USA) together with sorted Tregs-GFP (either all GFP+ or GFP+ CD69high CD44-/low) in various ratios (1:0.125, 1:0.25, 1:0.5, 1:1 and 1:2). For stimulation, anti-CD28 (eBioscience, San Diego, CA, USA) antibody was added to the culture medium. The proliferation of CD8+ cells was evaluated upon 72h using BD FACSCanto™ II Flow Cytometer and BD FACSDiva Software (v8.0.1) (BD Biosciences, La Jolla, CA, USA).



TCL1 OVA-Expressing Cells

The sequence encoding ovalbumin (Addgene, cat. number 25097) was inserted into mammalian expression vector pCDH-EF1-MCS-T2A-copGFP (System Biosciences). The pCDH-EF1-OVA-GFP and a packaging (psPAX2) and an envelope (pMD2.G) plasmids (gifts from prof. Didier Trono, École Polytechnique Fédérale de Lausanne, Switzerland) were introduced into HEK-293T cells using Polyethylenimine (Polysciences). Then freshly isolated TCL1 cells (CD5+CD19+) from mouse spleens were seeded into 24-well plates with M2-10B4 murine stroma cells. Next, medium containing lentiviral particles was added into TCL1 and M2-10B4 cells co-culture. Then TCL1 cells were washed and inoculated into RAG2-KO mice for leukemic cells propagation. Finally, OVA+ GFP+ cells were sorted and used for further experiments. In all performed experiments at least 60% of injected leukemic cells exerted OVA+ GFP+ phenotype as evaluated by flow cytometry.



In Vivo Functional Assays

Two weeks following TCL1 cells adoptive transfer, leukemia-bearing DEREG transgenic mice were treated with DT and on the following day, injected with CT-positive CD8+ T cells isolated from spleens and lymph nodes of OT-1 mice. 4-5 hours later, the mice were i.v. inoculated with OVA protein (50 µg). The proliferation of CD8+ OT-1 cells isolated from spleens was assessed upon 3 days using flow cytometry. In the second approach, DEREG mice were injected with genetically modified TCL1 leukemic cells expressing OVA-GFP (TCL1-OVA). Three days later, the mice were treated with DT and on the following day, injected with CT-positive CD8+ OT-1 T cells. The proliferation of CD8+ OT-1 cells was evaluated following 3 or 4 days using flow cytometry. The schemes of described experiments are presented in detail on appropriate figures.



Flow Cytometry

The isolated cells were stained with Zombie NIR™ Fixable Viability kit or Zombie Violet™ Fixable Viability Kit (BioLegend, San Diego, CA, USA) for 20 min at room temperature (RT) and washed with PBS. Next, the cells were incubated with Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block™; clone 2.4G2, BD Biosciences, La Jolla, CA, USA) for 15 min at RT and stained for surface markers with proper fluorochrome-conjugated antibodies (all antibodies used in this study are listed in Supplementary Table 1) for 20-30 min at RT. After final washing with PBS, the cells were analysed using BD FACS Canto™ II Flow Cytometer and BD FACS Diva Software (v8.0.1)(BD Biosciences, La Jolla, CA, USA). For further analyses, including t-SNE (with markers: CD44, CD25, LAG-3, CD69), FlowJo Software (v. 10.6.1) (FlowJo LLC, Ashland, OR, USA) was used.



Cell Sorting

In order to sort Tregs (CD4+, GFP+) from spleens of B6 Foxp3EGFP or DEREG mice, CD4+ cell subpopulation was enriched prior to sorting. To this end, isolated splenocytes were subjected to immunomagnetic positive selection for CD19+ using EasySep™ Mouse CD19 Positive Selection Kit II (STEMCELL Technologies) and then the negative fraction was subsequently subjected to negative selection using EasySep™ Mouse CD4+ T cell Isolation Kit (STEMCELL Technologies). When needed, CD4+ cells were additionally stained with anti-CD69-PE and anti-CD44-PE-Cy7 monoclonal antibodies as described above. To sort CD8+ cells, the fraction of splenocytes devoid of CD19+ cells was stained with anti-CD8a-PerCP-Cy5.5 monoclonal antibody. Then the cells were sorted using BD FACS Aria™ III Cell Sorter (BD Biosciences).



DNA Isolation and Analysis of TCRβ Repertoire

Tregs A (GFP+, CD69high, CD44-/low, gated as presented in Figure 5 CD69/CD44 right panel) and CD8+ cells were sorted as described above. Then the genomic DNA was isolated from the sorted cells using DNA Micro Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. The concentration and purity of extracted DNA was assessed using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific). Immunosequencing of the CDR3 regions of TCRβ chains was performed with immunoSEQ® Assay and analysed by immunoSEQ® Analyzer (Adaptive Biotechnologies, Seatlle, WA, USA).



RNA Sequencing

When percentage of leukemic cells in mouse blood reached at least 20% of all PBMC, the GFP+ Tregs: A (GFP+, CD69high, CD44-/low) and B (GFP+ excluding fraction A) were sorted from TCL1 leukemia-injected DEREG mice. Additionally, GFP+ Tregs were also sorted from control DEREG mice. The mRNA was isolated from 4.5 × 105 cells with the RNeasy Micro Kit (Qiagen, Hilden, Germany). Libraries were prepared with the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen), according to manufacturer’s instructions, with the addition of UMI. Barcoded samples were pooled, diluted, loaded onto a NextSeq 500/550 Mid Output flowcell (130M reads, Illumina) and single-end 150bp sequencing was performed on a NextSeq 550 (Illumina).

After initial QCs using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FastQ Screen (https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/), fastq files were processed using a local Snakemake workflow including the following main steps. First, raw reads were trimmed from their UMI index, poly A and adapter sequences using a combination of dedicated scripts and cutadapt (v2.10). Next, filtered reads were submitted for mapping (STAR v2.5.3a) on the Mouse Reference genome (GRCm38). Collapsing of reads originating from the same fragment was achieved with umi_tools (v 1.0.0) and counting was performed with featureCounts (subread v2.0.0).

Counts were filtered and transformed with edgeR (cpm > 5 and presence in at least 3 samples). For data visualization, heatmaps, sample distance matrix, and volcano plots were drawn with EdgeR, heatmap, and EnhancedVolcano R packages. For differential expression of genes across samples (DEGs), FDR < 0.05 and log2 fold change cut-off of 1 were imposed. For clustering, DEGs were selected as important for immune functions in Tregs. Gene expression values were z-scored and subjected to correlation-based clustering with complete linkage. Raw and processed data were deposited at the NCBI GEO database (GSE179121). The following secure token has been created to allow review of record GSE179121 while it remains in private status: qlchuysazpinjed. To better understand the nature of Tregs A and Tregs B, we re-analyzed the public dataset GSE72494 describing the transcriptome of naive, activated, and effector Treg (23) and performed a Gene Set Enrichment Analysis (GSEA, Hallmark and curated gene sets) with the stand-alone software (GSEA v4.2.1, Broad Institute, Boston, MA). Normalized enrichment scores (NES) and p-values < 0.05 were taken into consideration.



Statistical Analysis

GraphPad Prism 6 Software (GraphPad Software Inc., San Diego, CA, USA) was used for data analysis. The statistical significance was calculated by Mann-Whitney U test. The mice survival rate was analyzed by log-rank survival test. For gene expression data (RNA sequencing), one-way ANOVA with multiple comparisons was calculated for single genes and histograms were drawn with GraphPad Prism 9 Software.

Additional experimental procedures are described in details in the Supplementary Material.




Results


Depletion of Tregs in Mice With Adoptively Transferred TCL1 Leukemia Results in the Expansion of Functional CD8+ Cells and Leukemia Clearance

To evaluate the significance of Tregs for CLL progression we used DEREG transgenic mice with depletion of FoxP3+ CD4+ Tregs by treatment with diphtheria toxin (DT) (Figure 1 and Supplementary Figure 1A, B). DEREG mice were treated with DT one day prior to adoptive transfer of malignant (CD5+CD19+) B cells, isolated from an Eµ-TCL1 transgenic mouse. Effective depletion of Tregs was observed in spleens and peripheral blood of DEREG mice and was maintained by additional DT injections every four days (Figure 1A and Supplementary Figure 1A). As monitored in peripheral blood twice a week, injection of DT did not affect the progression of leukemia during the first fifteen days of experiments. However, starting from day 18th after TCL1 leukemia inoculation, we detected a significant decrease in the percentage of leukemic cells (CD5+CD19+), in the peripheral blood, of DT-treated mice as compared to untreated TCL1 leukemia-bearing animals (Figure 1B, left panel). In line with these results, we observed a significant reduction of previously established leukemia in the spleens of Tregs-depleted mice (Figure 1B, right panel). The same observations were made when DEREG mice were injected with TCL1 leukemia isolated from another transgenic mouse (Supplementary Figure 1B). The decrease in the percentage of leukemic cells in spleens of DT-treated mice was accompanied by the extensive increase of the percentage in both CD4+ and CD8+ T lymphocytes (Figure 1C). These observations prompted us to investigate the putative changes in the phenotype of splenic CD4+ and CD8+ T cells mediated by Tregs-depletion. We observed the enrichment of effector (EFF; CD44+CD62L-) and central memory (CM; CD44+CD62L+) cells in both CD4+ and CD8+ T cell subpopulations in mice deprived of Tregs (Figures 1D, E). A significant increase in the percentage of effector (CD4+ and CD8+) and central memory (CD8+) T cells was also observed in lymph nodes (axillary, brachial, inguinal) of DT-treated mice (Figure 1F). Depletion of Tregs resulted in the elevation of CD69 on both, CD4+ and CD8+ T cells in the lymph nodes, and reduced the percentage of naïve cells, suggesting the activation of a systemic immune response. Nevertheless, the depletion of Tregs, performed at an advanced stage of the disease (first dose of DT was administered when 30% of malignant B cells were detected among all white blood cells in peripheral blood) did not affect the progression of leukemia (Supplementary Figure 1C). Tregs depletion at an advanced stage of leukemia progression increased the percentage of effector and IFN-γ-positive CD4+ and CD8+ T lymphocytes, significantly elevated IFN-γ concentration and reduced the concentration of IL-10 in the sera (Supplementary Figure 1D, E). Importantly, three weeks of DT injections of control (without leukemia) DEREG mice lead to a minor activation of T cells, mostly CD4+ T cell subpopulation (Supplementary Figure 1F, upper panel). However, no changes were observed in the level of CD69 in lymphatic T cells upon DT-treatment (Supplementary Figure 1F, lower panel). The activation of CD4+ T cells may be the result of anti-DT immune response as it was described before (24).




Figure 1 | Depletion of Tregs diminishes the progression of leukemia in DEREG mice and affects the relative frequency of conventional T cell subpopulations. (A) The graph presenting a scheme of the experiment. Tregs were depleted with DT and on the next day mice were injected with TCL1 CD19+ leukemic cells. The depletion of Tregs (DT administration) was repeated every 4 days. (B) The percentage of leukemic cells (CD5+CD19+) among all white blood cells (WBC) assessed by flow cytometry in blood (at indicated time points of the experiment, left) and spleens (day 22nd of experiment, right) of untreated (TCL1) and DT-treated (TCL1+DT) TCL1 leukemia-bearing mice. The graphs represent mean results from two independent experiments. Each dot represents an individual sample (mouse), n = 10-12, Mann-Whitney U test *p ≤ 0.05. (C) The Percentage of CD8+ (left) and CD4+ (right) T cells in spleens of untreated and DT-treated TCL1 leukemia-bearing mice. The graphs present mean results from two independent experiments. Each dot represents an individual sample (mouse), n = 12-14, Mann-Whitney U test ***p ≤ 0.001, ****p < 0.0001. (D–F) The percentage of CD4+ and CD8+ T cells with phenotype of naïve, effector (EFF) and central memory (CM) subpopulations according to the expression of CD44 and CD62L surface markers. Representative dot plots with a gating strategy (D) and the graphs present the results from spleens (SPL) (E) and lymph nodes (LN) (F) of untreated and DT-treated TCL1 leukemia-bearing mice. In (F) the graphs presenting the expression of CD69 surface marker on CD4+ and CD8+ T cells in LN are also shown. The data from two independent experiments are showing mean values. Each dot represents an individual sample (mouse), n = 12-14, Mann-Whitney U test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001.



To understand more deeply the anti-leukemia immune response induced by Tregs depletion, we investigated the impact of CD8+ T lymphocytes derived from the mice after DT injections on leukemia progression. We limited these experiments to the subset of CD8+ T cells as it was shown that these cells play a superior role in anti-leukemia immune response over CD4+ T lymphocytes (25). Importantly, an effective Tregs depletion in DEREG mice is transient. At day 22 after TCL1 injection we observed that the Tregs population was restored in murine blood despite continuous injections of DT (Supplementary Figure 1A, right panel), as was also reported by others (26). Thus, to examine the impact of the CD8+ lymphocytes on leukemia progression and mice survival, the cells were isolated from spleens of untreated or DT-treated TCL1 leukemia-bearing mice (the same scheme of experiment as shown in Figure 1A), and adoptively transferred into TCL1-injected RAG2-KO mice (Figure 2A). Next, the expansion of TCL1 leukemic cells was monitored in murine blood twice a week. Interestingly, CD8+ T lymphocytes, isolated from Tregs-depleted mice effectively prevented leukemia progression, and in some mice even lead to complete elimination of TCL1 cells (Figures 2B, C). In contrast, the CD8+ T lymphocytes adoptively transferred from mice with intact Tregs population did not significantly affect the progression of the disease in RAG2-KO mice. Consequently, in TCL1-injected RAG2-KO mice, the adoptive transfer of CD8+ T cells isolated from DEREG mice after Tregs depletion, translated into prolonged survival and complete leukemia eradication in three out of nine mice. (Figure 2D).




Figure 2 | Depletion of Tregs in TCL1 leukemia-bearing DEREG mice results in the expansion of CD8+ lymphocytes capable of eradicating leukemic cells. (A) The graph presenting a scheme of the experiment. DEREG mice were treated according to scheme from Fig1A. Then 5 x 106 of splenic CD8+ T cells isolated with magnetic beads from untreated (DEREG w/o DT) or DT-treated (DEREG DT) leukemic DEREG mice were injected to RAG2-KO mice following the injection of TCL1 (CD5+CD19+) cells. (B, C) The percentage of leukemic cells (CD5+CD19+) assessed at indicated time points in the peripheral blood of RAG2-KO mice: TCL1 leukemia-injected mice (black lines), TCL1- and CD8+-injected mice (CD8+ isolated from TCL1 leukemia bearing-DEREG w/o DT, pink lines), and TCL1- and CD8+-injected mice (CD8+ isolated from leukemia-bearing DEREG treated with DT, blue lines). Each line represents an individual sample (mouse), (B) and on day 39th (C), each dot represents an individual sample (mouse). The graphs represent mean results from two independent experiments, n = 7-9, Mann-Whitney U test ***p ≤ 0.001, ****p < 0.0001. (D) The survival plot summarizing the results from two independent experiments, n = 7-9, log-rank survival test ***p ≤ 0.001. (E) The productive Simpson clonality of CD8+ lymphocytes sorted from untreated or DT-treated mice analyzed in immunoSEQ Analyzer (from Adaptive Biotechnologies), n = 5. (F) The top 15 amino acid sequences of CDR3 TCRβ with the highest sum frequency (total amount of clones with a given sequence in all tested mice), of CD8+ lymphocytes sorted from untreated (pink) or DT-treated TCL1 leukemia-bearing DEREG mice (blue). The Graphs present log2 transformation of % sum frequency of a given sequence in untreated (pink, upper graph) and DT- treated TCL1- injected DEREG mice (blue, lower graph), n = 5.



The results obtained from the experiments described above revealed that the lack of Tregs in the leukemia microenvironment triggers the expansion of anti-leukemic CD8+ T cells. To address the differences in the investigated T cells, the CD8+ T cells from spleens of TCL1-injected DEREG mice treated with DT or untreated were sorted for DNA isolation and the T cell receptor beta chain (TCRβ) third complementarity-determining regions (CDR3) sequences analysis. An increase of CD8+ T cell clonality was observed in three out of five TCL1 leukemia-bearing mice with Tregs depletion, but overall, the observed differences were not statistically significant between the two examined groups (Figure 2E). Strikingly though, we observed distinct amino acid sequences of TCRβ CDR3 regions in the tested CD8+ T cells, suggesting different specificity of the T cells among untreated and DT-treated mice (Figure 2F). Indeed, only one sequence is shared in the top fifteen rearrangements between both analyzed CD8+ T cell populations (Figure 2F). Altogether, these data indicate that the elimination of Tregs from the TCL1 leukemia microenvironment resulted in the expansion of a distinct set of cytotoxic CD8+ T effector cells, capable of clearing leukemia in DEREG and RAG2-KO mice.



CLL Leads to the Formation of a Specific Population of Tregs

We analyzed the phenotype and function of Tregs in TCL1-injected B6 FoxP3EGFP transgenic mice that express EGFP and FOXP3 under the control of endogenous promoter. Based on the results of phenotyping with a set of markers (FoxP3, LAG-3, CD69, CD44, CD25), we performed t-distributed stochastic neighbor embedding (tSNE) analysis, which allowed us to distinguish a specific Tregs subpopulation that exerts the phenotype characteristic only for Tregs isolated from TCL1 leukemia-bearing mice (Tregs A) (Figure 3A). This particular Tregs A subpopulation can be defined by high level of CD69, LAG-3 and low of CD44 and CD25 on their surface.




Figure 3 | A specific Tregs population is formed during the progression of TCL1 leukemia. (A) tSNE analysis of Tregs phenotype isolated from control (grey) and TCL1 leukemia-bearing (blue) B6 Foxp3EGFP mice 14 days after injections with leukemic cells. The overlay of counterplots presents the Tregs subpopulation, specific for TCL1 leukemia-bearing mice (Tregs A, orange). The Tregs GFP+-were plot on the graphs according to the expression of CD44, CD69, CD25, and LAG-3 that are presented on the histograms. The counter plots show representative analysis of Tregs from 2 control and 4 TCL1 leukemia-injected mice. (B) The productive Simpson clonality of Tregs sorted from control (all Tregs, CTR Tregs) and TCL1 leukemia-bearing (the specific TCL1-associated Tregs subpopulation, Tregs A) DEREG mice, n = 5. (C) The productive sum frequency of top 10 amino acid sequences of CDR3 TCRβ of Tregs A which were present in all of tested TCL1 leukemia-bearing DEREG mice, n = 5. (D) Clustering of selected DEGs between Tregs A and Tregs B (RNA sequencing with FDR < 0.05 and log2FC > 1) by correlation with complete linkage, n = 3. (E) Gene expression (log2, RNA sequencing) of genes from panel A in Tregs from CTR and TCL1 leukemia-bearing mice, n = 3. One-way ANOVA * p≤ 0.05, ** p< 0.01, *** p< 0.001.



In order to investigate whether the observed changes in Tregs phenotype are mediated by the interactions with malignant B cells, we co-cultured the control Tregs-GFP+ (sorted from spleens of control B6 Foxp3EGFP mice) with leukemic (TCL1) or normal (CD19) B cells. After three days, significantly higher level of LAG-3 was observed on Tregs-GFP+ co-cultured with TCL1 cells, but not with the control CD19+ cells (Supplementary Figure 2A). The elevated expression of LAG-3 was achieved only when Tregs-GFP+ and TCL1 leukemia cells were cultured in direct contact. On contrary, the level of CD44 in Tregs-GFP+ co-cultured with TCL1 leukemia cells (but not normal CD19+ cells) was reduced regardless the separation of the cells by transwells (Supplementary Figure 2B).

Next, the clonality of Tregs A subpopulation was examined, based on the TCRβ CDR3 region sequences. Importantly, the TCL1-associated Tregs A subpopulation sorted from spleens of TCL1-leukemia bearing DEREG mice exhibits increased clonality and elevated frequency of particular clones, compared to whole Treg-GFP+ subpopulation sorted from the control animals (CTR Tregs) (Figures 3B, C).

Finally, in order to characterize the TCL1-associated Tregs at the transcriptomic level, we performed RNA sequencing on two subpopulations of Tregs sorted from the spleens of TCL1-injected DEREG mice: Tregs A (specific to Eµ-TCL1 model, sorted as GFP+ CD44-/lo and CD69hi) and Tregs B (the remaining GFP+ Tregs, which did not meet the criteria of subpopulation A). The transcriptome of both TCL1-associated subpopulations was compared with Tregs-GFP+ population sorted from spleens of control mice. Interestingly, the analysis of differentially expressed genes (DEGs), showed that Tregs A subpopulation was markedly different from both Tregs B as well as control Tregs populations (Supplementary Figure 3, 4). This data suggests that the specific Tregs A cells signature might be selectively induced within the conditions of leukemia progression. In Tregs A, we observed increased expression of genes responsible for immunosuppressive activity (Gzmb, Prf1, Gzmk, Il10), checkpoints (Havcr 2, Lag-3, Tigit), chemokines that may support leukemia progression and its microenvironment (Ccl3, Csf1, Ccl5), as well as genes that have been recently reported as unique for CLL-Tregs (EOMES) (Figure 3D). Importantly, the gene expression profile was in line with the phenotype observed in flow cytometry, apart from CD69, which seemed to be regulated post-transcriptionally (Figure 3E). Additionally, the elevated level of Ikzf2 encoding Helios transcription factor suggests enhanced suppressive capacity of Tregs A subpopulation (27).

Next, we compared the gene expression profiles of Tregs A and B with a public dataset [GSE72494 (23)] describing the transcription profiles of naive, activated, and effector Tregs. We used a gene signature reported in that study (23), and built heat maps to compare Tregs subsets. The gene expression profiles indicated that our Ctrl Tregs population resembles naive Tregs and that Treg A and Tregs B exert similar expression patterns to effector Tregs and activated Tregs, respectively (Supplementary Figure 4C). Similar gene sets were identified as enriched in Tregs A (vs Treg B) and Effector Tregs (vs Activated Treg) (Supplementary Tables 2 and 3). Although Tregs A exhibited comparable transcription changes as compared to Effector Tregs (up-regulation of Il10 and Havcr2/Tim3 and down-regulation of Sell and Ccr7), we identified important differences suggesting a particular gene modulation in this specific Tregs population found in CLL (e.g. Eomes, Prf1, Itgae, Cxcl10) (Supplementary Figure 4D).



The TCL1-Induced Tregs Are Functionally Active

Next, we determined the ability of splenic Tregs population, sorted from control and TCL1 leukemia-bearing B6 FoxP3EGFP mice to inhibit CD8+ T cell proliferation in an antigen unspecific test, where T cells were activated via anti-CD3 and anti-CD28 antibodies. The obtained results indicated that whole Tregs population isolated from spleens of TCL1 leukemia-bearing mice is prone to inhibit CD8+ T cells proliferation similarly to control Tregs (Figure 4A). Similarly, in a test with OVA peptide presented by the bone marrow-derived dendritic cells, Tregs isolated from leukemic mice inhibited CD8+ OT1 cells proliferation as effectively as Tregs from control mice (Supplementary Figure 5). This data suggest that the effectiveness of antigen-independent suppression of Tregs from TCL leukemia-baring mice is similar to control Tregs.




Figure 4 | Tregs from TCL1 leukemia-bearing mice are capable of inhibiting T cells proliferation. (A) All Tregs-GFP+ sorted from spleens of control (CTR Tregs) and TCL1-injected (TCL1 Tregs) B6-Foxp3EGFP mice, were added to the Cell Trace Violet (CT) stained CD8+ lymphocytes isolated from control mice and activated with αCD3 and αCD28 antibodies. The proliferation of – CT-stained CD8+ T cells was assessed by flow cytometry. Graphs show the results from two independent experiments, mean ± SD, n = 2-4 (B) OT1 CD8+ cell proliferation in mice injected with TCL1-OVA cells. After TCL1-OVA cells inoculation the mice were treated with DT and injected with CT-positive OT1 CD8+ lymphocytes (scheme of the experiment, upper panel). The proliferation of OT1 CD8+ cells from untreated or DT-treated mice was evaluated on the same day (7th or 8th). The representative histograms of proliferation measured on days 7th and 8th are shown (left panel) and the proliferation index, from two independent experiments, is shown on the graph (middle right panel), n = 7 **p ≤ 0.01. Proliferation index was calculated by FlowJo software as the total number of divisions divided by the number of cells that went into division. The percentage of leukemic cells was assessed in blood and spleens of DEREG mice on day 8th of the experiment (lower panel), data is presented as mean ± SD, n = 3-4, Mann-Whitney U test * p ≤ 0.05. (C) OT1 CD8+ cell proliferation in mice injected with TCL1 cells and vaccinated with OVA protein. The representative histograms (left panel) and graph summarizing the results from two independent experiments (right panel), n = 5-6. (D) Gating strategy incorporated for analysis of CT-positive OT1 CD8+ T cells proliferation in functional in vivo tests.



In order to explore whether TCL1-associated Tregs suppress CD8+ T cells in an antigen specific manner, we generated OVA-expressing TCL1 by means of lentiviral transduction. DEREG mice were inoculated with TCL1-OVA cells, and 3 days later, Tregs were depleted with DT in one group. On the following day, mice were injected with Cell Trace (CT)-positive OT1 CD8+ T cells and the proliferation of these cells in the spleen was subsequently analyzed (Figures 4B–D). Interestingly, although the T cells were effectively activated in all tested TCL1 leukemia-bearing mice, in the group treated with DT, the proliferation was more efficient, suggesting that the Tregs population impeded OT1 CD8+ T cells proliferation to some extent. Moreover, a significant drop in the percentage of leukemic cells in blood and spleens of DT-treated mice was observed after injection of OT1 CD8+ T lymphocytes (Figure 4B). Conversely, when mice were inoculated with TCL1 cells (without OVA expression) and subsequently injected with OVA protein, no impact of Tregs depletion was observed on OT1 CD8+ T cells proliferation (Figure 4C). Altogether, these results suggest that Tregs inhibit proliferation of leukemia-specific CD8+ T cells in an antigen-dependent manner.



Treatment With MALT1 Inhibitor Disturbs the Formation of Tregs A Subpopulation in TCL1 Leukemia-Bearing Mice and Enhances the Effect of Immunotherapy

The analysis of Tregs phenotype at the various stages of leukemia revealed significant changes in the expression levels of Tregs surface proteins. The shift of Tregs into Tregs A phenotype escalated during leukemia progression and was accompanied by an increase in the percentage of splenic Tregs in leukemic mice (Figure 5A). Importantly, the Tregs A subpopulation was clearly formed at an advanced stage of the disease (when more than 40% of leukemic cells among all white blood cells were present in the spleens).




Figure 5 | Development of a specific TCL1-related Tregs (Tregs A) population is correlated with the stage of the disease and can be blocked by MALT-1 inhibitor. (A) The box plot min-max graph (left panel) and density plots with gating strategy (right panel) present phenotype of Tregs in relation to the percentage of leukemic cells (CD5+CD19+) in the spleens. Mean ± SD, n=11, Mann-Whitney U test *p ≤ 0.05. (B) The graph presenting a scheme of the experiment. MI-2 was administered daily at dose 20 mg/kg via intraperitoneal injections for two weeks. (C) The phenotype of Tregs collected from spleens of TCL1 leukemia-bearing B6 Foxp3EGFP mice, untreated (TCL1) or treated with MI-2(TCL1 + MI-2). Mean ± SD, Mann-Whitney U test n = 5, *p ≤ 0.05. (D) Percentage of leukemic cells (CD5+CD19+) assessed by flow cytometry in blood (left graph) and spleens (right graph) on day 21st of the experiment. The graph presents data from three (blood, n = 10-14) or two (spleens, n = 7-8) independent experiments. Each dot represents an individual sample (mouse), means, Mann-Whitney U test **p ≤ 0.01, ***p ≤ 0.001, **** p < 0.0001. (E) The percent of naïve, effector (EFF), central memory (CM), subpopulations of CD4+ and CD8+ T cells. Cells were collected from spleens of untreated and MI-2-treated TCL1 leukemia-bearing B6 Foxp3EGFP mice in two independent experiments, n = 7-12. Each dot represents an individual sample (mouse), means, Mann-Whitney U test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



MI-2 has been described as a para-caspase MALT1 inhibitor that can selectively prevent the conversion of naïve Tregs into effector cells by decreasing the NFкB activity (21). MI-2 revealed its cytotoxic effect on primary CLL cells in vitro (28). Moreover, RNA sequencing analysis indicated elevated expression of NFкB-related genes in Tregs of TCL1-injected mice (Supplementary Figure 4B). In order to verify the influence of MI-2 on development of Tregs subpopulations, the inhibitor was administered intraperitoneally to the control and TCL1 leukemia-bearing B6 FoxP3EGFP mice for two weeks starting from day 5 following TCL1 leukemic cells inoculation (Figure 5B). Administration of MI-2 impeded the change of Tregs into Tregs A phenotype and elevated the percentage of naïve Tregs (CD62L+ CD44-) (Figure 5C). MI-2 inhibited the progression of leukemia and increased significantly the percentage of central memory and effector CD4+ and CD8+ T lymphocytes (Figures 5C–E). Importantly, the effectiveness of MI-2 treatment was impaired in TCL1 leukemia-bearing RAG2-KO mice as compared to immunocompetent, wild type mice, suggesting a key role of T cells in the mechanism of action of this drug (Supplementary Figures 6A, B).

Since the PD1/PD-L1 axis was already shown to contribute to T cells dysregulations in both human and mouse models of CLL, we used MI-2 therapy as a pretreatment for checkpoint blockade with anti-PD-L1 antibody in immunocompetent TCL1-leukemia bearing mice (6, 29). Considering that long-term inhibition of Tregs functions can lead to autoimmune pathology (30), MI-2 inhibitor was used only before anti-PD-L1 therapy (Figure 6A). The anti-PD-L1 therapy did not affect the percentage of T cells already elevated by MI-2 (Figure 6B). However, the combined treatment decreased the percentage of naive cells and increased the percentage of effector cells of both CD4+ and CD8+ T lymphocytes (Figure 6B) Anti-PD-L1 antibodies administered 16 days post TCL1 inoculation decreased the percentage of leukemic cells in blood and spleen when applied after treatment with MI-2 (Figure 6C). These results indicate that the combination of Tregs inhibition with anti-PD-L1 antibody can bring beneficial treatment outcome in leukemia.




Figure 6 | The pretreatment with MALT-1 inhibitor sensitizes leukemia to the therapy with anti-PD-L1 at the advanced stage of the disease. (A) The graphs presenting a scheme of the experiment. (B) The percentage of CD3+, CD4+, CD8+ and naïve, effector (EFF), and central memory (CM) subpopulations of CD4+ and CD8+. Cells were collected from spleens of untreated (CTR), MI-2 and/or aPD-L1-treated TCL1 leukemia-bearing mice, n = 4-5, each dot represents an individual sample (mouse), means, Mann-Whitney U test *p ≤ 0.05, **p ≤ 0.01. (C) The Percentage of leukemic cells (CD5+CD19+) assessed by flow cytometry in blood (left panel) and spleens (right panel) at day 26th of the experiment, n = 5, each dot represents an individual sample (mouse), means, Mann-Whitney U test *p ≤ 0.05, **p ≤ 0.01.






Discussion

The anti-tumor strategy reducing the number of Tregs has been reported since 1999 (31). Nevertheless, targeting Tregs can yield differential responses in cancer models (32). In this study, we revealed that in the CLL mouse model, the depletion of Tregs population can lead to the expansion of CD8+ T cells with the ability to completely eradicate leukemia.

Published studies have consistently demonstrated elevated levels of Tregs in the peripheral blood collected from CLL patients compared to healthy subjects (33). The phenotype of analyzed Tregs was described as effector-like in both CLL patients and the Eμ-TCL1 mouse model of CLL (5, 16, 18). Our results indicate that the phenotype of Tregs changes during the course of leukemia to establish a subpopulation of CD4+, FoxP3+, LAG-3+, CD69hi, and surprisingly, CD44lo and CD25lo cells. A low expression of CD25 in Tregs has been already reported by another group (34), yet the CD44lo phenotype is rather a characteristic feature of naïve lymphocytes. Our ex vivo experiments revealed that the level of cell-surface glycoprotein CD44 decreased in Tregs as a result of leukemia progression. At the transcriptomic level, however, the reduced amount of mRNA for CD44 was seen only in Tregs A, a specific TCL1-associated Tregs subpopulation distinguished for the first time in this study. Interestingly, the Tregs A subpopulation is positive for already reported markers of CLL-related Tregs, including IL-10, LAG-3, granzyme B, EOMES, as well as share a unique gene expression signature of chemokines that may support leukemia progression and formation of leukemic microenvironment (35, 36). Moreover, the overexpression of mRNA encoding HELIOS, TIGIT, TIM-3 and CD27 suggests that TCL1-related Tregs may possess immunosuppressive activity (27, 37–39). Importantly, our results prove that the observed change in the Tregs phenotype occurring during the progression of CLL results from the formation of a specific Tregs subpopulation (Tregs A).

Mpakou and colleagues show that Tregs isolated from CLL patients have an ability to inhibit CD8+ T cell proliferation (34). Likewise, according to our results, TCL1-derived Tregs are able to inhibit proliferation of T cells ex vivo. In ex vivo assays, T cells were activated in unspecific and specific manner, accordingly with the cognate antigen or by OVA peptide presented by dendritic cells thus the observed effect was not related to leukemia-specific antigens. The CLL-related Tregs functionality was finally confirmed in the in vivo experiment with TCL1-OVA cells, indicating that Tregs inhibit the proliferation of CD8+ cells upon recognition of tumor-expressed antigen.

The variable CDR3 regions of TCR interact with the peptide presented by MHC. The analysis of CDR3 sequence provides information about the diversity and clonality of investigated T cell populations and has become a valuable research tool in immunology (40). Thus, the higher oligoclonal composition of TCL1-derived Tregs compared to Tregs sorted from control mice, suggests that only selected clones of Tregs have undergone the expansion in TCL1 leukemia-bearing mice.

The expansion of exhausted T cells is a hallmark of human CLL and is also recapitulated in the Eµ-TCL1 mouse model (11). The CD8+ lymphocytes, which are present in spleens of TCL1 leukemia-bearing mice, have been described as antigen-experienced, oligoclonal cells that expand during the progression of the disease (12). In our experiments, upon depletion of Tregs, the CD8+ T cells became more oligoclonal and were effective in the elimination of leukemic cells. Surprisingly, anti-leukemic CD8+ T cells expressed different CDR3 sequences compared to the CDR3 sequences of lymphocytes from non-DT-treated, leukemia-bearing mice. It has been reported that in some tumors, based on the TCR sequences functional T cells formed a distinct group from dysfunctional, transitional tumor - infiltrating lymphocytes (41). Our results suggest that the depletion of Tregs in leukemia-bearing mice triggers the expansion of functional CD8+ T cell clones through the presentation of different epitopes than those used for splenic, exhausted CD8+ T cells. Elimination of Tregs primed the activation of T cells not only in spleens but also in the lymph nodes. The expansion of CD8+ T lymphocytes capable of killing leukemic cells occurred due to Tregs depletion, thus revealing their role in the maintenance of tumor antigen tolerance in CLL. The limitation of these studies is the fact that the antigens that led to the activation of anti-leukemic T lymphocytes were not identified yet. However, we suspect that these antigens could be associated with mutations typical for CLL. Importantly, we cannot rule out the possibility that these antigens are of other origins, for example derived due to genetic differences between mouse strains. Nevertheless, the depletion of Tregs seems to be a trigger for the expansion of effector T lymphocytes.

As it was also shown for other malignances, the inhibition of Tregs activation must occur early in the course of the disease to bring the beneficial outcome (42, 43). It has also been shown that the efficacy of adoptive T cell therapy is dependent on the tumor burden and is high in the early stages of tumor development or after chemotherapy (44, 45). To address this observation we conducted treatment with the MALT1 inhibitor, MI-2, when the leukemic cells were already detectable in blood but at a low level. MI-2 disrupted Tregs activation, prevented the formation of the specific TCL1-derived Tregs A subpopulation and inhibited the progression of leukemia in immunocompetent mice. Since the MI-2 was shown to exert a cytotoxic effect on leukemic cells (28), it is difficult to conclude from our experiments, whether it affects Tregs directly or only delays their activation due to the inhibition of leukemia progression. Though, the relatively small anti-leukemia efficacy of MI-2 obtained in RAG2-KO mice model may bring to the conclusion that T cells are important component in anti-leukemic MI-2 mechanism of action. Moreover, the decrease in the frequency of activated Tregs provided the therapeutic window to reduce the percentage of leukemic cells in mouse blood even two weeks after inoculation of leukemic cells.

Our results underline the role of Tregs in the progression of CLL and more importantly suggest that reactivation of the existing, exhausted T cell populations with anti-PD-L1 therapy, might be insufficient to block the disease progression. Notably, the presented results indicate that one approach to obtain an effective anti-leukemia immune response is to reorganize the CLL microenvironment, in order to create an opportunity for the expansion of a population of cytotoxic CD8+ T cells.
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The indoleamine 2,3-dioxygenase 1 (IDO1) metabolic circuitry, comprising the first tryptophan (Trp) catabolite L-kynurenine (Kyn) and the aryl hydrocarbon receptor (AHR), has emerged as a mechanism of cancer immune evasion. Here, we investigated the functional role of the IDO1/Kyn/AHR axis in chronic lymphocytic leukemia (CLL). Our data show that CLL cells expressed an active form of the IDO1 enzyme and microenvironmental stimuli can positively modulate its expression. Interferon (IFN)-γ induces IDO1 expression through the Jak/STAT1 pathway and mediates Kyn production concomitantly with Trp consumption in CLL-conditioned media, while INCB018424 (ruxolitinib), a JAK1/2 inhibitor, impaired both effects. To characterize the involvement of IDO1 in leukemic cell maintenance, we overexpressed IDO1 by vector transfection measuring enhanced resistance to spontaneous apoptosis. IDO1 pro-survival influence was confirmed by treating CLL cells with Kyn, which mediated the increase of induced myeloid leukemia cell differentiation protein (MCL1). Conversely, AHR silencing or its blockade via CH-223191 improved the apoptosis of leukemic clones and mitigated MCL1 expression. Moreover, Kyn-treated CLL cells are less affected by the pro-apoptotic effect of ABT-199 (venetoclax), while CH-223191 showed synergistic/additive cytotoxicity with this drug. Lastly, targeting directly MCL1 in CLL cells with AMG-176, we abrogate the pro-survival effect of Kyn. In conclusion, our data identify IDO1/Kyn/AHR signaling as a new therapeutic target for CLL, describing for the first time its role in CLL pathobiology.
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Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the western world, usually affecting the elderly (1). CLL is a dynamic disease in which proliferation of the antigen-experienced B cell clone in pseudofollicular centers of lymphoid tissues is combined with a reduced cell turnover of quiescent B cells that accumulate in peripheral blood (2). The survival of leukemic cells is closely linked to the presence of a specific tumor microenvironment (TME). Malignant cells are able to manipulate surrounding supportive cells by forcing them to create a niche in which they can receive survival stimuli, escape immunosurveillance, and protect themselves from the action of drugs (3). Moreover, CLL cells play an active role in establishing progressive immunosuppression, demonstrated by the presence of an expanded population of regulatory and exhausted T cells, myeloid-derived suppressor cells (MDSCs), and macrophages with the M2 phenotype, called nurse-like cells (NLCs). Several treatments available for CLL exert a long-term control of the disease in the majority of CLL patients, as novel tyrosine kinase inhibitors and the B-cell lymphoma 2 (BCL2) inhibitor ABT-199 (venetoclax) (4), but CLL still remains largely incurable due to frequent relapses and the emergence of drug resistance or intolerance (5).

Indoleamine 2,3-dioxygenase 1 (IDO1) is the rate-limiting and first enzyme of the kynurenine pathway that converts the essential amino acid L-tryptophan (Trp) to produce bioactive metabolites in mammalian extrahepatic tissues (6). Since its discovery, IDO1 was described as an immunomodulatory molecule, able to promote immune tolerance in mammalian pregnancy (7), chronic infection, autoimmunity, and allergic inflammation (8). Inflammatory mediators, in particular interferon (IFN)-γ (9), induce and sustain IDO1 production in a variety of cells as a feedback mechanism to control inflammation and dampen overactivation of cytotoxic T responses (10). The first Trp catabolite, L-kynurenine (Kyn), is a key signaling molecule that directly affects antigen-specific T-cell proliferation (11, 12) and induces T-cell death indirectly through the aryl hydrocarbon receptor (AHR), also known as the dioxin receptor (13, 14). IDO1 is overexpressed in a wide variety of human hematologic malignancies and solid tumors as a part of concerted mechanisms of evading immunosurveillance (15–17). In addition, many cells belonging to the TME—fibroblasts, macrophages, MDSCs, and dendritic cells, including endothelial cells—are coerced by cancer cells to express IDO1, collectively supporting the immune escape (12). Besides, IDO1 expression is correlated with a poor prognosis, shorter overall survival, and chemoresistance in different cancers (18–24), corroborating the concept that a treatment strategy of IDO1 blockade may have antitumor effects. To date, a large number of IDO1 inhibitors have been reported, some of them including epacadostat, BMS986205, and indoximod, have advanced into clinical trials for cancer treatment (25).

In CLL, the activity of IDO1, measured as the plasma kynurenine-to-tryptophan ratio ([Kyn]/[Trp]), is reported to be increased (26). The expression of IDO1 is reduced in peripheral blood mononuclear cells (26), while NLCs (27) and CD14+HLA-DRlo MDSCs (28) expressed high levels of this catabolic enzyme, and IDO1 inhibition may restore T cell proliferation. Even in studies on Eµ-TCL1 mice with a CLL-like disease, the enhanced expression of IDO1 in tumor-associated myeloid cells was observed (29). Interestingly, IDO1 expression was significantly higher in malignant CD19+ B cells of Eµ-TCL1 mice compared to CD19+ B cells of wild-type (WT) mice (29). However, the functional role of IDO1 in the leukemic clones from CLL patients is unknown. Here, we evaluated whether the IDO1/Kyn/AHR signaling pathway may be involved in CLL pathobiology. Our findings illustrate for the first time a role of the IDO1 metabolic pathway in CLL-prolonged survival and impaired drug sensitivity. The effects are mediated by the autocrine/paracrine action of Kyn that activates AHR. Interestingly, the blockade of AHR via CH-223191 interferes with the pro-survival signal and MCL1 induction triggered by IDO1. We also demonstrated that IDO1 metabolic activity affects the response to ABT-199, while CH-223191 treatment synergizes with the BCL2 inhibitor to kill leukemic CLL cells. Collectively, our findings suggest that the IDO1/Kyn/AHR axis may represent a novel therapeutic target in CLL.



Materials and Methods


Patients

Blood samples from untreated patients that matched standard diagnostic criteria for CLL were obtained from the Hematology Section of Modena Hospital, Italy, with a protocol approved by the Institutional Review Board. All patients provided written informed consent in accordance with the declaration of Helsinki. Peripheral blood mononuclear cells were isolated by density gradient centrifugation with Lymphoprep medium (Pharmacia LKB Biotechnology, Piscataway, NY, USA) and used fresh or cryopreserved in RPMI-1640 medium, 50% FBS, and 10% DMSO and stored in liquid nitrogen until use. To enrich for CLL cells, peripheral blood mononuclear cells were incubated with CD19-specific microbeads (Miltenyi Biotech, Auburn, CA, USA) and separated by autoMACS (Miltenyi Biotec).



In Vitro CLL Stimulation and Drug Treatments

To analyze basal IDO1 levels, CD19+ CLL cells were serum starved for 1 h in RPMI-1640 at 37°C prior to RNA extraction. In all other experiments, CD19+ CLL cells were resuspended in RPMI-1640 medium + 10% FBS. To mimic microenvironmental stimulation, CLL cells were treated with one of the following soluble factors: IFN-γ 500 U/ml (PeproTech Cat# 300-02, Rocky Hill, NJ, USA); LPS 5 μg/ml (Sigma-Aldrich Cat# L5293, St. Louis, MO, USA); goat F(AB′)2 fragment to human IgM (5FCµ) 10 μg/ml (Thermo Fisher Scientific Cat# ICN55055, Waltham, MA, USA); Type B CpG oligonucleotides 1 μg/ml (ODN 2006) (InvivoGen Cat# tlrl-2006, San Diego, CA, USA); and CD40L 200 ng/ml + interleukin (IL)-4 20 ng/ml (both from PeproTech Cat# 310-02 and 200-04) or tumor necrosis factor (TNF)-α 5 ng/ml (PeproTech Cat# 300-01A). Control cells were cultured in parallel without stimulation. L-Kynurenine (Sigma-Aldrich Cat# K8625) was used at 100 μM. INCB018424 (ruxolitinib) (SelleckChem Cat# S1378, Houston, TX, USA) was used at 0.1 and 1 μM as previously described (30). CH-223191 (MedChemExpress Cat# HY-12684, Princeton, NJ, USA) was used at 10 μM. ABT-199 (venetoclax) (SelleckChem Cat# S8048) was used at 1 nM. AMG-176 (MedChemExpress Cat# HY-101565) was used at 100 or 300 nM.



Real-Time PCR

Total RNA was extracted with the RNeasy Plus Mini Kit (Qiagen Cat# 74134) and reverse transcribed using SS VILO Master Mix (Life Technologies Cat# 11755050, Carlsbad, CA, USA). Twenty nanograms per reaction of cDNA was analyzed in real-time PCR on LightCycler 480 v.2 (Roche) using SYBR Green Master Mix (Applied Biosystems Cat# 4309155, Foster City, CA, USA). Specific primers designed for IDO1, CYP1A1, and MCL1 are listed in Supplementary Table 1. Amplification of the sequence of interest was normalized to an endogenous reference control (GAPDH) and analyzed by the relative quantification method.



Immunoblottings

Purified CD19+ CLL cells were lysed for 20 min on ice with lysis buffer supplemented with dithiothreitol and protease inhibitor cocktail (BioVision Cat# K269, Milpitas, CA, USA). Proteins (70 μg/lane) were electrophoresed on 4 to 20% of SDS-polyacrylamide gradient gels (Bio-Rad Laboratories Cat# 4561094, Hercules, CA, USA). Membranes were immunoblotted with primary antibodies listed in Supplementary Table 2. Then, membranes were incubated with a species-specific horseradish peroxidase (HRP)-conjugated secondary antibody (diluted 1:20,000) (Bethyl Cat# A120-101P, and Cat# A90-116) and developed using HRP conjugates Western Bright Sirius (Advasta, Menlo Park, CA, USA). Images were acquired by ChemiDoc XRS+ (Bio-Rad Laboratories) and analyzed using Image Lab Software v.3.0 (Bio-Rad Laboratories).



Immunofluorescence

Expression levels of IDO1 protein in CD19+ CLL cells were also evaluated by intracytoplasmic immunofluorescence staining. CD19+ CLL cells were plated in RPMI-1640 medium + 10% FBS on coverslips in a 24-well plate and pretreated (or not) with INCB018424 for 1 h before the incubation with IFN-γ for 20 h. After stimulation, cells were fixed and permeabilized on coverslips. After washes, the primary IDO1 antibody was loaded on coverslips and incubated overnight at +4°C. The day after, CLL cells were washed and incubated with Alexa-Fluor 488 conjugated secondary antibody (Thermo Fisher Scientific Cat# A-11034) for 1 h at room temperature. Finally, DAPI Antifade ES (CytoCell Cat# DES500L, Cambridge, UK) was added to stain cell nuclei. Immunofluorescent images were visualized with EVOS™ M5000 Imaging System (Thermo Fisher Scientific).



Flow Cytometry

A flow cytometric evaluation of IDO1 expression in CLL cells was assessed treating CD19+ cells isolated from CLL patients with IFN-γ for 24 h. Then, cells were fixed and permeabilized overnight. The following day, cells were washed and incubated with the anti-human IDO1-PE antibody (Cell Signaling Technology Cat# 10312) for 1 h on ice. For each sample, an isotype control was prepared in parallel.



Sample Preparation for Metabolite Analysis

To assess the effect of IFN-γ on IDO1 activity, purified CD19+ CLL cells were resuspended in 0.5 ml of RPMI-1640 medium + 10% FBS and cultured at a density of 12 × 106/well in 12-well plates. Cells were pretreated (or not) with INCB018424 1 µM for 1 h before the incubation with IFN-γ for 24 h. Similarly, 0.5 ml of conditioned media was collected from 5 × 106 CLL cells 24 h post transfection with the IDO1 vector, or the corresponding empty vector. Conditioned media were collected by centrifugation at 2,000 × g for 15 min and stored at −80°C until assayed. Fifty µl of these supernatants was added with an equal volume of ice-cold 1 M perchloric acid (HClO4) fortified with a mix of the following stable isotope-labeled internal standard (final concentration 1 µM): L-kynurenine-d4 (Buchem BV, Apeldoorn, Netherlands) and L-tryptophan-d5 (Sigma-Aldrich). Samples were centrifuged (15,000 × g, 15 min), and the supernatants were collected and directly injected into LC-MS/MS.



Liquid Chromatography and Chemicals

LC-MS/MS analyses were performed as previously described (31), with a few changes. The analyses were performed using an Agilent HP 1200 liquid chromatograph (Agilent, Santa Clara, CA, USA) consisting of a binary pump, an autosampler, and a thermostated column compartment. Chromatographic separations were carried out using a Discovery® HS-F5-3 column (150 × 2.1 mm, 3 µm, Supelco Cat# 567503-U, Bellefonte, PA, USA) using 0.1% formic acid in water (solvent A) and acetonitrile (solvent B) as mobile phase. The HPLC analyses were performed using a linear elution profile of 15 min from 5% to 90% of acetonitrile (ACN). The column was then washed with 90% of ACN for 3.5 min followed by the equilibration of the column for 5 min with 5% ACN. The flow rate was 0.5 ml/min. The injection volume was 20 µl. An Agilent 6410 triple quadrupole-mass spectrometer with an electrospray ion source (ESI) operating in positive mode was used for detection. L-Tryptophan, HPLC-grade acetonitrile, and methanol were obtained from Sigma-Aldrich. Analytical grade formic acid, acetonitrile, and perchloric acid were obtained from Carlo Erba. Water was purified using the Milli-Q water purification system (Millipore).



B-CLL Cell Transfection Strategy

CLL cells were transfected using either a plasmid vector or small interfering RNAs (siRNAs). The transfections were carried out in a Nucleofector instrument (Lonza, Basel, Switzerland) with the P3 primary cell solution kit using the program EO-117. Briefly, 5 × 106 CD19+ CLL cells were transfected with 10 μg of IDO1 plasmid vector (Cat# HG11650-NF) or the corresponding empty vector pCMV3-Negative Control (Cat# CV020) (all from Sino Biological Inc., Shanghai, China). The expression of AHR was silenced using TriFECTa® Kit DsiRNA Duplex (IDT Design ID# hs.Ri.AHR.13) at a concentration of 200 nM. Non-targeted negative control siRNA was used as negative control in all experiments. Transfected cells were subsequently plated in RPMI-1640 medium supplemented with 10% FBS and analyzed at indicated time points.



CLL Cell Viability

The apoptotic cell death of CLL cells was analyzed using Annexin V-FITC and propidium iodide (PI) staining (Thermo Fisher Scientific Cat# BMS500FI/100). Viability was defined as the percentage of Annexin V-/PI- cells, while apoptosis was defined as the percentage of Annexin V+/PI- cells. Events were acquired using the BD Accuri™ C6 Plus Flow Cytometer System (Becton Dickinson) and then analyzed by FlowJo Software (Tree Star).



Statistical Analyses

Data were analyzed using GraphPad Prism 6 (GraphPad Software) or R 3.6.3 software (The R Foundation for Statistical Computing). In some experiments, results were normalized on control (100%) (vehicle-treated samples). Normalization was performed by dividing the value of a particular treated sample to the value of the corresponding sample treated with vehicle. p values were calculated by Student paired t test, and repeated-measure two- or three-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). When applicable, experiments followed a complete factorial design with two or three experimental factors. Data from each experiment were analyzed with a repeated-measure approach. Firstly, a full model was estimated, including all pairwise and—if the case—higher-order interaction terms. When interaction terms were not statistically significant, they were removed from the models and only the main effects for each factor were estimated. Main effects were reported as the mean difference (MD) with 95% confidence intervals (CI). Repeated-measure analyses were carried out with linear mixed models with a random intercept for each individual and random slope terms for each factor (without interactions). Data are presented as mean and standard error of the mean (SEM) is depicted as error bars.




Results


IDO1 Is Expressed in CLL and Modulated by Stimuli That Mimic Tumor Microenvironment

Firstly, we characterized IDO1 expression in CLL. CD19+ cells were purified from peripheral blood of untreated patients and inspected for IDO1 mRNA expression, detecting a variable amount in all samples (data not shown). These data were confirmed analyzing the expression level of IDO1 protein as shown in Figure 1A. After exposure to IFN-γ, a known inducer of IDO1, CD19+ leukemic cells strongly upregulated IDO1 protein (Figure 1B). Given the pivotal role of TME in CLL progression and clonal evolution, we decided to evaluate the impact of microenvironmental signaling on IDO1 regulation in CLL. Purified CD19+ cells were treated with different stimuli to trigger the B cell receptor (BCR), toll-like receptor (TLR) 4, TLR 7-9, CD40, and TNF receptor, in order to mimic the CLL microenvironment. After 4 h of stimulation, we observed a significant increase in IDO1 mRNA level in samples treated with IFN-γ ( p = 0.037), with LPS (p = 0.028), with anti-IgM (p = 0.021), with CpG DNA (p = 0.032), with CD40L + IL-4 (p = 0.049), and with TNF-α (p = 0.003) (Figure 1C). Accordingly, we also detected significantly higher IDO1 protein in CLL cells following each stimulation if compared to controls after 24 h, as reported in Figure 1D.




Figure 1 | CLL cells up-regulate IDO1 in response to stimuli that mimic microenvironmental signals. (A) Purified leukemic CD19+ cells from CLL patients were serum starved for 1 h. Then the basal level of IDO1 was inspected by Western blot (n = 8) and illustrated by a bar diagram. (B) Flow cytometric histograms represent a high IDO1 level in CD19+ cells treated for 24 h with IFN-γ compared to the untreated control sample and isotype sample. (C) Bar diagram represents IDO1 expression in CD19+ CLL measured by real-time PCR. Samples were treated for 4 h with one of microenvironment stimuli individually (Student paired t test, *p < 0.05, **p < 0.01; n = 5). (D) Immunoblots represent IDO1 protein induction after 24 h of stimulation with the abovementioned factors. Histograms below represent the densitometric quantifications (Student paired t test, *p < 0.05, **p < 0.01; n = 5).





IFN-γ/Jak/STAT1 Pathway Regulates the Production of Enzymatically Active IDO1 in CLL

We investigated whether overexpressed IDO1 was mediated by the Jak/STAT1 pathway and was enzymatically active. Firstly, we pretreated CLL cells with a JAK1/2 inhibitor, INCB018424, leading to the blockade of the intracellular signaling molecules downstream to IFN-γ. A dose escalation of INCB018424 (0.1–1 µM) significantly impaired the expression of IDO1 in a dose-dependent manner with a concomitant reduction of phosphorylated and total STAT1 protein levels induced by IFN-γ stimulation (Figure 2A, both p < 0.05). The reduction of IDO1 level by the most effective dose of INCB018424 (1 µM) was also confirmed by immunofluorescence (Figure 2B, p = 0.046). Because IDO1 activity can be indirectly estimated by determining the ratio between the amount of metabolites produced to the degraded substrate (32), we quantified the Kyn and Trp levels in the conditioned media of cultured CLL cells. Treatment of CD19+ cells with IFN-γ induced a significant production of Kyn (from 0.7 µM ± 0.1 µM to 4.2 µM ± 0.50 µM, p = 0.002) with a concomitant depletion of Trp (from 14.0 µM ± 0.3 µM to 8.1 µM ± 0.6 µM, p < 0.001) if compared to control. Again, treatment with INCB018424 1 µM significantly affected the production of Kyn (1.0 ± 0.4 µM, p = 0.018) (Figure 2C). As a result, the [Kyn]/[Trp] ratio calculated after IFN-γ stimulation increased considerably (from 0.05 ± 0.003 to 0.54 ± 0.083, p = 0.004) indicating the full activity of the IDO1 enzyme. A minimal IDO1 activity was observed in INCB018424-treated CLL cells, in which the [Kyn]/[Trp] ratio was significantly decreased (0.09 ± 0.054, p = 0.028) (Figure 2C). Overall, these findings showed that CLL cells respond to IFN-γ stimulation upregulating an active form of IDO1 protein, confirming that this enzyme is active and inducible in CLL.




Figure 2 | IDO1 protein induction and activity can be regulated by IFN-γ in CLL. (A) Purified CLL cells were pretreated with two doses (0.1–1 μM) of INCB018424 for 1 h prior to IFN-γ stimulation for 24 h. Immunoblots depict IDO1, tSTAT1, and pSTAT1 protein levels in a representative case. Histograms on the right represent the densitometric quantifications of IDO1 and pSTAT1/tSTAT1 in 5 CLL samples (Student paired t test, *p < 0.05; n = 5). (B) Immunofluorescence staining shows the ability of INCB018424 1 μM to reduce IDO1 expression induced by IFN-γ. Scale bar is 20 µm. Box plots summarize the fluorescent levels in DMSO, IFN-γ, or IFN-γ + INCB018424-treated CLL cells (Student paired t test, *p < 0.05; n = 9). (C) Conditioned media were collected after INCB018424 pretreatment (or not) and IFN-γ incubation for 24 h. Dot plots on the left represent the mean of the Kyn concentration measured by LC-MS/MS analytical technique in 5 separated experiments (Student paired t test, *p < 0.05, **p < 0.01; n = 5). The central dot plots represent the mean of the Trp concentration (Student paired t test, *p < 0.05, ***p < 0.001; n = 5). The resultant [Kyn]/[Trp] ratio calculated is depicted in the right dot plot (Student paired t test, *p < 0.05, **p < 0.01; n = 5).





IDO1 Is Involved in Preserving CLL Survival

To specifically investigate the functional role of IDO1 in CLL cells, transfection of the IDO1 vector or empty vector as control was performed. We detected a significant IDO1 overexpression comparable to the induction previously obtained with IFN-γ stimulation (Figure 3A, p = 0.018). We used the LC-MS/MS procedure for Kyn and Trp dosage in conditioned media of IDO1-transfected CD19+ cells, confirming the increased activity of the overexpressed enzyme compared to the control (Kyn from 0.3 µM ± 0.02 µM to 0.6 µM ± 0.06 µM, p = 0.002; Trp from 15.7 µM ± 1.0 µM to 12.7 µM ± 0.5 µM, p = 0.028; [Kyn]/[Trp] ratio from 0.02 ± 0.003 to 0.05 ± 0.005, p = 0.005; Figure 3B). The genetic modulation of IDO1 determined an increase of CLL survival (from 66.9% ± 2.4% to 73.5% ± 2.7% of viable cells, p = 0.015) (Figure 3C). This result was also confirmed by measuring a decrease in the apoptotic rate after transfection with the IDO1 vector, as shown in Supplementary Figure 1A. Moreover, we treated purified CD19+ cells with exogenous Kyn to mimic the effect of IDO1 enzymatic action. As expected, Kyn promoted a significant increase in CLL cell viability (from 33.7% ± 3.8% to 41.1% ± 3.4%, p = 0.002) (Figure 3D) and a decrease in CLL cell apoptosis (Supplementary Figure 1B). These data confirmed the involvement of IDO1 and its derived metabolite in preserving CLL cell survival.




Figure 3 | CLL cell survival is promoted by IDO1 overexpression. (A) CLL cells were transfected with an IDO1-expressing vector or an empty vector. After 24 h from transfection, the IDO1 protein level was measured by Western blot. Bar diagrams represent the densitometric quantifications of IDO1 (Student paired t test, *p < 0.05; n = 5). (B) Conditioned media were collected 24 h post transfection with the IDO1 vector or empty vector. Dot plots on the left represent the mean of the Kyn concentration measured by HPLC in 8 separated experiments (Student paired t test, **p < 0.01; n = 8). The central dot plots represent the mean of the Trp concentration (Student paired t test, *p < 0.05; n = 8). The resultant [Kyn]/[Trp] ratio calculated is depicted in the right dot plot (Student paired t test, **p < 0.01; n = 8). (C) Box plots represent the percentage of viable CLL cells after 24 h of transfection with IDO1-expressing vector or empty vector (Student paired t test, *p < 0.05; n = 5). (D) Box plots represent the percentage of CLL cell viability measured after 48 h of stimulation with Kyn 100 µM (Student paired t test, **p < 0.01; n = 6).





AHR Promotes Cell Survival Modulating MCL1 in CLL Cells

Kyn is a potent endogenous activator of AHR (33), a ligand-controlled transcription factor that regulates enzymes metabolizing xenobiotic chemicals, such as cytochrome P450s (34). Therefore, we inspected if Kyn produced by CLL cells could act through an autocrine and/or paracrine loop on AHR. We observed that Kyn treatment is able to induce the transcription of CYP1A1, a known target of AHR (Figure 4A, p = 0.021). Then, we silenced AHR expression by siRNA transfection observing its significant impairment (Figure 4B, p = 0.02). Accordingly, CYP1A1 expression was decreased by AHR silencing (Supplementary Figure 2A). In this context, we detected a significant reduction of MCL1 expression in CLL cells consequent to the decreased AHR level (Figure 4B, p = 0.004). Of note, reduction of AHR determined a significant decrease in CLL cell viability (from 53.0% ± 4.1% to 42.3% ± 4.8%, p = 0.003) (Figure 4C). As a consequence, the apoptotic rate of AHR-silenced CLL cells was increased (Supplementary Figure 2A). Accordingly, we pretreated isolated CD19+ cells with CH-223191, an AHR antagonist, and then we analyzed the expression of MCL1. Inhibition of AHR was able to affect MCL1 expression induced by Kyn stimulation, both at transcriptional (from 137.1% ± 2.7% to 120.5% ± 0.4%, p = 0.028) (Figure 4D) and protein levels (from 128.6% ± 3.4% to 109.4% ± 4.2%, p = 0.002) (Figure 4E).




Figure 4 | Kyn enhances MCL1 levels by activating AHR. (A) Bar diagram displays CYP1A1 mRNA levels that were measured by real-time PCR in CD19+ cells treated with 100 μM Kyn, for 3 h (Student paired t test, *p < 0.05; n = 8). (B) Immunoblots show expression of AHR and MCL1 48 h after transfection with scramble or AHR siRNA in 3 representative CLL samples. Histograms show densitometric quantification of AHR and MCL1 protein level (Student paired t test, *p < 0.05, **p < 0.01; n = 6). (C) Box plots represent the percentage of viable CLL cells after 48 h from transfection with AHR siRNA or scramble (Student paired t test, **p < 0.01; n = 5). (D) MCL1 mRNA levels were measured by real-time PCR in CLL cells pretreated for 90 min with 10 µM CH-223191 prior to addition of 100 µM Kyn. Histogram depicts the inhibition of MCL1 induction by CH-223191 (Student paired t test, *p < 0.05, **p < 0.01; n = 5). (E) Immunoblot depicts MCL1 protein levels in a representative case. On the right, histogram represents the densitometric quantifications of CLL samples (Student paired t test, **p < 0.01; n = 9).





MCL1 Induction by the IDO1/Kyn/AHR Axis Affects the Response to ABT-199 in CLL

A high expression of B-cell lymphoma-extra large (BCL-xL) and MCL1 has reported to contribute to reduced response to ABT-199 in CLL (35). Therefore, to evaluate the effect of IDO1-induced survival on CLL cell sensitivity to ABT-199 treatment, we treated CD19+ cells with Kyn, and then we added or not ABT-199 1 nM. We found that the killing effect of the BCL2 inhibitor was impaired in CLL because of the Kyn-mediated survival signal. Indeed, Kyn pre-incubation improved the percentage of viable cells in both settings, with or without ABT-199 treatment, from 54.7% ± 1.6% to 58.4% ± 1.6% and from 68.0% ± 1.4% to 71.8% ± 1.3%, respectively (Figure 5A). The interaction effect was not significant. The main effects were MD = 3.76, [95% CI = 2.12; 5.40], p = 0.001, for Kyn treatment and MD = -13.32, [95% CI = -20.73; -5.92], p = 0.006, for ABT-199 treatment. Given the important role of the IDO1/Kyn/AHR axis in the induction of MCL1 documented above, we pretreated CD19+ cells with CH-223191 to block the signaling downstream to Kyn prior to ABT-199 1-nM addition. AHR inhibition promoted apoptotic cell death because CH-22311 showed an additive effect with ABT-199 in CLL (cell viability from 56.6% ± 2.1% to 48.8% ± 3.0%) (Figure 5B) as deduced from the main effects obtained for the three treatments (MD = 3.80, [95% CI = 0.88; 6.73], p = 0.043; MD = -4.81, [95% CI = -7.00; -2.62], p = 0.003; MD = -16.63, [95% CI = -26.79; -6.46], p = 0.019 for Kyn, Ch-223291 and ABT-199 treatments, respectively). Since inhibition of MCL1 is effective in CLL cells and the MCL1 antagonist, AMG-176, has been demonstrated to induce apoptosis in the CLL setting (36), we wanted to evaluate if AMG-176 could impair Kyn-mediated survival of CLL cells. Hence, isolated CD19+ cells were pre-incubated with Kyn and then two doses of AMG-176 (100–300 nM) were tested. After 5 h of culture with AMG-176, we detected in all our conditions a significant induction of apoptosis (Figure 5C). Since the interaction effect was not significant, the main effects were MD = -1.238, [95% CI = -2.966; 0.4911], p = 0.14, and MD = 15.45, [95% CI = 10.76; 20.15], p < 0.001, for Kyn and AMG-176 100 nM treatment; MD = -0.7250, [95% CI = -2.215; 0.7651], p = 0.31, and MD = 29.68, [95% CI = 21.29; 38.06], p < 0.001, for Kyn and AMG-176 300 nM treatment, respectively. However, directly inhibiting MCL1, AMG-176 completely nullified the survival effect of Kyn, as no difference in cell viability was found in the comparison between samples treated with Kyn and AMG-176 or the MCL1 inhibitor alone. Summarizing, these data showed that the IDO1/Kyn/AHR axis induces survival in CLL leukemic cell through the maintenance of high levels of MCL1.




Figure 5 | The activity of IDO1/Kyn/AHR axis impairs CLL cells response to ABT-199. (A) Histograms show comparison on viability rate of CLL cells treated with 1 nM ABT-199 for 5 h after overnight stimulation with 100 µM Kyn (repeated-measure two-way ANOVA with Kyn and CH-223191 treatment groups as the two factors; n = 11). (B) CLL cells were pretreated for 90 min with 10 µM CH-223191 and cultured overnight with Kyn. Then, 1 nM ABT-199 was added to culture for 5 h prior to cell viability assessment. Histograms illustrate the synergistic effect of CH-223191 with ABT-199 in CLL cells (repeated-measure three-way ANOVA with Kyn, ABT-199, and CH-223191 treatment groups as the three factors; n = 7). (C) CD19+ cells were cultured overnight with 100 µM Kyn, and then 100 or 300 nM AMG-176 was added to culture for 5 h. Cell viability was measured and depicted in histograms (repeated-measure two-way ANOVA with Kyn and AMG-176 treatment groups as the two factors; n = 12).






Discussion

IDO1 is an intracellular enzyme that initiates the first and rate-limiting step of Trp breakdown along the kynurenine pathway. In different tumors, IDO1 is constitutively expressed by the tumor cells themselves and also by tumor-associated cells, such as dendritic cells or endothelial cells (17).

Here, we demonstrated for the first time that CLL cells express an active and functional form of IDO1 enzyme and that microenvironmental stimuli, as inflammatory and pro-survival factors, are able to strongly induce a positive modulation of IDO1 expression. In line with previous literature, IFN-γ strongly induces IDO1 expression through the Jak/STAT1 signaling pathway in CLL. The kynurenine-to-tryptophan ratio is frequently used to measure or reflect the activity of IDO1. The elevated plasma level of the [Kyn]/[Trp] ratio was detected in patients diagnosed with various solid tumors but also in CLL cases and often correlate with poor prognosis (18–24, 26). High levels of Kyn concomitantly with consumption of Trp were detected in conditioned media collected from CD19+ CLL cells stimulated with IFN-γ, confirming that the overexpressed IDO1 enzyme was active in CLL cells. Accordingly, we found that blocking IFN-γ signaling via INCB018424 interferes with IDO1 induction, STAT1 phosphorylation, and Kyn production. Overall, our findings suggested that IDO1 may be abnormally produced and activated in leukemic cells in response to signals known to be present inside the tissue microenvironment.

Nowadays, attention has been focused on the effects of IDO1, because in addition to immune regulation, activation of the IDO1/Kyn/AHR axis affects tumor cell viability, proliferation, and apoptosis in vitro. It was demonstrated that blockade of IDO1 activity in cancer cells could reduce β-catenin activation and inhibit cell proliferation (37). IDO1 silencing in melanoma cells inhibited cancer cell proliferation and induced cell apoptosis (38). We argued whether the IDO1 pathway may trigger survival stimuli on CLL cells by establishing an autocrine loop and/or by acting throughout the microenvironment. We observed an enhanced resistance to spontaneous apoptosis in CLL cells when IDO1 expression was forced with the plasmid vector. This pro-survival influence induced by IDO1 is also confirmed by treating CLL cells with Kyn, the main metabolite of the IDO1 enzyme. Accordingly, we demonstrated that Kyn activates AHR transcriptional activity in CLL cells. AHR is involved in the formation of tumors as its activation enhanced clonogenic survival and motility of tumor cells (39, 40) and as transgenic mice with a constitutively active AHR spontaneously develop tumors (41). As a consequence, we argued whether AHR may have a role in CLL survival and maintenance. Although the study of Gonder and colleagues showed that the conditional knockout of AHR in CD19+ B cells of the Eµ-TCL1 mouse model seems to have no impact on CLL progression or survival in vivo (42), we demonstrated that AHR silencing on CLL cells significantly increased apoptosis of CD19+ clones in vitro. These conflicting findings keep open the debate about AHR’s active involvement in CLL leukemogenesis and maintenance, which requires further investigation.

The BCL2 family proteins are well-known modulators of apoptosis. B-cell malignancies, such as CLL and follicular lymphomas, are functionally dependent on BCL2 for survival (43). Surprisingly, CLL cells treated with AHR agonist Kyn showed increased MCL1 transcript and protein. Conversely, we found that blocking AHR via CH-223191 or by AHR silencing abrogates MCL1 expression. Our data suggest that AHR blocking interferes with the survival of CLL cells by limiting the expression of MCL1. Here, we also evaluated whether IDO1/Kyn/AHR signaling may determine protection against drug-induced apoptosis as reported in solid tumors (44, 45). Mature B-cells, both normal and leukemic (CLL), are highly sensitive to BCL2 inhibition by ABT-199, which induces BAX/BAK-mediated apoptosis triggered mainly by BIM (46), but ABT-199 is much less effective against CLL cells that have received survival signals from the microenvironment (47). Sustained engagement of the BCR induces MCL1 (48), and high levels of MCL1 have been shown to protect CLL, other hematological malignancies, and certain solid tumors from ABT-199 (47). We found that Kyn-treated CLL cells are less affected by the pro-apoptotic effect of ABT-199. AHR blockade by the CH-223191 antagonist inhibited the Kyn-mediated protection against ABT-199-induced apoptosis. Moreover, at low concentrations of ABT-199, CH-223191 showed synergistic or additive cytotoxicity to CLL lymphocytes. Finally, we wanted to confirm that the IDO1/Kyn/AHR axis improves CLL survival through MCL1 induction, targeting MCL1 itself. AMG-176 is a selective and direct antagonist of MCL1, which has shown efficacy in several hematological malignancies, including CLL (36). As expected, CD19+ cells rapidly went into apoptosis after AMG-176 treatment even if treated with Kyn. Indeed, AMG-176 completely neutralized the survival effect of the IDO1/Kyn/AHR pathway in CLL. In this scenario, the IDO1 pathway activated in CLL cells by stimuli from other cell types, such as endothelial cells, NLCs, MDSCs, and T cells inside microenvironmental niches, could interfere with the effect of novel targeted drugs currently used for CLL patients’ management. The results support the notion that the activation status of the IDO1/Kyn/AHR axis may be of relevance in CLL clinical outcome.

Several issues concerning the role of IDO1 in CLL remain to be explored. First, multiple mechanisms at both transcriptional (i.e., Bridging integrator 1, Bin1) and posttranslational levels (i.e., suppressor of cytokine signaling 3, SOCS3) may be implicated in the abnormal levels of IDO1. Second, the mechanisms underlying AHR induction of MCL1 are not fully elucidated. Upon ligand binding, AHR translocates to the nucleus and the formation of AHR-AHR nuclear translocator (ARNT) heterodimer leads to the transcription of dioxin-responsive element-containing genes (49). In addition to the canonical pathway characterized by AHR nuclear translocation through which AHR regulates target gene expression, AHR influences many biological processes through non-genomic signaling mechanisms (45). Further studies are needed to clarify the molecular cascade that links IDO1 activity to MCL1 expression through not only Kyn and AHR. On this line, we have planned to confirm our findings in an adoptive transfer mouse model of CLL. An in vivo study will allow (i) to evaluate the effects of the IDO1/Kyn/AHR axis on the complexity of the leukemic microenvironment; (ii) to consider the impact of the known deregulation of nicotinate/nicotinamide pathways and purine metabolism by the action of IDO1 (50); and (iii) to analyze the effects of IDO1 and AHR inhibitors on the leukemic population evaluating the disease dynamics (insurgence, aggressiveness, progression and remission).

In conclusion, our data show for the first time that CLL cells express an active IDO1 enzyme that produces high levels of Kyn consuming Trp via the kynurenine pathway. The results also demonstrate that the IDO1/Kyn/AHR axis plays a role in survival and drug resistance of leukemic cells. The observed ability of the AHR selective antagonist to interfere with protective signals of CLL cells may be explored, both experimentally and clinically, as a possible novel therapeutic approach in CLL.
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Supplementary Figure 1 | IDO1 overexpression and Kyn treatment reduce apoptosis of CLL cells. (A) Box plots represent the percentage of apoptotic CLL cells after 24 h of transfection with IDO1-expressing vector or empty vector (Student paired t test, *p < 0.05; n = 5). (B) Apoptotic CLL cells measured after 48 h of stimulation with Kyn 100 µM are depicted in box plots (Student paired t test, **p < 0.01; n = 6).

Supplementary Figure 2 | Silencing of AHR in CLL cells reduces CYP1A1 protein expression and enhances apoptosis. (A) Immunoblots show expression of CYP1A1 48 h after transfection with scramble or AHR siRNA in 3 representative CLL samples. Histograms show densitometric quantification of CYP1A1 protein level (Student paired t test, *p < 0.05; n = 6). (B) Box plots represent the percentage of apoptotic CLL cells after 48 h from transfection with AHR siRNA or scramble (Student paired t test, ***p < 0.001; n = 5).

Supplementary Table 1 | List of primers used for Real Time PCR

Supplementary Table 2 | List of primary antibodies used in this study
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Notch receptors deeply influence T-cell development and differentiation, and their dysregulation represents a frequent causative event in “T-cell acute lymphoblastic leukemia” (T-ALL). “Myeloid-derived suppressor cells” (MDSCs) inhibit host immune responses in the tumor environment, favoring cancer progression, as reported in solid and hematologic tumors, with the notable exception of T-ALL. Here, we prove that Notch-signaling deregulation in immature T cells promotes CD11b+Gr-1+ MDSCs in the Notch3-transgenic murine model of T-ALL. Indeed, aberrant T cells from these mice can induce MDSCs in vitro, as well as in immunodeficient hosts. Conversely, anti-Gr1-mediated depletion of MDSCs in T-ALL-bearing mice reduces proliferation and expansion of malignant T cells. Interestingly, the coculture with Notch-dependent T-ALL cell lines, sustains the induction of human CD14+HLA-DRlow/neg MDSCs from healthy-donor PBMCs that are impaired upon exposure to gamma-secretase inhibitors. Notch-independent T-ALL cells do not induce MDSCs, suggesting that Notch-signaling activation is crucial for this process. Finally, in both murine and human models, IL-6 mediates MDSC induction, which is significantly reversed by treatment with neutralizing antibodies. Overall, our results unveil a novel role of Notch-deregulated T cells in modifying the T-ALL environment and represent a strong premise for the clinical assessment of MDSCs in T-ALL patients.
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Introduction

The signaling of Notch receptors is simple and conserved, although many levels of regulation exist and its outcomes are strictly context-dependent (1–3). In mammals, it starts with the interaction between receptors (Notch1 to Notch4) and ligands (Jagged or Delta family) expressed on neighboring cells. Two sequential proteolytic cuts then lead to the release of the functional intracellular domain of Notch (ICN), which translocates into the nucleus to activate the CSL transcription factor. Notch exerts essential roles in T-cell development and differentiation (4–6), and ICN constitutive activation drives the development of “T-cell acute lymphoblastic leukemia” (T-ALL) (7), as demonstrated in murine models (8–10) and reported in patients (11, 12). Many efforts have been produced to dissect the oncogenic role of Notch inside T-ALL cells. However, the effects of T-cell-targeted deregulation of Notch signaling on tumor environment remain underexplored.

“Myeloid-derived suppressor cells” (MDSCs) represent a small and heterogeneous group of immature/progenitor myeloid cells. In mice, they are broadly identified as CD11b+Gr-1+ cells (13) and are expanded/activated in the tumor environment, where they suppress host immune responses, facilitating cancer progression (14). MDSCs have been described in detail in solid tumors (15, 16). Instead, studies are limited and with conflicting results in hematological malignancies, and nothing has been reported for T-ALL (17, 18), so far.

Notch may regulate MDSC behavior in a different context (19, 20). Notch-signaling inhibition in Gr-1+ cells facilitates the aberrant production of MDSCs in tumor-bearing mice and cancer patients (21, 22). In contrast, other groups reported that Notch-signaling inhibition, by using GSI or anti-jagged antibodies, limits the function of MDSCs in cancer settings, thus suggesting a positive role of Notch activation (23, 24). The non-cell autonomous influence of Notch activation on the myeloid compartment was already reported in T-ALL. Indeed, the constitutive expression of ICN1 in murine bone marrow (BM) progenitors, by retroviral vectors, induces the expansion of CD11b+Gr-1+ cells in non-transduced populations (25, 26). On the other hand, myeloid cells may directly influence the onset and progression of T-ALL (27). Nonetheless, the possible arising of MDSCs in T-ALL, their crosstalk with leukemic T cells, and the underlying mechanism/s remain largely undetermined.

Here, we demonstrate that functional CD11b+Gr-1+ MDSCs accumulate in a transgenic murine model of Notch3-dependent T-ALL (N3-tg mice), bearing an lck-driven constitutive expression of ICN3 in T cells (9). The aberrant CD4+CD8+ [double positive (DP)] T cells from N3-tg mice drive the generation of MDSCs in a coculture system with BM progenitors of wt mice, as well as in NSG hosts, upon their adoptive transfer. Furthermore, we suggest that induced MDSCs facilitate, in turn, the proliferation and expansion of DP T-ALL cells. We also show that MDSC induction is IL-6-dependent. Finally, we start extending our observations to humans, showing that Notch-deregulated T-ALL cell lines promote in vitro the generation of CD14+HLA-DRlow/neg MDSCs from healthy-donor PBMCs, through a mechanism that depends on both Notch and IL-6.

In summary, our preclinical studies and preliminary observations in humans could pave the way for exploring MDSCs as a potential target of therapy for Notch-dependent T-ALL.



Materials and Methods


Flow Cytometry and Cell Sorting

Single-cell suspensions of thymus, spleen, BM, or peripheral blood from N3-tg or wt mice were resuspended in PBS; 2% FBS and erythrocytes were lysed with ammonium-chloride–potassium lysing buffer, as described (28); then, cells were stained with surface markers for 30 min on ice, using anti-CD4-PerCPCy5.5 (RM4-5), anti-CD8-APC (53-6.7), anti-CD11b-FITC (M1/70), and anti-Gr-1-PE (RB6-8C5) antibodies, all from BD Bioscience (La Jolla, CA, USA). For IL-6 detection, freshly isolated BM or thymus cells were stimulated for 4 h with PMA 50 ng/ml and ionomycin 1 μg/ml (Sigma Aldrich, St Louis, MA, USA), in the presence of brefeldin A (Golgi Plug, BD Bioscience, La Jolla, CA, USA). Samples were stained with the appropriate surface markers, followed by the intracellular staining with anti-IL-6-PE (MP5-20F3) antibody or isotype control, performed by using Cytofix/Cytoperm kit (BD Bioscience, La Jolla, CA, USA), according to manufacturer’s instructions. For arginase-1 intracellular detection, samples were stained with the appropriate surface markers, followed by the intracellular staining with anti-arginase1-APC (A1exF5) antibody or isotype control (both from Invitrogen/eBiosciences, San Diego, CA, USA), performed by using the FoxP3/Transcription Factor Buffer set (Invitrogen/eBiosciences, San Diego, CA, USA), according to manufacturer’s instructions. Samples were run on FacsCalibur, equipped with CellQuestPro software (BD Bioscience, La Jolla, CA, USA).

Human MDSCs were assessed by using antibodies against CD33-FITC (HIM3-4), CD11b-PE (ICRF44), CD14-PerCPCy5.5 (M5E2), HLA-DR-APC (G46-6), and Fixable-Viability Stain 780 to discriminate dead cells, all from BD Bioscience (La Jolla, CA, USA). The samples were run on a BD-LSRFortessa cytometer and analyzed with the FlowJo software (Tree Star). For IL-6 intracellular detection in human T-ALL cell lines, the cells were cultured 5 h in the presence of brefeldin A (Golgi Plug, BD Bioscience, La Jolla, CA, USA). The cells were then stained with 0.25 μg of anti-IL-6-PE (MQ2-13A5) antibody by using Cytofix/Cytoperm kit (BD Bioscience, La Jolla, CA, USA). To discriminate specific staining from artifactual staining, we used ligand blocking control where anti-IL-6 antibodies (0.25 μg) were preblocked for 30 min with an excess of human recombinant IL-6 (1 μg), prior to the addition to sample, according to manufacturer’s instructions.

For cell sorting, cell suspensions of thymus, spleen, or BM from N3-tg or wt mice were stained with anti-CD4, anti-CD8, anti-CD11b, and anti-Gr-1 antibodies, as above. CD4+CD8+ (DP) T, non-DP T (that includes CD4+CD8−, CD4−CD8+, and CD4−CD8− T cells, sorted from pre-enriched pan T-cell samples), CD4−CD8+ or CD11b+Gr1+ subsets were isolated (purity level ≥97%) with a FACSAriaIII cell sorter, equipped with the FACSDiva software (BD Bioscience, La Jolla, CA, USA).



RNA Isolation and RT-qPCR

Total RNA was extracted with TRIzol reagent (Invitrogen/ThermoFisher, Waltham, MA, USA), and reverse-transcription was performed with High-Capacity cDNA Reverse-Transcription Kit (ThermoFisher, Waltham, MA, USA). The mRNA expression levels of murine Arginase-1 and IL-6 (Mm00475988_m1 and Mm00446190_m1 assay, respectively, by ThermoFisher, Waltham, MA, USA) were determined by TaqMan quantitative real-time RT-PCR performed on cDNA, using the StepOn ePlus™ Real-Time PCR System (ThermoFisher, Waltham, MA, USA), following the manufacturer’s instructions. Data were analyzed by the ΔΔCt method; murine HPRT was used as reference.



ELISA

BM supernatants were obtained by flushing bones in 500 μl of ice-cold PBS; after centrifugation, the supernatants were kept and frozen. For serum isolation, whole blood was allowed to clot and supernatant (serum) was collected after centrifugation at 1,000×g for 15 min at +4°C. All samples were stored at −80°C. The IL-6 concentration was measured using mouse IL-6 Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA), according to manufacturer’s instructions.



Detection of ROS Production and pSTAT3 Expression

Freshly isolated cells from BM or spleen of 12-week-old N3-tg and wt mice were obtained, and ROS production staining was performed upon incubation with MitoSOX Red 5 μM (Molecular Probes/Invitrogen/ThermoFisher, Waltham, MA, USA) for 30 min at 37°C. For the intracellular staining with anti-pSTAT3/pY705-PE (4/P-STAT3) antibody or relative isotype control (both from BD, Bioscience, La Jolla, CA, USA), BM cells were treated with Lyse Fix Buffer and Perm Buffer III (both from BD, Bioscience, La Jolla, CA, USA), according to the manufacturer’s recommendations, and then, samples were stained and processed for FACS analysis.



Western Blotting

Total protein extracts were prepared from human cell line samples, and Western blotting analysis was conducted, as described elsewhere (28), using anti-Notch1-ICD Val1744 (D3B8) antibody (from Cell Signaling, Danvers, MA, USA). Anti-β-actin antibody (Sigma-Aldrich, St Louis, MA, USA) was used to normalize protein expression levels.



Mice

Eight- to 12-week-old N3-tg mice (C57Bl/6 background) (9) and wt littermates were used. Immunodeficient nonobese diabetic/severe combined immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) (29) mice were obtained from Charles River Laboratories (Calco, Italy). Mice were bred and housed in the Institute’s Animal Care Facilities. All mice were monitored daily and euthanized upon disease detection (9), as evidenced by an enlarged spleen, hunched posture, ruffled fur, reduced mobility, and/or labored breathing. Experimental groups were based on the age and genotype of mice. The number of mice used in each experiment was reported in figure legends. All procedures involving animals were approved by the local Animal Welfare Committee and conducted in accordance with the recommendations of the Italian national guidelines for experimental animal care and use (D.lgs 26/2014).



In Vitro Suppression Assay and Induction of Murine MDSCs

wt T splenocytes were isolated by negative selection (PanT-Cell Isolation KitII, Miltenyi Biotec, Bergisch Gladbach, Germany) and stained with 2.5 μM CFSE (Sigma Aldrich, St Louis, MA, USA). CFSE-labeled T cells were activated with coated 3 μg/ml anti-CD3 and 2 μg/ml anti-CD28 (BD Bioscience , La Jolla, CA, USA), and 3.0 × 105 cells/well (“responders”) were cocultured with graded numbers of CD11b+Gr1+ splenocytes (“suppressors”), sorted from the spleen of wt or N3-tg mice. Cocultures were performed for 72 h in 96-well plates. Samples were then harvested and stained, and proliferating cell percentage was evaluated as CFSE dilution by FACS analysis on gated CD4−CD8+ T cells. To induce MDSCs from BM myeloid progenitors (30), 3.5 × 106/well of total cells from wt BM were placed in 6-well plates and cocultured for 5 days at a 1:1 ratio with sorted BM DP T cells from 12-week-old N3-tg mice by using transwell inserts (pore diameter, 0.4 μm, Falcon/Corning, NY, USA). The Gr1+ cells (suppressors) that were also CD11b+ at 99.0% (not shown) were then selected from the harvested samples (purity ≥93%) by using biotin-anti-Gr1 antibody and streptavidin magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and were cultured with activated and CFSE-labeled wt T splenocytes (responders), to assess their function, as above. We used Gr1+ fractions from wt BM cells cultured alone or supplemented with GM-CSF 40 ng/ml (STEMCELL Technologies, Vancouver, Canada) as negative and positive controls. For IL-6 neutralization, we performed MDSC induction assay in the presence of anti-IL-6 (MP5-20F3) antibodies or isotype controls (BD Bioscience, La Jolla, CA, USA) at 2 μg/ml.



Treatment of N3-tg Mice With Anti-IL-6 or Anti-Gr-1 Antibodies

To neutralize IL-6, we used 300 μg/mouse of anti-mouse IL-6 (MP5-20F3) antibodies or RatIgG anti-horseradish peroxidase (HRPN) isotype controls (both in vivoMAb from BioXCell, Lebanon, NH, USA). To deplete Gr-1+ cells, we used 250 μg/mouse of anti-mouse Ly6G/Ly6C (Gr-1, RB6-8C5 clone) antibodies or RatIgG2b (LTF-2 clone) isotype controls (both in vivoPlus from BioXCell, Lebanon, NH, USA). In another set of experiments, mice were treated with both anti-IL-6 and anti-Gr-1 antibodies. We treated 8-week-old N3-tg mice with intraperitoneal injections of the relevant antibodies, resuspended in 200 μl/mouse of PBS1×, twice a week for 4 weeks. Mice were then sacrificed and characterized by FACS analysis, as above. Some of the mice were also intraperitoneally injected with BrdU (1.5 mg/mouse; BD Bioscience, La Jolla, CA, USA), 24 h before the sacrifice. Single-cell suspensions from the spleen and BM were then stained with the BrdU-flow kit (BD Bioscience, La Jolla, CA, USA), according to the manufacturer’s instructions, and Gr-1+BrdU+ and CD4+CD8+BrdU+ cell percentages were assessed by FACS analysis. At the end of the assay, Gr-1+ cell fractions were magnetically purified from spleens and tested by suppression assay, as above.



Adoptive Transfer of CD4+CD8+ (DP) T Cells

We intravenously injected 6–10-week-old NSG female mice with 2–4 × 106 of DP T cells sorted from the BM of 8-week-old N3-tg mice or thymus of wt littermates and resuspended in 200 μl/mouse of PBS1×. Each of the N3-tg or wt donors had two NSG recipients that were sacrificed at 3–5- and 9–11-week posttransplantation, respectively, and analyzed by FACS procedures. CD11b+Gr-1+ BM cells from NSG recipients at 9–11-week posttransplantation were sorted and assessed by suppression assay, as above.



Cell Lines

The human cell lines of Notch1-dependent T-ALL, KE-37 (11) and of Notch3-dependent T-ALL, TALL-1 (31), and the human Notch-independent T-ALL cell line, Loucy (12, 32), were cultured at 37°C and 5% CO2 in RPMI-1640 (GIBCO/ThermoFisher, Waltham, MA, USA) complete medium, supplemented with 10% FBS, 10 U/ml penicillin and streptomycin, and 2 mM glutamine. The Loucy cell line was purchased from the ATCC (#CRL-2629). Cells were routinely verified to be mycoplasma free by using a PCR detection kit (Mycoplasma #G238, Abm Inc., Richmond, Canada).



Induction of Human MDSCs

Human PBMCs from healthy donors were isolated by density gradient centrifugation on Ficoll-PaquePLUS (GE Healthcare-Amersham, GB). We put 5 × 106/well of PBMCs in 6-well plates and cocultured with 2.5 × 106 of KE-37 or TALL-1 cell lines, in transwell inserts (pore diameter, 0.4 μm, Falcon/Corning, NY, USA), for 6 days. Autologous PBMCs cultured in medium alone were run in parallel, as a control. The T-ALL cells were then removed, and all the remaining cells were collected. Adherent cells were harvested by using the Accutase detachment solution (BD Bioscience, La Jolla, CA, USA). In some cases, the cocultures were conducted in the presence of neutralizing anti-IL-6 (MQ2-13A5) antibodies or isotype controls (BD Bioscience, La Jolla, CA, USA), at 10 μg/ml, or with GSI IX (DAPT, Calbiochem/Sigma Aldrich, St Louis, MA, USA), at 10 μM. In another set of experiments, GSIs and anti-IL-6 antibodies were used together. The CD33+ cell fractions were isolated from the harvested samples above, by using anti-CD33 magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany; purity ≥92%), and evaluated by their ability to inhibit the proliferation of CD4−CD8+ T-gated cells from CFSE-stained autologous PBMCs, upon activation with coated anti-CD3 and soluble anti-CD28 (at 1 and 5 μg/ml, respectively, BD Bioscience, La Jolla, CA, USA), at 72 h of culture. Blood samples from healthy donors were obtained upon written informed consent, and all the human investigations were conducted in accordance with the Declaration of Helsinki, and approval was obtained from the Institutional Ethics Committee.



Statistical Analysis

Data were reported as mean ± SD from at least three independent experiments unless otherwise specified. Statistical analysis was performed using unpaired 2-tailed Student’s t-test to analyze the difference between two groups, using GraphPad software (San Diego, CA, USA). p-values of ≤0.05 are considered statistically significant. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 are significant differences between the indicated groups; not significant (ns), p > 0.05.




Results


MDSCs Populate the T-ALL Environment of N3-tg Mice

In murine models of Notch-dependent T-ALL, aberrant immature T cells, including CD4+CD8+ (DP) T cells, infiltrate the BM (8, 10, 28, 33). Immature T cells from Notch-dependent T-ALL-bearing mice are also able to induce non-cell autonomous expansion of the myeloid compartment (25, 26). In particular, N3-tg mice develop an aggressive form of T-ALL. The typical disease signs (enlarged spleen, hunched posture, ruffled fur, reduced mobility, and/or labored breathing) become evident starting at 6–8 weeks of age and 95% of animals have died by 16 weeks of age (9). They develop tumors with heterogeneous phenotypes, regarding the expression of CD4 and CD8 markers, including some in which peripheral tumor T cells display a prevalent CD4−CD8− or CD4+CD8− or CD4−CD8+ phenotype (9). However, more than 90% of N3-tg transgenic mice show the presence of aberrant DP T cells in the BM and spleen (AFC and PG, unpublished data), and their accumulation in the periphery raises along with the disease progression and represents a pathognomonic feature (33–35).

We have already shown that aberrant DP T cells massively colonize the BM of N3-tg mice and that their numbers increase with age (33). Now, we report a marked expansion of the CD11b+Gr-1+ myeloid subset in the spleen (Figure 1A), as well as in peripheral blood (PB) and BM (Figure 1B) of N3-tg mice, when compared with wt littermates.




Figure 1 | CD11b+Gr-1+ MDSCs expand in N3-tg mice. (A) Percentages and absolute numbers of CD11b+Gr-1+ cells, as assessed by FACS analysis distribution of CD4 vs. CD8 vs. CD11b vs Gr-1 markers in spleen (SPL) of N3-tg and wt mice. Numbers inside cytograms indicate mean percentages ± SD of CD11b+Gr-1+ cells. The cytograms in this panel illustrate the percentages of CD11b+Gr-1+ splenocytes inside the CD4−CD8− subset, to avoid any possible dilution effect due to the presence of DP T cells in transgenic mice. (B) CD11b+Gr-1+ numbers in peripheral blood (PB) and BM from N3-tg vs. wt mice, assessed by FACS analysis, as in (A). In (A, B), the values are presented as mean ± SD of four independent experiments (n = 6 mice per group). (C) Representative FACS analysis of suppression assay with CFSE-labeled/activated wt T splenocytes (“responders”), cultured either alone (Ctr), as a control, or in combination with CD11b+Gr-1+ “putative” MDSCs (“suppressors”). Numbers inside cytograms represent percentages of proliferating CD4−CD8+ responder cells. Similar results were obtained by analyzing the proliferation rate of gated wt CD4+CD8− T responder cells (not shown). CD11b+Gr-1+ cells were sorted from spleen of N3-tg or wt mice and used at the indicated CD11b+Gr-1+:responders ratio. The gray line represents nonactivated negative controls. In (D), results of suppression test, as in (C), are illustrated as mean values ± SD from three independent experiments (n = 3 mice per group), with two technical replicates per experiment. All the mice were analyzed at 12 weeks of age. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 represent significant differences between the indicated groups.



In mice, CD11b+Gr-1+ MDSCs express a high level of “reactive species of oxygen” (ROS) and arginase-1, which are related to the immunosuppressive function (36), and STAT3-signaling activation is crucial during their expansion/activation phase (37). We found a significant increase of arginase-1 expression, at mRNA and protein levels (Supplementary Figures S1A, B, respectively), and of the proportion of both ROS-producing cells (Supplementary Figure S1C) and phosphorylated STAT3 (pSTAT3) protein-expressing cells (Supplementary Figures S1D, E), inside the Gr-1+ subset from N3-tg mice, with respect to wt counterparts. However, the immunosuppressive function remains one of the most important features of MDSCs (13). Strikingly, we observed that CD11b+Gr-1+ splenocytes from N3-tg mice do exert in vitro a dose-dependent suppressive activity on proliferating wt CD4−CD8+ T cells, which is significantly higher than that of wt controls (Figures 1C, D).

Overall, our results demonstrate that functional CD11b+Gr-1+ MDSCs are present in the tumor environment of Notch3-dependent T-ALL.



CD4+CD8+ (DP) T Cells from N3-tg Mice Induce MDSCs In Vitro, Through an IL-6-Dependent Mechanism

To start shedding light on the mechanism of Notch-driven MDSC induction, we explored the potential role of the proinflammatory cytokine IL-6, a remarkable factor in the expansion/activation of MDSCs (37). The IL-6 concentration in blood serum is undetectable in wt controls, whereas it increases with age in N3-tg mice (Figure 2A). IL-6 concentration is also higher in the BM supernatants of N3-tg mice, compared with wt littermates (Figure 2B). Furthermore, DP T cells from transgenic animals express more IL-6 at mRNA level (Figure 2C) and present a greater percentage of IL-6 protein-expressing cells (Figure 2D) when compared with control wt DP thymocytes. We hypothesized that N3-tg DP T cells could contribute to inducing MDSCs through IL-6. It is important to note that literature shows that it is possible to drive in vitro the differentiation of MDSCs from their wt BM precursors, through their exposure to cytokines, including IL-6 (30), but also in coculture with tumor cell lines (38). Thus, we performed coculture experiments of total BM cells from wt mice with DP T cells from the BM of N3-tg mice, in the presence of neutralizing anti-IL-6 antibodies or isotype controls and by using transwell inserts. At the end of the assay, we selected Gr-1+ fractions from the harvested coculture samples and controls and used them in a suppression test. We observed that Gr-1+ cells selected from wt BM cocultured with N3-tg DP T cells are functional MDSCs, whereas inhibitory activity is greatly impaired by the addition of anti-IL-6 antibodies during the coculturing time (Figures 3A, B). The suppressive function of control Gr1+ cells selected from wt BM cultured in medium alone (Figure 3C, white bars), as well as in the presence of anti-IL-6 antibodies or isotype controls (Supplementary Figure S2A), was instead negligible. We also used Gr1+ cells selected from wt BM cells cultured in medium supplemented with GM-CSF, as positive controls (Figure 3C, grey bars). Furthermore, Gr1+ cells from wt BM cultured with recombinant IL-6 or cocultured with wt DP thymocytes, in the presence or not of IL-6, are not suppressive (Supplementary Figure S2B), suggesting that induction of MDSCs requires N3-tg DP T cells. As stated above, aberrant DP T cells colonize the periphery in the vast majority of N3-tg animals, and thus, we focused our observations and experiments on them. However, other T-cell subsets from N3-tg mice may include tumor cells and could exert similar effects on MDSCs. Indeed, N3-tg non-DP T cells (defined as a mixture of CD4+CD8−, CD4−CD8+, and CD4−CD8− T cells, sorted from pre-enriched pan T-cell samples), as well as CD4−CD8+ cells from N3-tg mice are comparable with transgenic DP T cells in inducing MDSCs (Supplementary Figure S2B).




Figure 2 | N3-tg mice display high levels of IL-6. IL-6 protein concentration assessed by ELISA (A) in blood serum (PB serum), from N3-tg vs. wt mice at 6 and 12 weeks of age, and (B) in BM supernatant (BM super), from N3-tg vs. wt mice at 12 weeks of age. (C) RT-qPCR of relative IL-6 mRNA expression in DP T cells sorted from BM or spleen (Spl) of N3-tg mice or from wt thymus (Thy), as a control, at 12 weeks of age. IL-6 mRNA expression levels in wt DP thymocytes are set as 1. (D) Representative FACS analysis of intracellular IL-6 staining in DP T cells from N3-tg BM or from wt thymus (Thy), at 12 weeks of age, upon 4 h of PMA/ionomycin stimulation (red lines). Blue lines, isotype controls. Numbers inside cytograms represent mean percentages ± SD of IL-6+ cells inside CD4+CD8+ subset. The values are presented as mean ± SD from three independent experiments (n = 4 mice per group), and in (A–C) with three technical replicates per experiment. nd, not detectable; *p ≤ 0.05 and **p ≤ 0.01 represent significant differences between the indicated groups.






Figure 3 | CD4+CD8+ (DP) T cells from N3-tg mice drive in vitro differentiation of MDSCs through IL-6. (A) Representative FACS analysis of suppression assay with CFSE/activated wt T splenocytes (“responders”), cultured either alone (Ctr), as a control, or in combination with Gr-1+ cells (Gr-1+), at the indicated Gr-1+/responders ratio. Numbers inside cytograms indicate the percentages of proliferating wt CD4−CD8+ T responder cells. Gr-1+ cells were magnetically selected from 5-day cocultures of total wt BM cells with DP T cells from BM of N3-tg, in the presence of anti-IL-6-neutralizing antibodies (blue line) or isotype controls (red line), and by using transwell inserts. In (B), the results of the same suppression test, as in (A), are illustrated as mean values ± SD from multiple experiments, see below. (C) The suppression test was performed by using wt T responder cells cultured either alone (black bar), as a control, or in combination with Gr-1+ cells (Gr-1+), selected, as above, from total wt BM cells cultured in medium alone or supplemented with GM-CSF (white bars and gray bars, respectively), for 5 days, and used at the indicated Gr-1+:responders ratios. In (B, C), the results are calculated as the ratio between percentages of proliferating CD4−CD8+ T responder cells in Gr-1+-containing cultures and in controls, set up in the absence of Gr-1+ cells, and are expressed as % of control. The results represent the mean values ± SD from three independent experiments (n = 3 mice per group), with two technical replicates per experiment. ns, not significant, p > 0.05; *p ≤ 0.05, and **p ≤ 0.01 represent significant differences between the indicated groups.



In summary, our data show that aberrant DP T cells from the BM of T-ALL-bearing N3-tg mice induce MDSCs, through a mechanism that is IL-6-dependent.



CD4+CD8+ (DP) T Cells From N3-tg Mice Drive the Expansion of CD11b+Gr-1+ MDSCs in NSG Host Mice

To corroborate in vivo our conclusions above, we performed adoptive transfer experiments of DP T cells from the BM of N3-tg mice or the thymus of wt mice, as a control. We used immunodeficient NSG hosts, which are devoid of T, B, and NK cells, but retain the CD11b+Gr-1+ subset (29). This model allows us to test if aberrant N3-tg DP T cells are able to drive the generation of MDSCs, by acting directly on their precursors, avoiding any possible interference by other immune-cell populations. We reported that N3-tg DP T cells (DPtg) efficiently engraft the BM of NSG recipients (Supplementary Figure S3), compared with what was observed with control wt DP thymocytes (DPwt). Notably, transplanted DPtg cells induce the expansion of the myeloid compartment in the BM of their NSG hosts; in fact, in the BM of these recipients, the CD11b+Gr-1+ absolute numbers progressively increase and are always significantly higher, with respect to those observed in NSG control mice, transplanted with DPwt control cells (Figure 4A). We then sorted CD11b+Gr-1+ cells from NSG-transplanted mice and tested them in an in vitro suppression test (Figures 4B, C). We observed that the CD11b+Gr-1+ cells from the NSG recipients of DPtg cells (CD11b+Gr-1+/DPtg) are functional MDSCs, whereas the suppressive ability of control counterparts (CD11b+Gr-1+/DPwt), is negligible. Overall, our data prove that N3-tg DP T cells can induce MDSCs in vivo. However, the NSG model has some limitations, and it will be interesting in the future to perform our adoptive transfer experiments in immunocompetent mice in order to conduct a more comprehensive analysis of T-ALL cell interactions with the immune system during MDSC induction.




Figure 4 | CD4+CD8+ (DP) T cells from N3-tg mice induce CD11b+Gr-1+ MDSCs in NSG hosts. NSG recipients were transplanted i.v. with CD4+CD8+ (DP) T cells sorted from BM of N3-tg mice (DPtg; n = 3 donors) or from thymus of wt mice (DPwt; n = 3 donors), as a control. Each of the donors has two recipients. NSG recipients were sacrificed at 3–5 weeks (n = 3 NSG recipients per group) and 9–11 weeks (n = 3 NSG recipients per group) posttransplantation and analyzed by FACS. (A) Absolute numbers of CD11b+Gr-1+ cells in BM of NSG mice, recipients of DPwt or DPtg cells, assessed by FACS analysis, at 3–5 and 9–11 weeks posttransplantation. (B) Representative FACS analysis of in vitro suppression assay of activated/CFSE-labeled wt T splenocytes (“responders”), cultured either alone (Ctr), as a control, or in combination with CD11b+Gr-1+ cells (as putative “suppressors”), at the indicated CD11b+Gr-1+/responders ratio. Numbers inside cytograms indicate the percentages of proliferating wt CD4−CD8+ T responder cells. CD11b+Gr-1+ cells were sorted from BM of NSG hosts, at 9–11 posttransplantation with DPwt (CD11b+Gr-1+/DPwt) or DPtg (CD11b+Gr-1+/DPtg) cells. In (C), the results of suppression test, as in (B), are calculated as ratio between percentages of proliferating wt CD4−CD8+ T cells in CD11b+Gr-1+-containing cultures (CD11b+Gr-1+/DPwt or CD11b+Gr-1+/DPtg) and in control cultures set up in the absence of CD11b+Gr-1+ (Ctr) and are expressed as % of control. Data represent the mean values ± SD from three independent experiments (n = 3 mice per group), with two technical replicates per experiment in (C). ns, not significant, p > 0.05; *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 represent significant differences between the indicated groups.





The Inhibition of IL-6 Impairs MDSCs in N3-tg Mice

To confirm the role of IL-6 in mediating the Notch-dependent induction of MDSCs, we treated N3-tg mice with repeated i.p. injections of neutralizing anti-IL-6 antibodies or isotype controls. The anti-IL-6-treated N3-tg mice reveal a significant decrease of CD11b+Gr-1+ cell count proportions (Figure 5A), and of the proliferating Gr-1+BrdU+ cell percentages (Figure 5B) in BM and spleen, when compared with controls, with no significant variation of total numbers of DP T- or other T-cell subsets (not shown), thus excluding that effects of neutralizing antibodies on Gr1+ subset are indirect. The in vitro suppression activity exerted by CD11b+Gr-1+ MDSCs from the spleen of N3-tg mice is impaired upon treatment with anti-IL-6 antibodies (Figures 5C, D). Thus, our in vivo experiments confirm the significant contribution of IL-6 in promoting the accumulation of MDSCs.




Figure 5 | IL-6 neutralization impairs MDSCs in N3-tg mice. N3-tg mice were injected i.p. with neutralizing anti-IL-6 antibodies (anti-IL-6) or isotype controls (Ctr), twice a week and sacrificed/analyzed after 4 weeks of treatment; some of the mice were also injected i.p. with BrdU solution 1 day before the sacrifice. (A) The graph reports the ratio between the CD11b+Gr-1+ cell counts in anti-IL-6-treated N3-tg mice and in control mice, expressed as % of control, measured by FACS analysis in the BM and spleen (SPL) and presented as mean value ± SD from three independent experiments (n = 4 mice per group). (B) The percentages of Gr-1+BrdU1+ cells in the BM and SPL of anti-IL-6-treated N3-tg mice vs. controls are shown, assessed by FACS analysis. The data are presented as the mean value ± SD from two independent experiments (n = 3 mice per group). (C) Representative FACS analysis of suppression assay of CFSE-labeled/activated wt T splenocytes (“responders”), cultured either alone (no MDSC), as a control, or in combination with Gr-1+ MDSCs (“suppressors”), at the indicated MDSCs/responders ratio. Numbers inside cytograms indicate the percentages of proliferating wt CD4−CD8+ T responder cells. The Gr-1+ MDSCs were magnetically selected from spleen of N3-tg mice, treated with isotype control antibodies (MDSCs/Ctr) or anti-IL-6-neutralizing antibodies (MDSCs/anti-IL-6). In (D), the results of the same suppression test, as in (C), are illustrated as the percentage of proliferating CD4−CD8+ responder cells in MDSC-containing cultures (MDSCs/Ctr or MDSCs/anti-IL-6) and in control cultures set up in the absence of MDSCs (no MDSCs), at the indicated MDSCs:responders ratio. The results represent mean values ± SD from two independent experiments (n = 3 mice per group), with two technical replicates per experiment. ns, not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001 represent significant differences between the indicated groups.





MDSCs Sustain Expansion and Proliferation of CD4+CD8+ (DP) T Cells in N3-tg Mice

We aimed to study the impact of MDSCs on T-ALL cell behavior. Thus, we performed experiments of i.p. injections with the RB6-8C5 antibody (39) that significantly deplete Gr-1+ cells in spleen and peripheral blood (Supplementary Figures S4A, B) and impair their suppressive function in BM (Supplementary Figure S4C) of N3-tg mice. Notably, this treatment leads to a significant decrease of the percentages and cell count proportions of DP T cells (Figures 6A, B), as well as of the CD4+CD8+BrdU+ cell percentages (Figures 6C, D), in the BM of anti-Gr-1-treated N3-tg mice, when compared with controls, with more limited effects on DP T splenocytes. We also reported that IL-6 protein levels in PB serum of anti-Gr1 N3-tg-treated mice decrease (Supplementary Figure S4D). This could be related to the reduction of IL-6-producing DP T cells in treated mice. However, we cannot rule out that it also derives from the depletion of IL-6-producing MDSCs/myeloid cells (40, 41).




Figure 6 | Gr-1 depletion affects CD4+CD8+ (DP) T cells in N3-tg mice. N3-tg mice were injected i.p. with anti-Gr-1 depleting antibodies (RB6-8C5) or isotype controls (Ctr), twice a week and sacrificed/analyzed after 4 weeks of treatment; some of the mice were also injected i.p with BrdU solution 1 day before the sacrifice. (A) Percentages of CD4+CD8+ cells are shown, as measured by FACS analysis in the BM of N3-tg mice, treated as above. Numbers inside cytograms indicate the mean percentages ± SD of CD4+CD8+ cells. (B) The graph reports the ratio between the CD4+CD8+ cell counts in RB6-8C5-treated N3-tg mice and in relative controls, expressed as % of control, and calculated in the BM and spleen (SPL), by the same FACS analysis, as in (A). In (A, B), the data are presented as the mean value ± SD from three independent experiments (n = 4 mice per group). (C) Representative FACS analysis of BrdU+ cells inside the CD4+CD8+ subset in the BM of N3-tg mice, treated as above, with isotype control antibodies (Ctr) or anti-Gr-1 depleting antibodies (RB6-8C5). Numbers inside cytograms indicate the percentages of CD4+CD8+BrdU+ cells. (D) The graphs show the CD4+CD8+BrdU+ cell percentages in the BM and spleen (SPL) of N3-tg mice, treated as above, and measured by the same FACS analysis, as in (C). We have not observed any effects of anti-Gr-1 treatment on T-cell compartment of wt mice (not shown). (E) The graphs report total cell counts (left panel), absolute numbers of DP T cells (middle panel), and percentages of BrdU+DP T cells (right panel), in mice injected with RB6-8C5 antibodies alone (black bars), or in combination with anti-IL-6 antibodies (red bars), compared with controls (white bars). In (D, E), the results are presented as the mean value ± SD from two independent experiments (n = 3 mice per group). ns, not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01, and ***p ≤ 0.001 represent significant differences between the indicated groups.



Finally, we tried to improve the effects of MDSC depletion on disease progression by treating N3-tg mice with both anti-Gr-1 and neutralizing anti-IL-6 antibodies. Notably, we observed significant reductions of important parameters of disease progression in our model (9, 33–35), such as total splenocyte and DP T-cell numbers, as well as of Brdu+ DP T-cell percentages, in the spleen of double-treated mice, when compared with RB6-8C5-treated mice or controls (Figure 6E). In summary, our results show that MDSCs sustain the accumulation and proliferation of aberrant DP T cells from Notch3-dependent T-ALL.



Human Notch-Dependent T-ALL Cell Lines Induce MDSCs From Healthy PBMCs

We tried to extend our remarks above to humans, by performing coculture experiments of PBMCs from healthy donors with human Notch-dependent T-ALL cell lines. First, we used the Notch1-activated KE-37 cell line, being Notch1 a frequent target of oncogenic gain-of-function mutations in T-ALL patients (11). Interestingly, KE-37 cells are GSI resistant and Notch3 negative (42) and express intracellular IL-6 (Supplementary Figure S5A). The harvested PBMCs/KE-37 coculture samples reveal a significant increase of CD14+HLA-DRlow/neg “putative” MDSCs, both in percentages (Figures 7A, B, left panel) and absolute numbers (Figure 7B, right panel), when compared with samples of autologous PBMCs cultured alone. At the end of the culture, we selected the CD33+ fractions from all the harvested samples and assessed their suppressive function on autologous CD4−CD8+ T cells. We revealed that CD33+ cells from PBMCs/KE-37 cocultures are highly suppressive MDSCs (Figure 7C) when compared with those from PBMCs cultured alone. Importantly, the KE-37 line is part of a group of human T-ALL cell lines in which the growth is not inhibited by GSI treatment, probably due to a lack in the expression of the PTEN gene, although GSI is effective in blocking Notch1 activation [(43) and references therein]. Indeed, we confirmed the expression of Notch1 intracellular domain in KE-37 cells and its downmodulation upon GSI treatment, during cocultures with PBMCs (Supplementary Figure S6A). We then repeated the PBMCs/KE-37 coculture experiments in the presence of gamma-secretase inhibitors or neutralizing anti-IL-6 antibodies. We observed that the inhibition of Notch activation or the block of IL-6 signals induces significant reductions of MDSC expansion (Figures 7D, E, respectively).




Figure 7 | The Notch1-active T-ALL cell line, KE-37 induces MDSCs from healthy PBMCs. PBMCs from healthy donors were cocultured with the human Notch1-dependent T-ALL cell line, KE-37, or were cultured in medium alone, as a control, for 6 days, by using transwell inserts. The data shown are relative to the end of the culture. (A) Representative dot plot of CD14+HLA-DRlow/neg cells inside CD11b+CD33+ subset, as measured by FACS analysis in harvested PBMCs/KE-37 coculture samples (+KE-37), versus samples of autologous PBMCs cultured alone (PBMCs alone). Numbers inside cytograms indicate the percentages of CD11b+CD33+CD14+HLA-DRlow/neg cells. (B) Percentages and absolute numbers of CD11b+CD33+CD14+HLA-DRlow/neg cells, measured by the same FACS analysis, as in (A). The values are presented as mean ± SD from four independent experiments (n = 6 samples per group, donors n = 6), each in triplicates. (C) At the end of the coculture assay above, CD33+ fractions were magnetically selected from harvested samples and used as “putative” suppressors (CD33+) in a suppression test on proliferating CD4−CD8+-gated cells (“responders”), from CFSE-labeled/activated autologous PBMCs, at the indicated CD33+:responder ratios. CD33+ cells were selected from PBMCs cultured either in medium alone (CD33+/PBMCs alone) or with KE-37 cells (CD33+/+KE-37). The results are illustrated as the ratio between the percentages of proliferating CD4−CD8+-gated cells in cultures containing CD33+ and in control cultures set up in the absence of CD33+ (no CD33+) and expressed as % of control. In (D, E), the graphs report percentages and cell count proportions of CD11b+CD33+CD14+HLA-DRlow/neg cells in harvested PBMCs/KE-37 cocultures, assessed by the same FACS analysis, as in (A). The samples in (D) were cultured in the absence (CTR) or presence of GSI (+GSI), and the samples in (E) were cultured in the absence (CTR) or presence of anti-IL-6-neutralizing antibodies (+anti-IL-6). The cell count proportions were calculated as the ratio between the CD11b+CD33+CD14+HLA-DRlow/neg absolute numbers in PBMCs/KE-37 treated cocultures and in relative untreated controls and expressed as % of control. In (C–E), the values represent the mean ± SD from three independent experiments (n = 3 samples per group, donors n = 3), each in triplicates. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 represent significant differences between the indicated groups.



We measured the expression of IL-6 protein by FACS analysis in T-ALL cells, as well as in cell subsets of human PBMCs in our experiments of cocultures. At day 6, KE-37 cells produce IL-6 when cultured alone and also upon cocultures with PBMCs, showing no significant variation between the two conditions (Supplementary Figure S6B, left panel). Conversely, the expression of IL-6 appears very low in both T-cell and myeloid cell compartments of PBMCs cultured either alone or with KE-37 line (Supplementary Figure S6B, middle and right panels, respectively). Our results suggest that T-ALL cells may represent the main producer of IL-6 during MDSC induction, at least in vitro.

Furthermore, we performed experiments above with the Notch3-activated T-ALL cell line, TALL-1 (31) that is IL-6+ (Supplementary Figure S5A) and Notch1-negative (42). TALL-1 cells promote the induction of suppressive MDSCs (Supplementary Figures S5B–D) that is inhibited by exposure to GSIs or anti-IL-6 antibodies (Supplementary Figures S5E, F, respectively). Collectively, our results indicate that Notch3 deregulation, as well as Notch1 deregulation, is capable of inducing MDSCs. In other words, it seems that the activation of Notch pathway in a T-ALL context induces MDSCs no matter which Notch receptor is activated.

We then tried to better clarify the Notch/IL-6 crosstalk during the induction of MDSCs, by using both GSIs and neutralizing anti-IL-6 antibodies, compared with GSIs alone, in our coculture assay of healthy PBMCs with TALL-1 cells. We have observed no significant difference between the two treatment conditions regarding the inhibition of MDSC induction (Supplementary Figure S5G); similar results were obtained with PBMCs/KE-37 cocultures (not shown). These data sustain the hypothesis that IL-6 cooperates with Notch-signaling activation in inducing MDSCs, but the last one represents the necessary condition to observe this induction.

Finally, we performed coculture experiments of healthy PBMCs with the human T-ALL cell line, Loucy, that does not express Notch1- or Notch3-activated protein (12, 32). Notably, we have not observed any evident induction of MDSCs (Figure 8). In summary, we show that Notch-dependent T-ALL cells promote human MDSCs in vitro, through a mechanism that depends on both Notch and IL-6, consistently with findings in our mouse model.




Figure 8 | The Notch-inactive T-ALL cell line, Loucy, does not induce MDSCs from healthy PBMCs. (A) Representative dot plot of CD14+HLA-DRlow/neg cells inside CD11b+CD33+ subset, as measured by FACS analysis in harvested PBMCs/Loucy coculture samples (+Loucy), vs. samples of autologous PBMCs cultured alone (PBMCs alone). PBMCs/KE-37 coculture samples (+KE-37) were also included as positive controls of MDSC induction. Numbers inside cytograms indicate the percentages of CD11b+CD33+CD14+HLA-DRlow/neg cells. (B) Percentages (left panel) and absolute numbers (right panel) of CD11b+CD33+CD14+HLA-DRlow/neg cells, as measured by the same FACS analysis, as in (A). In (B), the values represent the mean ± SD from three independent experiments (n = 4 samples per group, donors n = 4), each in duplicates. ns, not significant.






Discussion

T-ALL accounts for 10%–15% of pediatric and 25% of adult ALL cases. Despite the efficacy of current chemotherapy protocols, 25%–30% of children and up to 60% of adults among T-ALL patients still relapse (44, 45). Bone marrow is the most common site of T-ALL recurrence, and BM relapse often represents a feature of worse prognosis (46, 47). Similarly, the BM of murine models of Notch-dependent T-ALL reveals precocious invasion of immature T cells (8, 10, 28, 33) that perturb stromal niches and hematopoiesis (25, 26). Here, we report that aberrant T cells from Notch3-dependent T-ALL participate in shaping the leukemia environment, through the control exerted on MDSCs. Indeed, we observed that CD4+CD8+(DP) T cells from the bone marrow of our murine model of Notch3-dependent T-ALL induce functional MDSCs in vitro, as well as in immunodeficient hosts.

Regarding the mechanism of MDSC induction, it has been well established that the development/activation of MDSCs depends on the production/release of proinflammatory cytokines, such as IL-6 (37). IL-6 expression is elevated in tumor cell lines that induce MDSCs (30) and in plasma of cancer patients, where its concentration positively correlates with the level of circulating MDSCs (48). In many tumors, including T-ALL, Notch signaling promotes IL-6 production by stromal components (26, 49). However, malignant cells themselves may represent the source of IL-6 (50, 51). We observed that IL-6 concentration is very high in blood serum and BM supernatant of N3-tg mice and that transgenic DP T cells express considerable levels of IL-6. Moreover, we reported that MDSC induction is significantly attenuated via neutralizing anti-IL-6 antibody exposure, in vitro and in vivo. These results emphasize the hypothesis that Notch-signaling deregulation in the T-cell compartment of T-ALL could contribute to inducing MDSCs, through an IL-6-dependent pathway. The use of transwell inserts in our in vitro coculture experiments supports a prevalent role of diffusible factors in Notch-driven induction of MDSCs. However, we cannot exclude that in vivo Notch activation may promote MDSCs, through other mechanism/s, such as those based on ligand/receptor interactions (23), and that other cell subsets may participate in releasing IL-6 in the tumor microenvironment.

Our in vivo Gr-1 depletion experiments suggest that MDSCs from N3-tg T-ALL mice limit significantly the expansion and proliferation of aberrant DP T cells, and then, they may eventually affect the disease outcome. Interestingly, by treating N3-tg mice with both anti-Gr1 and neutralizing anti-IL-6 antibodies, we observed a significant reduction of parameters that specifically mark the disease progression in our model, such as total numbers of splenocytes and splenic DP T-cell numbers (9, 33–35).

We need more efforts to elucidate the target/s and precise mechanism/s of MDSC action in T-ALL. However, summarizing our in vivo data, we can suggest some hypotheses (Supplementary Figure S7): it is very likely that alternative pathways are involved, besides the “classical” suppression of T-cell antitumor responses. MDSCs may act through the de novo generation of Tregs (36), including in cancer settings (52, 53), and Treg expansion has been described in the BM of T-ALL patients (54). In this regard, we demonstrated that Notch3 activation improves the generation and suppressive function of Tregs in N3-tg mice (55–57). MDSCs could also impinge on pathways that are underinvestigated in hematological malignancies, to date. They may target “innate” subsets engaged in cancer immune responses, such as NK cells (58), and/or exploit suppression via alternative signalings, such as the PD-1/PDL-1 axis (59, 60), with a potential impact on cancer immunotherapy (61, 62). In line with our hypothesis, a recent paper reports that myeloid cells can directly support T-ALL cell survival, independently from suppression of T-cell response (27). Thus, MDSCs may sustain T-ALL cell proliferation and/or survival and, eventually, tumor progression, either directly and, more likely, indirectly by blocking antitumor immune responses of NKs, besides that of CTL/Th1 subsets, as well as through the generation of immunosuppressive Tregs.

We start extending our preclinical observations to humans. We demonstrated that human Notch-dependent T-ALL cell lines sustain the expansion of functional MDSCs from normal PBMCs, in a coculture assay. Interestingly, by the exposure of cocultures above to GSIs or neutralizing anti-IL-6 antibodies or both, we suggested that Notch and IL-6 are both able to influence the MDSC induction; however, Notch-signaling activation remains the crucial event in this process, at least in our in vitro model with human T-ALLs.

Notably, the induction of MDSCs is not observed using a model of Notch-independent T-ALL, such as the Loucy cell line, suggesting that this process is specific for Notch-dependent T-ALL. Moreover, both Notch1 and Notch3 deregulation seems able to generate MDSCs from human PBMCs, as suggested by our observations on MDSC induction with human T-ALL cell lines, KE-37 and TALL-1, that overexpress in a mutually exclusive way active-Notch1 and active-Notch3, respectively. Notch1 has a prominent role in T-ALL development, and its activation by gain-of-function mutations has been reported in more than the 60% of T-ALL patients (11). Notch3 is often assumed as a target of Notch1 [ (63), and references therein], and it has been shown that Notch1 and Notch3 have common oncogenomic programs (64). On the other hand, aberrant Notch3 deregulation occurs in T-ALL cases lacking Notch1 activation (12, 63), and then, a specific Notch3-dependent subset of T-ALL patients may exist. Thus, we can speculate that, whatever the case, our preclinical conclusions in N3-tg mice, together with observations in humans, could have clinical relevance. It is important to note that, in the retroviral-vector-induced murine model of Notch1-dependent T-ALL, the expansion of CD11b+Gr-1+ myeloid cells was described in non-transduced populations (25, 26), and Notch3 was reported as a transcriptional target of Notch1 in transduced DP T cells from the BM (10). Based on these premises, it is likely that also in murine models of T-ALL, Notch1- and Notch3-signaling deregulation converge on the final effect of inducing MDSCs. However, this point deserves confirmation and detailed examination mainly focused on the mechanism/s involved. Remarkably, human T-ALL originates in the thymus and then infiltrates into the BM and peripheral blood [ (65) and references therein], and these features are well reproduced in the N3-tg model (9), which is based on the genetic alteration of this pathway at the level of immature thymocytes. In the Notch1 murine model, instead, deregulation of the Notch1 signal is already active in the BM where it is able to sustain T-cell development until the stage of DP T cells (8, 10).

Overall, we believe that our results represent the necessary premise for the analysis of MDSCs in T-ALL patients, with the final aim of defining them as a new target of therapy and/or as an innovative prognostic biomarker. Moreover, the N3-tg model could serve as a proof-of-concept system to deepen the studies on the bidirectional crosstalk between leukemic T cells, MDSCs, and other cell subsets, inside the T-ALL environment.



Data Availability Statement

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



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Ethics Committee. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the local animal welfare committee and conducted in accordance with the recommendations of the Italian national guidelines for experimental animal care and use (D.lgs 26/2014).



Author Contributions

PG and AO designed and performed research, analyzed the data, and wrote the first draft of the paper. NG, CN, and BA performed the research. GP analyzed the data. IS critically revised the manuscript. AC supervised the experiments, analyzed the data, and wrote the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by the Italian Association for Cancer Research (AIRC, IG13214) to IS, the FIRB Program (RBAP11WCRZ) to IS, the Sapienza University grants PH118164340087CF to IS and RM11715C7C626BAB to AC and by the Italian Ministry of Education, University and Research - Dipartimenti di Eccellenza - L. 232/2016.



Acknowledgments

Dedicated to the memory of Prof. Alberto Gulino. We thank Prof. Giovanni Bernardini, Prof. Helena Stabile, Dr. Laura Fasano, Mr. Alessandro Martini, Mr. Fernando Duranti, and Mrs. Dina Milana for technical assistance.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.809261/full#supplementary-material



References

1. Hori, K, Sen, A, and Artavanis-Tsakonas, S. Notch Signaling at a Glance. J Cell Sci (2013) 126(Pt 10):2135–40. doi: 10.1242/jcs.127308

2. South, AP, Cho, RJ, and Aster, JC. The Double-Edged Sword of Notch Signaling in Cancer. Semin Cell Dev Biol (2012) 23(4):458–64. doi: 10.1016/j.semcdb.2012.01.017

3. Palermo, R, Checquolo, S, Bellavia, D, Talora, C, and Screpanti, I. The Molecular Basis of Notch Signaling Regulation: A Complex Simplicity. Curr Mol Med (2014) 14(1):34–44. doi: 10.2174/1566524013666131118105216

4. Bellavia, D, Campese, AF, Vacca, A, Gulino, A, and Screpanti, I. Notch3, Another Notch in T Cell Development. Semin Immunol (2003) 15(2):107–12. doi: 10.1016/s10445323(03)00007-1

5. Yashiro-Ohtani, Y, Ohtani, T, and Pear, WS. Notch Regulation of Early Thymocyte Development. Semin Immunol (2010) 22(5):261–69. doi: 10.1016/j.smim.201

6. Amsen, D, Helbig, C, and Backer, RA. Notch in T Cell Differentiation: All Things Considered. Trends Immunol (2015) 36(12):802–14. doi: 10.1016/j.it.2015.10.007

7. Aster, JC, Blacklow, SC, and Pear, WS. Notch Signaling in T-Cell Lymphoblastic Leukaemia/Lymphoma and Other Haematological Malignancies. J Pathol (2011) 223(2):262–73. doi: 10.1002/path.2789

8. 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(5):2283–91. doi: 10.1084/jem.183.5.2283

9. 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(13):3337–48. doi: 10.1093/emboj/19.13.3337

10. Campese, AF, Garbe, AI, Zhang, F, Grassi, F, Screpanti, I, and von Boehmer, H. Notch1-Dependent Lymphomagenesis is Assisted by But Does Not Essentially Require Pre-TCR Signaling. Blood (2006) 108(1):305–10. doi: 10.1182/blood-2006-01-0143

11. Weng, AP, Ferrando, AA, Lee, W, Morris, JP4, Silverman, LB, Sanchez-Irizarry, C, et al. Activating Mutations of NOTCH1 in Human T Cell Acute Lymphoblastic Leukemia. Science (2004) 306(5694):269–71. doi: 10.1126/science.1102160

12. 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(47):6077–86. doi: 10.1038/onc.2016.133

13. Bronte, V, Brandau, S, Chen, SH, Colombo, MP, Frey, AB, Greten, TF, et al. Recommendations for Myeloid-Derived Suppressor Cell Nomenclature and Characterization Standards. Nat Commun (2016) 7:12150. doi: 10.1038/ncomms12150

14. Marvel, D, and Gabrilovich, DI. Myeloid-Derived Suppressor Cells in the Tumor Microenvironment: Expect the Unexpected. J Clin Invest (2015) 125(9):3356–64. doi: 10.1172/JCI80005

15. Solito, S, Marigo, I, Pinton, L, Damuzzo, V, Mandruzzato, S, and Bronte, V. Myeloid-Derived Suppressor Cell Heterogeneity in Human Cancers. Ann N Y Acad Sci (2014) 1319:47–65. doi: 10.1111/nyas.12469

16. Messmer, MN, Netherby, CS, Banik, D, and Abrams, SI. Tumor-Induced Myeloid Dysfunction and its Implications for Cancer Immunotherapy. Cancer Immunol Immunother (2015) 64(1):1–13. doi: 10.1007/s00262-014-1639-3

17. De Veirman, K, Van Valckenborgh, E, Lahmar, Q, Geeraerts, X, De Bruyne, E, Menu, E, et al. Myeloid-Derived Suppressor Cells as Therapeutic Target in Hematological Malignancies. Front Oncol (2014) 4:349. doi: 10.3389/fonc.2014.00349

18. Lv, M, Wang, K, and Huang, XJ. Myeloid-Derived Suppressor Cells in Hematological Malignancies: Friends or Foes. J Hematol Oncol (2019) 12(1):105. doi: 10.1186/s13045-019-0797-3

19. Grazioli, P, Felli, MP, Screpanti, I, and Campese, AF. The Mazy Case of Notch and Immunoregulatory Cells. J Leukoc Biol (2017) 102(2):361–8. doi: 10.1189/jlb.1VMR1216-505R

20. 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

21. Cheng, P, Kumar, V, Liu, H, Youn, JI, Fishman, M, Sherman, S, et al. Effects of Notch Signaling on Regulation of Myeloid Cell Differentiation in Cancer. Cancer Res (2014) 74(1):141–52. doi: 10.1158/0008-5472.CAN-13-1686

22. Wang, SH, Lu, QY, Guo, YH, Song, YY, Liu, PJ, and Wang, YC. . The Blockage of Notch Signaling Promoted the Generation of Polymorphonuclear Myeloid-Derived Suppressor Cells With Lower Immunosuppression. Eur J Cancer (2016) 68:90–105. doi: 10.1016/j.ejca.2016.08.019

23. Sierra, RA, Trillo-Tinoco, J, Mohamed, E, Yu, L, Achyut, BR, Arbab, A, et al. Anti-Jagged Immunotherapy Inhibits MDSCs and Overcomes Tumor-Induced Tolerance. Cancer Res (2017) 77(20):5628–38. doi: 10.1158/0008-5472.CAN-17-0357

24. Mao, L, Zhao, ZL, Yu, GT, Wu, L, Deng, WW, Li, YC, et al. γ-Secretase Inhibitor Reduces Immunosuppressive Cells and Enhances Tumour Immunity in Head and Neck Squamous Cell Carcinoma. Int J Cancer (2018) 142(5):999–1009. doi: 10.1002/ijc.31115

25. Kawamata, S, Du, C, Li, K, and Lavau, C. Notch1 Perturbation of Hemopoiesis Involves Non-Cell- Autonomous Modifications. J Immunol (2002) 168(4):1738–45. doi: 10.4049/jimmunol.168.4.1738

26. 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(6):1641–52. doi: 10.1158/0008-5472.CAN-15-2092

27. Lyu, A, Triplett, TA, Nam, SH, Hu, Z, Arasappan, D, Godfrey, WH, et al. Tumor-Associated Myeloid Cells Provide Critical Support for T-ALL. Blood (2020) 136(16):1837–50. doi: 10.1182/blood.2020007145

28. Grazioli, P, Orlando, A, Giordano, N, Noce, C, Peruzzi, G, Scafetta, G, et al. NF-κb1 Regulates Immune Environment and Outcome of Notch-Dependent T-Cell Acute Lymphoblastic Leukemia. Front Immunol (2020) 11:541. doi: 10.3389/fimmu.2020.00541

29. Shultz, LD, Lyons, BL, Burzenski, LM, Gott, B, Chen, X, Chaleff, S, et al. Human Lymphoid and Myeloid Cell Development in NOD/LtSz-Scid IL2R Gamma Null Mice Engrafted With Mobilized Human Hemopoietic Stem Cells. J Immunol (2005) 174(10):6477–89. doi: 10.4049/jimmunol.174.10.6477

30. Marigo, I, Bosio, E, Solito, S, Mesa, C, Fernandez, A, Dolcetti, L, et al. Tumor-Induced Tolerance and Immune Suppression Depend on the C/EBPbeta Transcription Factor. Immunity (2010) 32(6):790–802. doi: 10.1016/j.immuni.2010.05.010

31. Miyoshi, I, Hiraki, S, Tsubota, T, Kubonishi, I, Matsuda, Y, Nakayama, T, et al. Human B Cell, T Cell and Null Cell Leukaemic Cell Lines Derived From Acute Lymphoblastic Leukaemias. Nature (1977) 267(5614):843–4. doi: 10.1038/267843a0

32. O'Neil, J, Grim, J, Strack, P, Rao, S, Tibbitts, D, Winter, C, et al. FBW7 Mutations in Leukemic Cells Mediate NOTCH Pathway Activation and Resistance to Gamma-Secretase Inhibitors. J Exp Med (2007) 204(8):1813–24. doi: 10.1084/jem.20070876

33. 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(49):6285–98. doi: 10.1038/s41388-018-0401-2

34. 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(36):4741–51. doi: 10.1038/onc.2016.5

35. 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(33):3807–17. doi: 10.1038/onc.2011.533

36. Gabrilovich, DI, and Nagaraj, S. Myeloid-Derived Suppressor Cells as Regulators of the Immune System. Nat Rev Immunol (2009) 9(3):162–74. doi: 10.1038/nri2506

37. Condamine, T, Mastio, J, and Gabrilovich, D. Transcriptional Regulation of Myeloid-Derived Suppressor Cells. J Leukoc Biol (2015) 98(6):913–22. doi: 10.1189/jlb.4RI0515-204R

38. Fleming, V, Hu, X, Weller, C, Weber, R, Groth, C, Riester, Z, et al. Melanoma Extracellular Vesicles Generate Immunosuppressive Myeloid Cells by Upregulating PD-L1 via TLR4 Signaling. Cancer Res (2019) 79(18):4715–28. doi: 10.1158/0008-5472.CAN-19-0053

39. Kumar, V, Cheng, P, Condamine, T, Mony, S, Languino, LR, McCaffrey, JC, et al. CD45 Phosphatase Inhibits STAT3 Transcription Factor Activity in Myeloid Cells and Promotes Tumor-Associated Macrophage Differentiation. Immunity (2016) 44(2):303–15. doi: 10.1016/j.immuni.2016.01.014

40. Peng, D, Tanikawa, T, Li, W, Zhao, L, Vatan, L, Szeliga, W, et al. Myeloid-Derived Suppressor Cells Endow Stem-Like Qualities to Breast Cancer Cells Through IL6/STAT3 and NO/NOTCH Cross-Talk Signaling. Cancer Res (2016) 76(11):3156–65. doi: 10.1158/00085472.CAN-15-2528

41. Smith, AD, Lu, C, Payne, D, Paschall, AV, Klement, JD, Redd, PS, et al. Autocrine IL6-Mediated Activation of the STAT3-DNMT Axis Silences the Tnfα-RIP1 Necroptosis Pathway to Sustain Survival and Accumulation of Myeloid-Derived Suppressor Cells. Cancer Res (2020) 80(15):3145–56. doi: 10.1158/0008-5472.CAN-19-3670

42. Giuli, MV, Diluvio, G, Giuliani, E, Franciosa, G, Di Magno, L, Pignataro, MG, et al. Notch3 Contributes to T-Cell Leukemia Growth via regulation of the unfolded protein response. Oncogenesis (2020) 9(10):93. doi: 10.1038/s41389-020-00279-7

43. Dastur, A, Choi, A, Costa, C, Yin, X, Williams, A, McClanaghan, J, et al. NOTCH1 Represses MCL-1 Levels in GSI-Resistant T-ALL, Making Them Susceptible to ABT-263. Clin Cancer Res (2019) 25(1):312–24. doi: 10.1158/1078-0432.CCR-18-0867

44. Pui, CH, and Evans, WE. Treatment of Acute Lymphoblastic Leukemia. N Engl J Med (2006) 354(2):166–78. doi: 10.1056/NEJMra052603

45. Pui, CH, Mullighan, CG, Evans, WE, and Relling, MV. Pediatric Acute Lymphoblastic Leukemia: Where are We Going and How do We Get There? Blood (2012) 120(6):1165–74. doi: 10.1182/blood-2012-05-378943

46. Rivera, GK, Zhou, Y, Hancock, ML, Gajjar, A, Rubnitz, J, Ribeiro, RC, et al. Bone Marrow Recurrence After Initial Intensive Treatment for Childhood Acute Lymphoblastic Leukemia. Cancer (2005) 103(2):368–76. doi: 10.1002/cncr.20743

47. Nguyen, K, Devidas, M, Cheng, SC, La, M, Raetz, EA, Carroll, WL, et al. Factors Influencing Survival After Relapse From Acute Lymphoblastic Leukemia: A Children's Oncology Group Study. Leukemia (2008) 22(12):2142–50. doi: 10.1038/leu.2008.251

48. Chen, MF, Kuan, FC, Yen, TC, Lu, MS, Lin, PY, Chung, YH, et al. IL-6-Stimulated CD11b+CD14+HLA-DR- Myeloid-Derived Suppressor Cells, are Associated With Progression and Poor Prognosis in Squamous Cell Carcinoma of the Esophagus. Oncotarget (2014) 5(18):8716–28. doi: 10.18632/oncotarget.2368

49. Sethi, N, Dai, X, Winter, CG, and Kang, Y. Tumor-Derived JAGGED1 Promotes Osteolytic Bone Metastasis of Breast Cancer by Engaging Notch Signaling in Bone Cells. Cancer Cell (2011) 19(2):192–205. doi: 10.1016/j.ccr.2010.12.022

50. Reynaud, D, Pietras, E, Barry-Holson, K, Mir, A, Binnewies, M, Jeanne, M, et al. IL-6 Controls Leukemic Multipotent Progenitor Cell Fate and Contributes to Chronic Myelogenous Leukemia Development. Cancer Cell (2011) 20(5):661–73. doi: 10.1016/j.ccr.2011.10.012

51. Kim, SW, Kim, JS, Papadopoulos, J, Choi, HJ, He, J, Maya, M, et al. Consistent Interactions Between Tumor Cell IL-6 and Macrophage TNF-α Enhance the Growth of Human Prostate Cancer Cells in the Bone of Nude Mouse. Int Immunopharmacol (2011) 11(7):862–72. doi: 10.1016/j.intimp.2011.01.004

52. Huang, B, Pan, PY, Li, Q, Sato, AI, Levy, DE, Bromberg, J, et al. Gr-1+CD115+ Immature Myeloid Suppressor Cells Mediate the Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy in Tumor-Bearing Host. Cancer Res (2006) 66(2):1123–31. doi: 10.1158/0008-5472.CAN-05-1299

53. Yang, R, Cai, Z, Zhang, Y, Yutzy, WH4, Roby, KF, and Roden, RB. CD80 in Immune Suppression by Mouse Ovarian Carcinoma-Associated Gr-1+CD11b+ Myeloid Cells. Cancer Res (2006) 66(13):6807–15. doi: 10.1158/0008-5472.CAN-05-3755

54. Wu, CP, Qing, X, Wu, CY, Zhu, H, and Zhou, HY. Immunophenotype and Increased Presence of CD4(+)CD25(+) Regulatory T Cells in Patients With Acute Lymphoblastic Leukemia. Oncol Lett (2012) 3(2):421–4. doi: 10.3892/ol.2011.499

55. 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(9):4504–11. doi: 10.4049/jimmunol.171.9.4504

56. 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(6):727–43. doi: 10.1093/intimm/dxp042

57. 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(11):6199–206. doi: 10.4049/jimmunol.1002136

58. Bruno, A, Mortara, L, Baci, D, Noonan, DM, and Albini, A. Myeloid Derived Suppressor Cells Interactions With Natural Killer Cells and Pro-Angiogenic Activities: Roles in Tumor Progression. Front Immunol (2019) 10:771. doi: 10.3389/fimmu.2019.00771

59. Azzaoui, I, Uhel, F, Rossille, D, Pangault, C, Dulong, J, Le Priol, J, et al. T-Cell Defect in Diffuse Large B-Cell Lymphomas Involves Expansion of Myeloid-Derived Suppressor Cells. Blood (2016) 128(8):1081–92. doi: 10.1182/blood-2015-08-662783

60. Vari, F, Arpon, D, Keane, C, Hertzberg, MS, Talaulikar, D, Jain, S, et al. Immune Evasion via PD-1/PD-L1 on NK Cells and Monocyte/Macrophages is More Prominent in Hodgkin Lymphoma Than DLBCL. Blood (2018) 131(16):1809–19. doi: 10.1182/blood-2017-07-796342

61. Weber, R, Fleming, V, Hu, X, Nagibin, V, Groth, C, Altevogt, P, et al. Myeloid-Derived Suppressor Cells Hinder the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front Immunol (2018) 9:1310. doi: 10.3389/fimmu.2018.01310

62. Hou, A, Hou, K, Huang, Q, Lei, Y, and Chen, W. Targeting Myeloid-Derived Suppressor Cell, a Promising Strategy to Overcome Resistance to Immune Checkpoint Inhibitors. Front Immunol (2020) 11:783. doi: 10.3389/fimmu.2020.00783

63. Tottone, L, Zhdanovskaya, N, Carmona Pestaña, Á, Zampieri, M, Simeoni, F, Lazzari, S, et al. Histone Modifications Drive Aberrant Notch3 Expression/Activity and Growth in T-ALL. Front Oncol (2019) 9:198. doi: 10.3389/fonc.2019.00198

64. Choi, SH, Severson, E, Pear, WS, Liu, XS, Aster, JC, and Blacklow, SC. The Common Oncogenomic Program of NOTCH1 and NOTCH3 Signaling in T-Cell Acute Lymphoblastic Leukemia. PloS One (2017) 2(10):e0185762. doi: 10.1371/journal.pone.0185762

65. Tan, SH, Bertulfo, FC, and Sanda, T. Leukemia-Initiating Cells in T-Cell Acute Lymphoblastic Leukemia. Front Oncol (2017) 7:218. doi: 10.3389/fonc.2017.00218




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.


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

Copyright © 2022 Grazioli, Orlando, Giordano, Noce, Peruzzi, Abdollahzadeh, 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.




ORIGINAL RESEARCH

published: 26 April 2022

doi: 10.3389/fimmu.2022.879030

[image: image2]


Impact of Consolidative Unrelated Cord Blood Transplantation on Clinical Outcomes of Patients With Relapsed/Refractory Acute B Lymphoblastic Leukemia Entering Remission Following CD19 Chimeric Antigen Receptor T Cells


Qianwen Xu 1†, Lei Xue 1†, Furun An 2, Hui Xu 1, Li Wang 1 , Liangquan Geng 1, Xuhan Zhang 1, Kaidi Song 1, Wen Yao 1, Xiang Wan 1, Juan Tong 1, Huilan Liu 1, Xin Liu 1, Xiaoyu Zhu 1, Zhimin Zhai 2, Zimin Sun 1 and Xingbing Wang 1*


1 Department of Hematology, The First Affiliated Hospital of University of Science and Technology of China (USCT) (Anhui Provincial Hospital), Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei, China, 2 Hematology Department, The Second Hospital of Anhui Medical University (SHAMU), Hefei, China




Edited by: 

Trent Spencer, Emory University, United States

Reviewed by: 

Xiao-Dong Mo, Peking University People’s Hospital, China

Kunming Qi, Xuzhou Medical University, China

*Correspondence: 
Xingbing Wang
 wangxingbing@ustc.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 18 February 2022

Accepted: 28 March 2022

Published: 26 April 2022

Citation:
Xu Q, Xue L, An F, Xu H, Wang L, Geng L, Zhang X, Song K, Yao W, Wan X, Tong J, Liu H, Liu X, Zhu X, Zhai Z, Sun Z and Wang X (2022) Impact of Consolidative Unrelated Cord Blood Transplantation on Clinical Outcomes of Patients With Relapsed/Refractory Acute B Lymphoblastic Leukemia Entering Remission Following CD19 Chimeric Antigen Receptor T Cells. Front. Immunol. 13:879030. doi: 10.3389/fimmu.2022.879030




Background

While chimeric antigen receptor (CAR)-T cell therapy is becoming widely used in hematological malignancies with remarkable remission rate, their high recurrence remains an obstacle to overcome. The role of consolidative transplantation following CAR-T cell-mediated remission remains controversial. We conducted a retrospective study to explore whether bridging to unrelated cord blood transplantation (UCBT) could improve the prognosis of patients entering remission after CAR-T therapy with different characteristics through subgroup analyses.



Methods

We reviewed 53 patients with relapsed/refractory (R/R) B-cell acute lymphoblastic leukemia (B-ALL) successfully infused with CD19 CAR-T cells and achieved complete remission (CR). In this study, 25 patients received consolidative UCBT (UCBT group) and 28 patients did not accept any intervention until relapse (non-UCBT group). Subgroup analysis on prognosis was then performed according to gender, age, number of previous relapses, tumor burden, presence of poor prognostic markers, and structure of CAR.



Results

Compared with the non-UCBT group, patients who underwent consolidative UCBT had better median event-free survival (EFS; 12.3 months vs. 6.2 months; P = 0.035) and relapse-free survival (RFS; 22.3 months vs. 7.2 months; P = 0.046), while no significant difference was found in overall survival (OS; 30.8 months vs. 15.3 months; P = 0.118). Subsequent multivariate analysis revealed that bridging to UCBT was a protective factor for RFS (P = 0.048) but had no significant effect on EFS (P = 0.205) or OS (P = 0.541). In the subgroup analysis, UCBT has an added benefit in patients with specific characteristics. Patients who experienced ≥2 relapses or with sustained non-remission (NR) showed better RFS (P = 0.025) after UCBT. Better EFS was seen in patients with poor prognostic markers (P = 0.027). In the subgroup with pre-infusion minimal residual disease (MRD) ≥5% or with extramedullary disease (EMD), UCBT significantly prolonged EFS (P = 0.009), RFS (P = 0.017), and OS (P = 0.026). Patients with occurrence of acute graft-versus-host disease (aGVHD) appeared to have a longer duration of remission (P = 0.007).



Conclusion

Consolidative UCBT can, to some extent, improve clinical outcomes of patients with R/R B-ALL entering remission following CD19 CAR-T therapy, especially in patients with more recurrences before treatment, patients with poor prognostic markers, and patients with a higher tumor burden. The occurrence of aGVHD after UCBT was associated with better RFS.
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1 Introduction

Chimeric antigen receptor (CAR)-T cell therapy has been proven to have remarkable efficacy in hematological malignancies in recent years and is considered one of the most promising targeted therapies for tumors. CD19-targeted CAR-T cell therapy has led to a paradigm shift in the treatment of relapsed and refractory (R/R) B-cell acute lymphoblastic leukemia (B-ALL). Numerous clinical trials revealed that patients treated with CD19 CAR-T cells can achieve a complete remission (CR) rate of 75%–93%. Despite the impressive results, however, approximately 38%–61% of patients eventually relapsed during long-term follow-up (1–8). Researchers have proposed a series of solutions to reduce the recurrence rate after CAR-T cell therapy such as optimizing CAR structure (7, 8), designing artificial antigen-presenting cells (AAPCs) (9), binding immunological checkpoint inhibitors (10), sequentially administering two groups of CAR-T cells (11), and bridging to transplantation. Some studies speculated that the combination of CAR-T therapy and transplantation prolonged survival and provided patients with more opportunities (12–14).

However, the role of consolidative transplantation following CAR-T therapy remains controversial while the effect can be influenced by pretreatment patient characteristics, lymphodepletion regimen, structure of CAR, and post-CAR-T therapy parameters (12). In some groups, it increases the economic burden and risk of death related to transplantation. It is necessary to weigh the advantages and disadvantages.

Equally important, which source of stem cells for transplantation to choose is inconclusive. Current studies emphasize the interface between allogeneic hematopoietic stem cell transplantation (allo-HSCT) and CAR-T cell therapy, as allo-HSCT is considered the only recognized curative cellular therapy for patients with B-ALL. Few studies have focused on unrelated cord blood transplantation (UCBT) following CAR-T therapy. Umbilical cord blood (UCB) is gradually being considered as an alternative source of peripheral blood progenitor cells (PBPCs) or bone marrow (BM) transplantation, particularly when a human leukocyte antigen (HLA)-matched donor is not available. A retrospective study determined the optimal role of UCBT in adults with acute leukemia, and showed that leukemia-free survival (LFS) in patients after UCBT was equivalent to that after PBPC or BM transplantation (15). Thus, UCBT may also be considered as an option to improve the prognosis of patients who have undergone CAR-T therapy. Another study conducted at our center showed that patients who received consolidative UCBT after CAR-T-induced remission had a 26.7% 2-year cumulative incidence of relapse (CIR) (16), so it is worth exploring if UCBT can benefit patients who have obtained remission after CAR-T therapy. Our research aims to explore the role of consolidative UCBT in patients receiving CD19 CAR-T cells and which characteristics of patients can influence the effect of UCBT more obviously.



2 Materials and Methods


2.1 Patients

From January 2016 to April 2021, we reviewed patients with R/R B-ALL who were successfully infused with CD19 CAR-T cells at the First Affiliated Hospital of USCT (Anhui Provincial Hospital) and the Second Hospital of Anhui Medical University (SHAMU). The medical ethics committee of the two hospitals reviewed and approved the study protocols. Fifty-three patients were consecutively enrolled in this non-randomized clinical study according to exclusion criteria including the following: 1) unable to evaluate the effectiveness of CAR-T cell therapy, (2) failure to achieve CR after CAR-T cell therapy, (3) contraindications in terms of critical organ insufficiency and uncontrollable infections, and (4) a history of transplantation before CAR-T therapy. Twenty-five patients received consolidative UCBT at our center selectively, depending on pre-UCBT assessment including disease features, treatment history, comorbidities, and personal reasons including patient preference and economic considerations. In conformity with the Declaration of Helsinki, informed consent was provided from each participant.



2.2 Procedures


2.2.1 Chimeric Antigen Receptor-T Cell Therapy Protocol

All included patients were treated with conditioning chemotherapy including fludarabine (FLU, 30 mg/m2 × 3 days) in combination with cyclophosphamide (CY, 300 mg/m2 × 3 days) before the intravenous infusion of cryopreserved CD19 CAR-T cells at a dose of 1 × 106 cells/kg body weight. The CAR in this study consists of an CD19-specific single-chain antibody fragment (scFv) derived from FMC63 fused to a modified IgG4-hinge spacer, a costimulatory molecule including CD28 alone or both CD28 and CD137 (4-1BB), and a CD3ζ signaling domain. Enrichment of CAR-T cells from patient’s PBMCs was done using CD4-magnetic beads (Miltenyi Biotec GmbH) and CD8-magnetic beads (Miltenyi Biotec GmbH).



2.2.2 Unrelated Cord Blood Transplantation Procedures

The selection of cord blood and HLA typing have been previously described (17). Concisely, molecular techniques with minimum antigenic segmentation level resolution for HLA-A and HLA-B and allele-level resolution for DRB1 were used when performing HLA typing. All recipients obtained single-unit cord blood from the Chinese Cord Blood Bank. Each unit of cord blood was high-resolution matched to the recipient’s HLA-A and HLA-B antigens and HLA-DRB1 and had a minimum of 3.0 × 107 total nucleated cells (TNCs)/kg of body weight and 1.2 × 105 CD34+ cells/kg of body weight until frozen. All recipients were given myeloablative regimen including FLU/BU/CY (FLU, 30 mg/m2 per day for 4 days; busulfan, total 12.8 mg/kg, 0.8 mg/kg every 6 h for 4 days; CY, 60 mg/kg daily for 2 days), FLU/BU/CY plus carmustine (BCNU) (250 mg/m2), FLU/CY plus total body irradiation (TBI; total 12 Gy, 4 fractions) or FLU/BU/CY plus semustine (320 mg/m2). A co-application of mycophenolate mofetil and cyclosporin A was used as prophylaxis for graft-versus-host disease (GVHD).




2.3 Definitions

Bone marrow morphology with ≤5% blasts, no evidence of circulating blasts, and no extramedullary infiltration were considered as CR. Minimal residual disease (MRD)-negative CR was characterized as no immunophenotypically abnormal blasts detected in peripheral blood (PB)/BM by multiparametric flow cytometry (FCM). MRD status was assessed by 10-color FCM with a sensitivity of 104 nucleated cells. Disease relapse was defined as ≥5% of blasts in BM, reappearance of blasts in the PB, or extramedullary infiltration after CR. The endpoints were event-free survival (EFS), relapse-free survival (RFS), and overall survival (OS). We calculated EFS as the time interval from CAR-T cell infusion to disease progression (including MRD-positive and gene recurrence), relapse, or death, whichever came first, or last visit. RFS was calculated from the date of CAR-T cell infusion to the date of relapse, death, or last visit. For OS, death as the final endpoint was caused by any factor or the final follow-up date could be used. Acute GVHD (aGVHD) was assessed according to the Mount Sinai Acute GvHD International Consortium (MAGIC) criterion (18), and chronic GVHD (cGVHD) was assessed according to the consensus criteria of the National Institutes of Health (19).



2.4 Statistical Analysis

Descriptive statistics were used to present the characteristics of the patients. The difference in non-relapse mortality (NRM) rate between two groups was determined by Fisher’s exact test. Kaplan–Meier analysis and Cox regression model were applied to perform univariate and multivariate analysis on factors affecting the survival of overall patients, respectively. The median EFS, RFS, and OS were demonstrated by Kaplan–Meier curves and were compared by log-rank test. The hazard ratio (HR) and 95% CI for EFS, PFS, and OS for subgroup analysis were estimated using a stratified Cox regression model and visualized by a forest plot. A two-tailed P value <0.05 was considered statistically significant. All statistical analyses were conducted using Statistical Product and Service Solutions (SPSS) 26.0, and GraphPad Prism 8.00 software (GraphPad Software, La Jolla, CA, USA) was used to create figures.




3 Results


3.1 Patients

A total of 53 patients with B-ALL treated with CD19 CAR-T cells were consecutively enrolled. Characteristics of patients with a median age of 28 (range 3–66 years) years are presented in Table 1. Twenty-two (41.5%) patients experienced less than 2 relapses, and 31 (58.5%) patients experienced ≥2 relapses or remain in non-remission (NR). Thirty-six (67.9%) patients had poor prognostic markers including TP53, BCR-ABL1, E2A-PBX1, and MLL-AF4 and complex karyotype before CAR-T therapy. Furthermore, 43 (81.1%) patients had MRD >5% or with extramedullary disease (EMD) before CAR-T treatment, and 10 (18.9%) patients had MRD <5%. Thirty-eight (71.7%) patients were infused with CAR-T cells incorporating a CD28 co-stimulation domain, and 15 (28.3%) patients with CAR-T cells contained both CD28 and 4-1BB. All patients achieved CR before transplant, while 3 patients remained MRD-positive.


Table 1 | Characteristics of the 53 patients.



Twenty-five patients received UCBT after CAR-T cell therapy (the UCBT group); 28 patients did not accept any treatment until relapse (the non-UCBT group). The median interval from CAR-T therapy to UCBT was 66 (range 30–268 days) days; 17 patients received UCBT within 3 months following CAR-T therapy. The median infused TNC count and CD34+ cells were 2.79 (range, 1.24–9.80) × 107/kg and 1.97 (range, 0.69–7.15) × 105/kg, respectively. Among the patients who underwent UCBT after CAR-T therapy, 11 (44.0%) patients had aGVHD and one patient had cGVHD in the follow-up. Pre-engraftment syndrome (PES) was observed in 19 (76.0%) patients (Table 1).



3.2 Overall Outcomes

Disease status of 53 patients from the day of CAR-T cell infusion to the end of follow-up was shown in Figure 1A. The NRM rates in the UCBT and non-UCBT groups were 33.3% and 5%, respectively; no significant difference was found by Fisher’s exact test (P = 0.128) between the two groups. In the UCBT group, 10 (40.0%) patients relapsed at a median time of 6.2 months (range 1.4–22.3 months) including one CD19-negative relapse and one central nervous system leukemia (CNSL), and one patient underwent transformation from ALL to myelodysplastic syndrome (MDS) and eventually progressed to acute myeloid leukemia (AML). Ten (40.0%) patients remained disease-free until the end of follow-up; one patient was lost to follow-up at 5.6 months of remission. Four patients died because of transplant-related complications including GVHD, thrombotic microangiopathy (TMA), and severe infection. Among the patients who relapsed after UCBT, eight patients received reinfusions of CAR-T cells after relapse, five patients achieved CR again, and two of them remained in MRD-negative remission until the end of follow-up. The remaining two patients who received only chemotherapy or supportive therapy showed poor prognosis and died of primary disease in the short term. In the non-UCBT group, 18 (64.3%) patients experienced relapses at a median time of 6.5 months (range 1.4–58.9 months). Six patients achieved sustained MRD-negative remission without other interventions after CAR-T cell infusion until the end of follow up, one patient remained in MRD-negative remission and was lost to follow-up at 34.3 months, one patient showed a positive MRD at 36.5 months, and one patient showed a positive P210 at 17.7 months.




Figure 1 | Treatment responses and long-term survival of each patient, survival analysis between the UCBT group and the non-UCBT group, and the association between aGVHD and RFS in the UCBT group. (A) Disease status from CAR-T cell infusion to the end of follow-up of each patient. (B–D) Differences of EFS (B), RFS (C), and OS (D) between the UCBT group and the non-UCBT group in overall patients. (E) The association between the occurrence of aGVHD and RFS of patients underwent consolidative UCBT after entering remission by CAR-T therapy. UCBT, unrelated cord blood transplantation; aGVHD, acute graft-versus-host disease; EFS, event-free survival; RFS, relapse-free survival; OS, overall survival; CAR, chimeric antigen receptor.





3.3 Survival Analysis

Initially, we performed an analysis of the factors associated with overall prognosis (Table 2). Univariate analysis indicated a significant difference in survival between the two groups, the estimated median EFS (12.3 months vs. 6.2 months; P = 0.035) and RFS (22.3 months vs. 7.2 months; P = 0.046) were better in the UCBT group than those in the non-UCBT group, while the OS showed no difference (30.8 months vs. 15.3 months; P = 0.118) (Figures 1B–D). Subsequent multivariate analysis for factors with P < 0.2 in the univariate analysis showed that consolidative UCBT was an independent protective factor for RFS (P = 0.048), but with no significant effect on overall EFS (P = 0.205) or OS (P = 0.541). Multivariate analysis also showed a worse EFS (P = 0.069) and OS (P = 0.045) in patients with poor prognostic markers.


Table 2 | Factors affecting EFS, RFS, and OS in overall patients.



Comparison of baseline characteristics of the two groups revealed no significant differences in gender, number of relapses, poor prognostic markers, pre-infusion tumor burden, and CAR structure; however, there were differences in the age distribution (Table 3). Considering if those factors may potentially associate with the influence of consolidative UCBT on the prognosis of patients, we subsequently subgrouped the patients to determine which group of patients were more likely to benefit from consolidative UCBT (Figure 2). In patients who experienced ≥2 relapses or sustained NR, UCBT prolonged RFS (P = 0.025) compared to non-UCBT. Consolidative UCBT had significant influences in EFS (P = 0.027) of patients with poor prognostic markers including MLL-AF4, BCR-ABL1, TP53, E2A-PBX1, and complex karyotype, while no significant effect was shown in patients without those markers. In the subgroup with MRD ≥5% or with EMD before infusion, UCBT prolonged EFS (P = 0.009), RFS (P = 0.017), and OS (P = 0.026) independent of poor prognostic markers; the improvement was not observed in patients with pre-infusion MRD <5%. No significant effect of UCBT was seen in either group subdivided according to gender (men and women), CAR structure (CD28 and CD28/4-1BB), and age (<25 years and ≥25 years).


Table 3 | Patient characteristics among the two groups.






Figure 2 | Forest plot showing the hazard ratios for EFS, RFS, and OS of various subgroups. UCBT, unrelated cord blood transplantation; EFS, event-free survival; RFS, relapse-free survival; OS, overall survival; CAR, chimeric antigen receptor; NR, non-remission; MRD, minimal residual disease; EMD, extramedullary disease; HR, hazard ratio.



In our study, time between CAR-T cell infusion and UCBT did not influence EFS (P = 0.360), RFS (P = 0.413), or OS (P = 0.204) of the patients. Four patients bridging to UCBT at 3 months after CAR-T therapy still showed sustained remission. Our further exploration suggested a correlation between aGVHD after UCBT and prognosis, which showed that patients who had aGVHD tend to have a better RFS (P = 0.007) (Figure 1E), although EFS (P = 0.113) and OS (P = 0.593) did not significantly prolong, and the results need to be further confirmed by a large sample.




4 Discussion

While CAR-T cell therapy increases the remission rate of patients diagnosed with R/R B-cell hematological malignancies, the limited duration of remission and unsatisfactory long-term survival present challenges for CAR-T cell therapy. The two relapse patterns after CAR-T therapy include CD19-positive relapse and CD19-negative relapse. CD19-positive relapses are commonly associated with decreased CAR-T cell persistence, low potency and poor response of CAR, and transient B-cell aplasia (20). The mechanism of this kind of relapse may be related to CD19 gene mutation leading to CD19 loss (21), selection and lineage switch by immune pressure (22, 23), and trogocytosis and cooperative killing (24). Prevention for relapse after CAR-T therapy includes improving the structure of CAR (7, 25), optimizing lymphodepletion regimen (26), dual/multi-targeted CAR-T cells (23, 27), sequential infusion of two groups of CAR-T cells (11, 28), CAR-T cell combined with immune checkpoint inhibitor (10), and consolidative transplantation after CAR-T therapy (12–14, 29–33). HSCT has been chosen in several centers to consolidate remission after CAR-T treatment. Clinical studies by Lee et al. (14) demonstrated a decline in relapse rate in pediatric patients who were consolidated with HSCT. Hay et al. (34) reported a phase I/II data investigating the role of 4-1BB CD19 CAR-T cells in adult ALL, demonstrating prolonged EFS in patients who received HSCT after CAR-T therapy. A clinical study by Shalabi et al. (29) showed that CAR-T cell therapy combined with HSCT could synergistically improve LFS. However, whether to consolidate with transplantation after CAR-T is still a critical question, since treatment-related morbidity and mortality need to be balanced against the risk of relapse. Functional CAR-T cells that persisted in patients may be destroyed by transplantation and losing their antitumor activity. And there are some studies showing that no difference in prognosis was seen in patients who did and did not receive consolidative transplantation after fusion of CD28-based CD19 CAR-T therapy (6, 35).

Another issue to be addressed is which source of transplantation should be chosen. Current studies have focused on consolidative HSCT after CAR-T therapy, with fewer studies on UCBT. Stem cells can be obtained from BM, PB, or UCB. UCB offers benefits such as rapid acquisition, less constricted HLA matching, and lower rates of GVHD (36–38). A comparative analysis of UCB and BM in children with acute leukemia demonstrated that 4-6/6 HLA-matched UCB provided a similar probability of LFS to matched BM (39). Thus, we assumed that UCBT may serve as an alternative for patients without a compatible donor. However, there is still a deficiency of data on the outcomes of CAR-T therapy bridging to UCBT. Another study in our center showed a relatively high 2-year CIR in patients who received consolidative UCBT following CAR-T-mediated remission (16), so it is worth exploring whether UCBT can benefit patients who achieved remission after CAR-T therapy or not.

In this retrospective study, 25 of the 53 patients received subsequent UCBT after CAR-T therapy, and the other 28 received CAR-T therapy alone. In overall patients, the NRM rate appeared to be higher in the UCBT group, but there was no statistical difference between the two groups, and UCBT contributed a significant improvement in RFS, while there was no significant effect on EFS and OS. In studies focusing on consolidative allo-HSCT after CAR-T, the effect of HSCT was influenced by many potential factors including complex karyotypes, certain genes associated with poor prognosis, leukemia burden, number of relapses, high lactate dehydrogenase (LDH) levels, lymphodepletion regimen, and constructure of CARs (12). Therefore, we conducted a subgroup analysis to explore factors influencing the effect of UCBT.

A high pre-infusion tumor burden had been reported to increase the relapse rate after CAR-T therapy (6, 13, 40). A clinical trial showed that consolidative HSCT significantly prolonged EFS and RFS in patients with a high leukemia burden (13). In our study, we observed a pronounced influence of consolidative UCBT on patients with MRD ≥5% or with EMD, suggesting that patients with a higher tumor burden would be more likely to benefit from consolidative UCBT. Some studies have found that surface CAR expression was inversely correlated with tumor burden due to receptor internalization (41–43); this may contribute to a higher probability of relapse in patients with a high tumor burden. Those findings demonstrate the necessity of consolidative transplantation for patients with a high tumor burden after CAR-T therapy. In addition, we found that the number of relapses can influence the effect of UCBT, patients who experienced fewer than 2 relapses did not benefit from consolidative UCBT, while in patients with recurrent relapses or sustainable NR, consolidative UCBT improved their RFS significantly. As for patients with poor prognosis markers, while worse overall EFS and OS were observed in multivariate analysis, those patients showed an improved EFS after bridging to UCBT. MLL/AF4, BCR/ABL1, TP53, and E2A/PBX1 complex karyotypes are reported to indicate an inferior prognosis in B-ALL patients (44–48). Consolidative UCBT after CAR-T therapy may achieve a longer molecular response.

According to criteria published by Gökbuget et al. (49) age is the most important prognostic factor for ALL, and the prognosis of patients deteriorates with increasing age. Apart from that, some studies showed that adult patients are more likely to benefit from consolidative allo-HSCT, while younger patients can achieve durable remission without a consolidating allo-HSCT (4, 8). As the younger patients took a larger proportion in the UCBT group in our study, we further grouped the patients according to age (<25 years vs. ≥25 years) to reduce the influence of the confounding variable; the results showed that consolidative UCBT did not affect survival of patients in either group.

Another factor that can affect prognosis is the co-stimulatory structural domain of CAR. Preclinical studies indicated a relatively short duration after infusion of CAR-T cells with CD28 co-stimulatory domain (50, 51); moreover, numerous investigations have revealed that 4-1BB-based CAR-T cells exhibited more durable persistence than CAR-T cells that contained CD28 co-stimulatory domain (20, 32, 33, 52, 53). However, the outcomes of CAR-T cell containing CD28 co-stimulatory domains varied significantly among different studies. A retrospective analysis showed no improvement in EFS or OS in patients using CD28-based CD19 CAR-T cells bridged with HSCT (6). A study in pediatric patients using CD28 co-stimulatory CD19 CAR-T cells (54) suggested that HSCT leads to better EFS. Several reports of treating patients with 4-1BB-based CD19 CAR-T cells (13, 34) exhibited better RFS with consolidative HSCT, whereas patients receiving 4-1BB-containing CD19 CAR-T cells in the global ELIANA trial show no benefit in OS (8). It is unscrupulous to conclude the influence of different CAR structures on the effect of post-CAR-T transplantation. In our study, we did not observe an improvement in prognosis by consolidative UCBT in patients receiving CD28-based CAR nor in those receiving CD28/4-1BB-based CAR. Considering the limited sample size and confounding factors, a comparative study is needed.

Our study demonstrated that consolidative UCBT after CAR-T therapy can improve the clinical outcomes in specific groups of patients; however, the recurrence rate after transplantation was relatively high (40.0%, 10/25). Patients without occurrence of aGVHD appeared to have a shorter duration of remission. The occurrence of aGVHD after UCBT may indicate better RFS. A study showed that time from CAR-T cell application to transplantation associated with the risk of death (55). Some researchers recommended early consolidative UCBT to maximize the benefit, considering that approximately 10% of patients relapsed after CAR-T therapy within 3 months (12). However, our study did not show a correlation between the interval and long-term survival; among the 10 patients in the UCBT group who achieved sustained remission, four patients had an interval ≥3 months from CAR-T infusion to transplantation. Thus, the optimal time for consolidative transplantation needs to be determined by multicenter and large-sample studies. It is imperative to seek a treatment option for patients who relapse after transplantation because these patients generally have a poor prognosis. Eight patients accepted re-infusion of CAR-T cells in this study, five of them achieved CR and the median OS after relapse was 21.9 months (range 9.4–39.5 months), the remaining two patients who did not receive a second CAR-T therapy died rapidly after relapse. Comparative studies with larger samples are necessary to explore the role of re-infusion of CAR-T cells.

Our study has its shortcomings due to its retrospective nature and the uniformity in baseline characteristics of patients; election bias on transplantation may also exist. However, the results from real-world data by subgroup analysis are still informative. Large-sample studies with consistent patient baseline characteristics are still needed.



5 Conclusion

To conclude, our study showed that consolidative UCBT provides an option for post-CAR-T consolidation. In patients with a history of ≥2 relapses or sustained NR, with poor prognostic markers, or with MRD ≥5% or EMD, long-term survival was significantly improved by consolidative UCBT. In contrast, UCBT does not necessarily result in a better prognosis for patients with a lower number of recurrences, no prognostic markers, and a lower tumor burden. For posttransplantation relapse, re-infusion of CAR-T cells may be an option to consider.
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Chronic lymphocytic leukemia (CLL), the most common adult’s leukemia in the western world, is caused in 95% of the cases by uncontrolled proliferation of monoclonal B-lymphocytes. The complement system in CLL is chronically activated at a low level via the classical pathway (CP). This chronic activation is induced by IgG-hexamers, which are formed after binding to alpha-2-macroglobulin (A2M). The study investigated for the first time the serum levels of A2M in CLL patients, their association with the disease severity, and A2M production by the malignant B-lymphocytes. Blood samples were collected from 65 CLL patients and 30 normal controls (NC) subjects, and used for quantifications of the A2M levels, the complement activation marker (sC5b-9), the complement components C2, C3 and C4, and clinical biochemistry and hematology parameters. The production of A2M was studied in B-lymphocytes isolated from blood samples as well as in CLL and non-CLL cell lines.The serum A2M levels were significantly higher in CLL patients vs NCs, showing values of 3.62 ± 0.22 and 1.97 ± 0.10 mg/ml, respectively. Within the CLL group, A2M levels correlated significantly with the disease stage, with sC5b-9, and with clinical indicators of the disease severity. Increased A2M production was showed in three out of four CLL B-lymphocytic lines that were studied, as compared to non-CLL lines, to a non-lymphocytic line, and to blood-derived primary B-lymphocytes. A2M production was further increased both in primary cells and in the CLL cell-line after incubation with CLL sera, compared to NC sera. This study shows for the first time that serum A2M levels in CLL are significantly increased, likely due to A2M production by the malignant B-lymphocytes, and are correlated with the disease severity and with chronic complement activation. The moderate change in A2M production after incubation with NC sera in-vitro supports the hypothesis that inhibition of excess A2M production can be achieved, and that this may potentially down-regulate the IgG-hexamerization and the resulting chronic CP activation. This may also help restore complement system activity, and eventually improve complement activity and immunotherapy outcomes in CLL.
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1 Introduction

Alpha-2-Macroglobulin (A2M), the largest major non-immunoglobulin protein in human plasma, is a broad-spectrum protease inhibitor that can inhibit all proteinase families, including serine-, cysteine-, aspartic- and metalloproteinases (1). Each A2M molecule contains a macroglobulin domain, a thioester (TE) containing domain and a receptor-binding domain (2). Its protease-inhibitory functions are executed via a conformational change that traps the attacking protease after binding to a TE motif, GCGEQ, also called “the bait” within the A2M protein (3). Similar to other members of the thioester-containing proteins (TEPs) family, named after their active site that functions by forming covalent bonds with specific molecular targets, A2M plays an important role in clearance of proteases from the circulation, regulation of fibrinolysis, coagulation and complement activation (3). A2M also participates, with IgG molecules, in formation of immune complexes that generate aggregated/hexameric structures (A2M-IgG-hexamers) and activate the classical pathway (CP) of the complement system in patients with Chronic Lymphocytic Leukemia (CLL) (4).

A2M is an acute-phase protein, produced primarily by the liver and lungs, and secreted into the bloodstream and extracellular environments (5). It is also produced locally by macrophages, fibroblasts, and epithelial cells (5). A2M is formed by the assembly of four 182kDa subunits into two disulfide-linked dimers, which non-covalently associate to complete the tetrameric structure of A2M (1). However, several studies showed that A2M is present in the circulation in either a dimeric or tetrameric form (6, 7).

Mutations in the A2M gene play a role in the pathogenesis of Alzheimer’s disease, Parkinson’s disease, and prostate cancer (1), while increased serum concentrations were shown to be associated with nephrotic syndrome, diabetes (type 1 and type 2), chronic liver disease and acute lymphoblastic leukemia (8–10). In patients with CLL, A2M has rarely been studied, and the serum levels of A2M have not yet been reported.

CLL is the most common leukemia, comprising 25-30% of all adult leukemia patients in the western world. It affects the B-type lymphocytes in the bone marrow in 95% of the patients, and is characterized by increased numbers of monoclonal B-lymphocytes (>5x103/µl) that express specific antigens (CD5, CD19, CD20, CD23) on their surface. A2M is involved in the chronic CP activation in CLL (4), which decreases the CP activity in these patients. This decrease in CP activity compromises the CP dependent mechanisms activated by the immunotherapeutic drugs, such as the complement dependent cytotoxicity (CDC), and may eventually affect the outcomes of the immunotherapy. Thus, the aims of the study were to measure A2M levels in CLL sera in various stages of the disease and to assess its production by the malignant B-lymphocytes.



2 Materials and methods


2.1 Subjects

Blood samples were collected from 65 un-treated (naïve) CLL patients and 30 normal (non-malignant) controls (NC). As CLL patients are normally ~69 years old, many of them also suffer from chronic diseases such as type 2 Diabetes mellitus and/or hypertension, which were not used as exclusion criteria. Accordingly, the NC group included subjects who were matched with the CLL group for gender, chronic diseases and age (as possible). NC exclusion: any type of malignancy in the past or present, and any type of severe infection or hospitalization within the past 6 months. Plasma and sera were separated and frozen at -80˚C. The study was approved by the Helsinki Committee (Institutional Review Board) of Galilee Medical Center (Nahariya, Israel), and all subjects signed informed consent.



2.2 Measurement of A2M levels


2.2.1 ELISA

To measure the A2M and C2 levels, commercial ELISA kits were used (human A2M and human C2 ELISA kits, both from Elabscience), according to the manufacturers’ instructions. The results were measured using an ELISA reader (CARIOSKAN LUX, Thermo scientific).




2.3 Analysis of A2M production by B-lymphocytes


2.3.1 Cell culture

The following CLL B-lymphocytes cell lines were used: MEC-2 (CSC-C0511 from Creative-Bioarray, USA), JVM-2 (CRL-3002 from American Type Culture Collection, USA/ATCC), JVM-13 (CRL-3003 from ATCC) and HG-3 (ACC 765 from DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, Germany). All cell lines were cultured at 37°C in a humidified 5% CO2 atmosphere. JVM-2, JVM-13 and HG-3 were cultured with RPMI 1640 medium (ATCC) and MEC-2 in IMDM medium (Biological Industries). The medium for MEC-2 and HG-3 was supplemented with 10% heat-inactivated fetal bovine serum (hi FBS, Biological Industries, Israel) and non-hi FBS for JVM-2 and JVM-13. The monocytic cell line THP-1 (TIB-202 from ATCC) as well as two B-lymphocytes cell lines from non-CLL origin (from patients with Diffuse Large B-cell Lymphoma (DLBCL): SU-DHL-4 and SU-DHL-5 (CRL-2957 and CRL-2958, respectively, from ATCC) were used as controls. THP-1 cells were cultured in RPMI 1640 medium and 20% hi FBS, while SU-DHL-4 and SU-DHL-5 cells were cultured in RPMI 1640 medium and 10% non-hi FBS. All growth media were supplemented with 0.1% penicillin-streptomycin (ATCC) and the growth media of MEC-2 and JVM-2 were also supplemented with 1% glutamine (Biological Industries, except for THP-1), and all cell lines were cultured for <8 passages.



2.3.2 Isolation of primary B-lymphocytes from peripheral blood

Primary B-lymphocytes were isolated from peripheral blood as described previously (11) except that the isolation procedure was performed under sterile conditions. Blood was obtained from patients and NC subjects in EDTA-containing tubes and used immediately for separation of peripheral blood mononuclear cells (PBMCs) by Lymphoprep (Axis-shield) density gradient centrifugation in SepMate™ PBMC Isolation Tubes (STEMCELL Technologies Inc.). Cell numbers were counted in a hemocytometer and 107 PBMCs were further used for B-lymphocyte isolation, based on negative selection, using magnetic-activated cell sorting (MACS) bead Isolation kits (Miltenyi Biotec). B-lymphocytes from CLL and NC subjects were isolated with B-Cell Isolation B-CLL Kit (130–103–466) and B Cell Isolation Kit II (130–091–151), respectively. In order to validate the purity of separated primary B-cells, they were studied by flow-cytometry, using CD19 and CD20 antibodies. Cell suspensions (105 cells) were washed twice with PBS, and stained for 10 min with the fluorescent antibodies anti-CD19-Phycoerythrin Cyanin 7 (CD19-PC7, Beckman) and anti-CD20-Allophycocyanin (CD20-APC, protein-tech), that bind to B-lymphocytes. All incubations were performed at room temperature (RT), in the dark. The staining of the cells was assessed by a Flow cytometer (Navios, Beckman Coulter).



2.3.3 A2M production in B-lymphocytes

Cells of the CLL B-lymphocyte cell lines were centrifuged at 120g for 7min at RT, re-suspended in fresh culture medium at a concentration of 20,000 cells/100µl, and incubated in triplicates in a 96 well plate, in the 37°C incubator. After 12-72 hrs, depending on the cell type (12 hrs for lines MEC-2, HG-3, JVM-13, SU-DHL-4 and SU-DHL-5; 24 hrs for the THP-1 line; 72 hrs for the JVM-2 line), the triplicates were combined, centrifuged at 5000 g for 5 min at RT to remove the cells, and the supernatants were stored at -20°C until the A2M analysis (by ELISA) was performed. The incubation time for each cell type were selected after evaluation of several time points (data not shown).

In parallel, cells were centrifuged at 120g for 7min at RT and re-suspended in fresh medium at a concentration of 20,000 cells/80µl. Sera of CLL patients or NC subjects, with known A2M levels, were added to a final concentration of 20%, and 100µl of the mixture was incubated in triplicates in a 96 well plate, and processed as described above. A2M levels were measured in the cell’s medium, and the production of A2M by the cells was calculated as the change in A2M amount (ΔA2M in µg) after subtracting the level contributed by the serum, and the levels produced by the cells without any added serum.

For examination of A2M production in primary B-lymphocytes, B-cells isolated from peripheral blood of CLL patients and NC subjects were centrifuged at 120g for 7min at RT, re-suspended in fresh culture medium (RPMI 1640 and 10% non-hi FBS) at a concentration of 20,000 cells/100µl or 20,000 cells/80µl and incubated with or without 20% human serum as described above for the cell-line cells. After 24 hrs the triplicates were combined, centrifuged at 5000g for 5min at RT to remove the cells and the supernatants were frozen for later A2M analysis (by ELISA). The ΔA2M was calculated, in µg, as described above.




2.4 Statistical analysis

Data were analyzed by unpaired, two tailed, student t-test. Data from the in-vitro experiments were analyzed by Mann-Whitney tests (two tailed), as appropriate. P<0.05 was considered significant.




3 Results


3.1 Characteristics of the subjects’ groups

The Clinical parameters of patients and NCs are shown in Table 1. As expected, all the hematological parameters in CLL patients were significantly different from the values in the NC group, so that WBC, lymphocyte counts, and lymphocyte percentage were higher while RBC, Hb, and platelets counts were lower, relative to NC. The mean patient’s age was higher relative to the NC group, however A2M levels were not influenced by age (Supplementary Figure S1). One liver function indicator, ALT, was significantly decreased in the patients, although within the normal range. Two lipid profile parameters, the HDL and total cholesterol levels, were significantly decreased in the patients, as reported previously (12). No significant differences were observed in all other parameters.


Table 1 | Characteristics of the subjects’ groups.





3.2 A2M levels in patients and NC subjects – association with CLL stage and mutation status

The serum levels of A2M were significantly higher (p<0.0001) in patients vs. NCs, showing values of 3.62 ± 0.22 and 1.97 ± 0.10 mg/ml, respectively (Figure 1A). Within the CLL group, A2M levels did not correlate with age, and was similar in males and females (Supplementary Figure S1).

When the patients cohort was divided into subgroups according to the disease stage (Binet staging), the serum A2M levels showed clear association with the disease stage, as can be seen in the gradual increase in A2M values along with the CLL stages (Figure 1B). The values of A2M in patients at stage A, B and C were 2.86 ± 0.18, 3.76 ± 0.26 and 5.61 ± 0.83 mg/ml, respectively, and were significantly different (p<0.01) between the groups (Figure 1B).

Genetic analysis of CLL-associated genes was available from 36 out of the 65 patients included in the study. This analysis is not a routine test in the care of CLL patients with indolent disease, and is usually performed when the disease advances and the patient may face intervention. Therefore, the distribution of CLL stages in these 36 patients differed from the stage distribution in the original cohort, with relatively decreased proportion of patients in stage A (only 19% vs. 44% in the 65 patients cohort) and increased proportion of patients at stages B (53% vs. 38%) and C (28% vs. only 18%).

Among these 36 patients with available genetic data, 12 (33%) had normal karyotype, 7 (19%) had trisomy 12, 3 (8%) had 11q deletion, 11 (31%) had 13q deletion, and only one patient (3%) had 17p deletion and 2 patients (6%) had both 17p and 11q deletions. When A2M levels were compared between the CLL subgroups divided according to the genetic abnormalities (Figure 1C), high levels (4.2 ± 0.5 mg/ml) were found in patients with normal karyotype, and lower A2M levels, although significantly higher compared with NCs, were found in patients with Trisomy 12 (2.6 ± 0.32 mg/ml) or with deletions of the 11q or 13q (2.9 and 4.0 mg/ml, respectively). The high A2M level in the only patient with the 17p deletion (6.5 mg/ml), should be further verified in order to establish this observation, particularly since 17p deletion, as a sole abnormality is associated with poor prognosis: short survival and the shortest treatment-free interval (13). The prognosis for patients with normal karyotype, however, is better relative to CLL patients with one or more genetic abnormalities (13).




Figure 1 | Serum A2M levels in CLL patients and NC subjects. (A) A2M levels were determined (using ELISA) in sera of CLL patients (n = 65) and NC subjects (n = 30). **** indicates p<0.0001 by t-test. (B) A2M levels in sera of CLL patients divided according to the CLL stage (Binet staging; stage A: n=29, stage B: n=23, stage C: n=12). **** and ** indicate p<0.0001 and p<0.02, respectively, vs. each other group. (C) Serum A2M levels in CLL patients divided according to the mutation associated with CLL. * indicates p<0.05 vs. each other group, # indicates p<0.05 vs. the NCs and vs. the CLL groups with 11q- and trisomy 12, as determined by the Mann-Whitney test.



Overall, the data in Figure 1 show that A2M levels are increased in CLL and are associated with indicators for aggravation of the patient’s condition (CLL stage), but it is unclear if they are also associated with genetic indicators for poor prognosis.



3.3 Association of A2M levels with hematological parameters

The association of serum A2M levels with hematological parameters was analyzed and the resulting correlation data is given in Table 2. The graph for each correlation analysis is given in Supplementary Figure S2. The data showed significant positive correlations with WBC, lymphocytes numbers and % of CD38+ B-cells (in patients with CD38+ staining), and significant negative correlations with RBC, platelet counts and hemoglobin levels (Table 2). The data indicate, again, that A2M levels in CLL are associated with indicators for disease severity, including high WBC and lymphocyte counts, and low RBC, Hb and platelet counts.


Table 2 | Association of serum A2M levels with hematological parameters.





3.4 Association of A2M levels with biochemical parameters

The associations of serum A2M levels with biochemical parameters are provided in Table 3. The graph for each correlation analysis is given in Supplementary Figure S3. The data showed significant positive correlations with alkaline phosphatase (ALP), aspartate aminotransferase (AST), glucose and b2M levels, and a significant negative correlation with HDL. Among the biochemical parameters that were used for correlation analyses, b2M and abnormal liver function are known to be associated with the CLL staging (14). Thus, the data in Table 3 support the association of A2M levels with indicators for aggravation of the CLL disease.


Table 3 | Association of serum A2M levels with biochemical parameters.





3.5 Association of A2M levels with complement-related parameters

We recently showed the involvement of A2M in the formation of cell-free aggregates that act as activators of the CP (4). Therefore, the correlation of serum A2M levels with complement-related parameters was studied. The correlations with the levels of C2 and C4, that are essential components of the CP and can presumably be exhausted by chronic CP activation, were studied, as well as the correlation with the levels of C3. Also, the baseline levels of sC5b-9, the final product of complement activation and a marker of complement activity, are associated with chronic activation of the CP (15), and therefore its correlation with the A2M levels were assessed as well. The correlation data, presented in Figure 2, did not show significant correlation with either C2, C3 or C4 (Figures 2A–C). However, a significant positive correlation was found in the CLL patients with the baseline levels of sC5b-9 (Figure 2D), supporting a link between A2M levels and chronic activation of the CP.




Figure 2 | Correlation of the serum A2M levels with complement components. The levels of the complement components C2-C4 and the complement activity marker sC5b-9 (the final product of complement activation) were measured in patients’ sera. A2M levels were correlated with C2 (A), C3 (B), C4 (C) and sC5b-9 (D). The dashed line indicates 15 mg/dL, which is the lower level of the normal range (15-57 mg/dL).



Interestingly, although the correlation of A2M and C4 did not reach a significant p value (p=0.063), the data in Figure 2C shows that among the 4 patients with C4 values below the normal range (i.e. <15 mg/dL), 3 patients had very high A2M levels, clearly above (>twice) the normal A2M average (which is 1.97 ± 0.10 mg/ml). Alas, examination of the A2M values in the subgroup of 4 patients with sub-normal C4 values vs the rest of the CLL patients indicated a p value of 0.052. Yet, this result suggests that analysis of a larger group of patients with sub-normal C4 values may eventually indicate significant differences that can further support the link between A2M levels and chronic activation of the CP. This assumption is supported by a correlation analysis of A2M with C2-C4, which was performed in a larger cohort, including both CLL and NC subjects, and showed significant correlation with the levels of C4, but not with C2 or C3 (Supplementary Figure S4).

Altogether, the data indicate that A2M levels in CLL are not only associated with the disease severity, but are also significantly associated with sC5b-9, which is a marker of chronic complement activation.



3.6 Production of A2M in B-lymphocytes

A2M is produced primarily in the liver and lungs, but local production by macrophages, fibroblasts, and epithelial cells was also reported (5). The increased levels of A2M in CLL serum and the association with WBC and particularly with lymphocytes counts, encouraged us to explore the possibility that in CLL patients, A2M levels may be increased in the circulation due to local production by B-lymphocytes. This was first examined in the CLL cell lines MEC-2, JVM-2, JVM-13 and HG-3 that were compared with the non-CLL B-lymphocytic cell lines SU-DHL-4 and SU-DHL-5, and with a monocytic cell line, THP-1 (Figure 3). When compared with non-CLL or monocytic lines, the data clearly indicated higher production of A2M in the CLL B-lymphocytic cell lines that were examined, particularly in the MEC-2 and JVM-2 lines (Figure 3). In one CLL cell line, the JVM-13, the increase in A2M production was not as pronounced as in the other CLL lines.




Figure 3 | A2M production in B-Cells. The production of A2M was studied in the CLL cell lines MEC-2, JVM-2, JVM-13, HG-3, in the non-CLL B-lymphocytic cell lines SU-DHL-4 and SU-DHL-5, and in one monocytic cell line, THP-1. The assay was repeated ≥3 times for each cell line (n = 5 for MEC-2 and HG-3, n = 4 for JVM-13). A2M production was also studied in B-lymphocytes (primary cells) separated from peripheral blood of CLL patients (CLL lym.; n = 4) and NC subjects (NC lym.; n = 4). Cells were incubated in triplicates at a density of 20,000-40,000 cells per 100µl in the appropriate medium for each line, for 12-72 hrs and the ΔA2M levels were calculated for 100,000 cells for 24 hrs. ** indicates significant p values < 0.01 compared to each of the other cell lines, except for JVM-2; * indicates significant p values < 0.05 compared to each of the other cell lines, except for MEC-2; # indicates significant p values (p< 0.05) compared to each of the other cell lines, except for JVM-13 and THP-1.



The A2M production was further studied in primary B-lymphocytes, isolated from peripheral blood of CLL patients and NC subjects. These experiments utilized separated B-cells with a ~99% purity (validated by flow-cytometry; showing 1.1 ± 0.7% and 1.1 ± 0.5% of non-B-cells for separations from CLL and NC, respectively), and were performed in order to verify the findings in primary cells, as well as to examine A2M production by B-lymphocytes from NC subjects. The results indicated nearly no A2M production by primary B-lymphocytes from both patients and NC subjects (Figure 3). Clearly, the production of A2M by primary B-lymphocytes was lower than its production by the CLL cell lines.



3.7 Production of A2M in B-lymphocytes depends on serum factor/s

The data from CLL cell lines indicated that B-lymphocytes have the ability to produce A2M, so we next focused on initial characterization of the factor/s that may cause or influence A2M production in CLL, by studying whether A2M production depends on the cells’ surroundings. This was examined in primary B-lymphocytes from peripheral blood and in the CLL cell line MEC-2, since MEC-2 showed the highest A2M production rate among the four CLL cell lines that were examined. In these experiments MEC-2 cells were incubated for 12 hrs with NC or CLL sera and the A2M levels were measured in the culture medium. The production of A2M by the cells was calculated as the change in A2M levels (ΔA2M) after subtraction of the A2M contributed by the added serum, and the levels self-produced by the cells (i.e. without any added serum). The average ΔA2M levels after incubation of MEC-2 cells with NC sera was -5 ± 19 µg, indicating no change or a very small decrease in A2M levels, while incubation with CLL sera resulted in significantly (p=0.0011) higher ΔA2M, with an average of 65 ± 12 µg (Figure 4A).




Figure 4 | A2M production in B-Cells after incubation with sera. (A) The production of A2M was studied in the CLL cell line MEC-2 (n = 25) and in primary B-lymphocytes (B) that were separated from peripheral blood of CLL patients (CLL B-lym.) and NC subjects (NC B-lym.);. Cells were incubated with NC sera (n = 10 with MEC-2 cells, n=11 with NC-lym. and n = 12 with CLL lym.) or with CLL sera (n = 15 with MEC-2 cells, n = 12 with NC-lym. and n = 11 with CLL lym.), A2M levels were measured and the ΔA2M levels were calculated for 100,000 cells per 24 hrs. ** indicates significant p values < 0.01 and * indicates significant p values < 0.05.



In the next set of experiments, primary B-lymphocytes were isolated, incubated with identical sera samples (CLL and NC sera) for 24 hrs, and the A2M levels in the incubation media were quantified. The data in Figure 4B showed increases in A2M production after incubation of the primary cells with sera. However, the increases in A2M production was significantly greater when cells were incubated with patients’ sera, relative to incubations with NC sera. This was observed in both NC and patients’ lymphocytes (Figure 4B). Interestingly, the responsiveness of CLL cells to the sera was lower than that of NC cells, so that upon incubation, CLL cells were unable to increase their A2M production to the extent seen with NC cells (Figure 4B).

Altogether, these data suggest that the increased A2M production by CLL B-lymphocytes probably depends both on factor/s that exist in the CLL serum (such as IL-6-type cytokines), as well as on the capability of the cells to respond to these factors, an ability that appears to exist in both CLL and NC B-lymphocytes.




4 Discussion

This study shows for the first time that the serum levels of A2M in CLL are significantly increased compared to normal control subjects, and are correlated with the disease stage, with various biochemical and hematological parameters associated with the severity of the disease, and with chronic complement activation. Moreover, increased serum levels of A2M may be, at least partially, due to A2M production by the malignant B-lymphocytes.

Our previous studies that focused on the chronic CP activation in CLL included characterization of the cell-free IgG-aggregates that exist in CLL serum and act as a CP activator (4, 16). In the initiation of CP activation, IgG-hexamers bind C1, the first component of the CP, and activate a cascade of events until C5b-9 (MAC), the final complement product, is generated. IgG-aggregates are assembled in the form of hexamers after an antigen binds to each IgG monomer and non-covalent Fc-Fc interactions occur (17). In CLL patients, A2M was found to be the antigen causing the hexamerization and the assembly of the cell-free IgG-aggregates (4). The factors that control the cell-free hexamerization process in CLL plasma are not yet discovered, however one can assume that this process requires the existence of anti-A2M IgG molecules, along with available A2M, hypothetically at levels that are increased above normal, at least for one of these two factors. The present study demonstrates one of these conditions in CLL patients, showing A2M levels that are increased by 84% in the entire CLL patient’s cohort, and by up to 185% in patients with stage C CLL.

The correlation analyses with different hematological parameters also suggest the association of A2M levels with the CLL disease severity, as shown by the correlations with the established CLL parameters (18): RBC, platelet counts, lymphocyte counts and Hb levels. Moreover, this observation is also supported by the correlation data of A2M with various biochemical parameters that were shown to increase with CLL severity, such as abnormal liver function tests (LFT) (14), b2M (19), blood glucose levels/Diabetes mellitus (DM, 20), and HDL that is decreased in CLL and particularly in the advanced CLL stages (12). Normal karyotype is a not an indicator of poor prognosis for CLL patients (13), unlike the immunoglobulin gene heavy-chain variable region (IGHV) gene, where absence of mutations (unmutated IGHV) is associated with poor outcomes (21, 22). The increased level of A2M in patients with normal karyotype compared to patients with genetic aberrations should be further investigated in order to clarify whether serum A2M levels are associated with the disease prognosis.

Since A2M is produced by several human tissues, the excess A2M levels in the circulation of CLL patients may originate from various cells/organs. In this study, we have evaluated the possibility that the B-lymphocytes in CLL may produce A2M and thus contribute to the increase in serum A2M levels. We demonstrated that circulating B-lymphocytes have the ability to produce significant amounts of A2M in response to factors that exist in CLL serum. After incubation with sera, the A2M production capacity of CLL-B-lymphocytes was somewhat decreased (~40%) compared with NC-B-lymphocytes. However, it is reasonable to assume that the huge numbers of B-lymphocytes in CLL circulation, 20 times higher than in NC (Table 1), can certainly overcome the 40% difference in production capacity of the B-cells and eventually result in significantly increased A2M levels in CLL serum. The significant correlation of A2M levels with the lymphocyte counts also supports this possibility.

A2M production in primary B-lymphocytes exposed to CLL sera or NC sera showed an increase of 23 µg A2M per 105 cells (33 vs 10 µg A2M/105 cells, for incubation with CLL vs. NC sera, respectively). Based on these data, and on the essential condition of at least 5000 monoclonal lymphocytes per µl that is requisite to fulfill the criteria for CLL diagnosis, the minimal amount of excess A2M produced by the B-lymphocytes was calculated to be 1.15 mg/ml. This value is in very good agreement with the data showing an increase of ~1.6 mg/ml in A2M values in CLL vs. NC subjects (from 1.97 ± 0.10 to 3.6 ± 0.22 mg/ml in NC and CLL subjects, respectively). For the majority of CLL patients, the numbers of monoclonal lymphocytes per µl are considerably above 5000 and normally reach ~67% (56-78%) of the total lymphocyte count (23), hence the amounts of A2M produced are presumably increased accordingly. This is particularly evident at advanced CLL stages. Although some of the A2M molecules bind to T-lymphocytes and to the B-lymphocytes via the CD91 receptor (24) and the GRP78 receptor (4, 25, 26), respectively, the increased amounts of A2M produced, yield serum levels that correlate very well with the lymphocytes’ counts in the circulation. In the experiments assessing A2M production by B-cells, the potential binding to the CD91 receptor on T-lymphocytes is irrelevant, since these experiments were performed using only B-cells (in case of cell lines) or 99% pure primary B-cells preparations. The potential binding to the GRP78 receptor exists, and definitely deserves further studies. If some of the produced A2M molecules bind to the GRP78 receptor, it would mean that the actual amount of A2M produced by the B-cells is higher than the measured values.

The study also showed that most cell-lines of CLL B-lymphocytes that were analyzed are capable of producing A2M even in absence of the CLL-serum-factors. Altogether, the data suggest that the excess A2M in CLL patients’ sera may be, at least partly, due to production by the numerous B-lymphocytes in the circulation.

Study limitations: Although the study was conducted on an adequate size of CLL patient’s population, karyotype information was available only from a limited number of patients, only 36 out of the 65 patients included in the study. As a result, the distribution of CLL stages in these 36 patients differed from the stage distribution in the original cohort and may not be representative of the stage distribution, or the mutational status in the entire patient’s cohort. Also, due to this limitation, some mutations were only observed in one (17p deletion) or two (17p and 11q deletions) patients, making statistical analysis irrelevant for some CLL subgroups categorized by these specific mutations. Thus, this data set should be analyzed with caution, and the apparently high level of A2M found in the only patient with 17p deletion, for example, should be further validated in additional patients with a similar karyotype.

Also, although the study was not limited only to descriptive data and correlation indices, and the mechanisms that affect A2M production were assessed, we have not yet fully described the CLL-serum-factor/s that trigger A2M production in B-lymphocytes. The data available from studies in hepatocytes indicate the involvement of cytokines that are released during inflammatory processes, with IL-1- and IL-6-type cytokines as leading regulators of the acute phase response (27). These cytokines show additive, inhibitory, or synergistic regulatory effects on A2M expression. A2M production by B-cells has not yet been studied, however autocrine IL‐6 production by CLL B-cells has been described (28), and was shown to be associated with poor clinical outcome in CLL (29) due to IL‐6‐mediated survival mechanisms that provide resistance of CLL cells to chemotherapy. In primary CLL B-cells, IL‐6 activated both STAT3 and NF‐κB, similar to the cascade described in hepatocytes (29), and we believe that this IL-6 mediated control mechanism can potentially control A2M production in CLL B-lymphocytes.

From a translational perspective, we believe that the results may be useful for following the severity of the CLL disease, before and potentially during immunotherapy treatments. The data may also be used for developing advanced immunotherapy treatments, combined with inhibitors of excess A2M production (such as IL-1β or an IL-1β-agonist), and thus the IgG-hexamerization and the resulting chronic CP activation may be down-regulated, helping the complement system attain maximal capacity. Such A2M inhibitors may improve the patients’ complement system activity against infections, as well as their response to immunotherapy.
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Supplementary Figure 1 | Association of serum A2M levels with gender and age.The levels of A2M in sera of male and female (A) and the correlation between serum A2M and age (B) were studied in the CLL patients. Abbreviations: ns: non-significant p value. P value <0.05 was considered significant.

Supplementary Figure 2 | Association of serum A2M levels with hematological parameters.The results of linear correlation analysis between serum A2M levels and hematological parameters are shown. WBC: white blood cells; Hb: hemoglobin; CD38(%): percentage of CD38 positive B-lymphocytes; RBC, red blood cells; Lymph.#., absolute lymphocytes count; Lymph%., lymphocytes percentage; ns, non-significant p value. P value <0.05 was considered significant.

Supplementary Figure 3 | Association of serum A2M levels with biochemical parameters.The results of linear correlation analysis between A2M levels and biochemical parameters are shown. ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine transaminase; HDL, high density lipoprotein; LDL, low-density lipoprotein; non-HDL Chol., Non-HDL Cholesterol; b2M, beta-2-microglobulin; ns, non-significant p value. P value <0.05 was considered significant.

Supplementary Figure 4 | Correlation of serum A2M levels with complement components in CLL and NC. The levels of the complement components C2-C4 were measured in sera of CLL patients and NC subjects. A2M levels were correlated with C2 (A), C3 (B) and C4 (C). The dashed line indicates 15 mg/dL, which is the lower level of the normal range (15-57 mg/dL). ● indicate CLL patients and ○ indicate NC subjects.
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T cell immune dysfunction is a prominent characteristic of chronic lymphocytic leukemia (CLL) and the main cause of failure for immunotherapy and multi-drug resistance. There remains a lack of specific biomarkers for evaluating T cell immune status with outcome for CLL patients. T cell factor 1 (TCF1, encoded by the TCF7 gene) can be used as a critical determinant of successful anti-tumor immunotherapy and a prognostic indicator in some solid tumors; however, the effects of TCF1 in CLL remain unclear. Here, we first analyzed the biological processes and functions of TCF1 and co-expressing genes using the GEO and STRING databases with the online tools Venny, Circos, and Database for Annotation, Visualization, and Integrated Discovery (DAVID). Then the expression and prognostic values of TCF1 and its partner gene B cell leukemia/lymphoma 11B (BCL11B) were explored for 505 CLL patients from 6 datasets and validated with 50 CLL patients from Henan cancer hospital (HNCH). TCF1 was downregulated in CLL patients, particularly in CD8+ T cells, which was significantly correlated with poor time-to-first treatment (TTFT) and overall survival (OS) as well as short restricted mean survival time (RMST). Function and pathway enrichment analysis revealed that TCF1 was positively correlated with BCL11B, which is involved in regulating the activation and differentiation of T cells in CLL patients. Intriguingly, BCL11B was highly consistent with TCF1 in its decreased expression and prediction of poor prognosis. More importantly, the combination of TCF1 and BCL11B could more accurately assess prognosis than either alone. Additionally, decreased TCF1 and BCL11B expression serves as an independent risk factor for rapid disease progression, coinciding with high-risk indicators, including unmutated IGHV, TP53 alteration, and advanced disease. Altogether, this study demonstrates that decreased TCF1 and BCL11B expression is significantly correlated with poor prognosis, which may be due to decreased TCF1+CD8+ T cells, impairing the effector CD8+ T cell differentiation regulated by TCF1/BCL11B.
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Background

Chronic lymphocytic leukemia (CLL) is a heterogenous B cell malignancy that is the most common adult leukemia in Western countries (1, 2). CLL cell survival depends on the tumor microenvironment ifimmu.2022.985280fimmu.2022.985280n which B cell receptor (BCR) signaling is highly activated by crosstalk between CLL cells and microenvironment-supporting cells, particularly T cells (3–5). T cells are the main effector cells involved in anti-tumor immunity, and several studies have shown enrichment of CD4+ and CD8+ T cells in CLL (6). Nevertheless, CD4+ T cells could stimulate CLL cell survival and proliferation via cytokine secretion and direct contact (5, 6), and CD8+ T cells are persistently stimulated in the CLL microenvironment and gradually become exhausted, finally losing effector function, particularly during disease progression (7). Exhaustion has been suggested to be causative of the poor response to chimeric antigen receptor T cell (CAR-T) therapies for CLL patients (5, 8, 9). However, little is known about specific indicators for evaluating the T cell immune status and its correlation with the prognosis of patients with CLL.

T cell factor-1 (TCF1) is a transcription factor encoded by the transcription factor 7 (TCF7) gene (10). As one of the critical master regulators for T cell commitment in the thymus, TCF1 is the first T cell-specific transcription factor induced and activated by Notch signaling in the successive stage of T lineage specification, and it maintains a high expression level until T cell maturation (11, 12). Activated TCF1 positively regulates two major target genes, B cell leukemia/lymphoma 11B (BCL11B) and GATA binding protein 3 (GATA3), to sustain T cell commitment and proliferation (13–17). Additionally, as pivotal T cell-specific transcription factors, TCF1 and BCL11B also participate in T cell activation and expansion (15, 18–20). More importantly, TCF1 and BCL11B are crucial for maintaining the stem-like properties of CD8+ T cells (21–24). Upon stimulation, TCF1 promotes CD8+ T cells to differentiate into TCF1+CD8+ T cells that participate in effective antitumor immunity (24, 25). Recently, infiltration of TCF1+CD8+ T cells into tumor tissues has been reported in several solid tumors (23, 24, 26). TCF1+ tumor-infiltrating lymphocytes (TILs) have been positively correlated with tumor regression, successful response to anti-PD-1 treatment, and longer overall survival (OS) (27, 28). Multiple studies have also found that decreased BCL11B expression predicts inferior clinical outcome in adult standard risk T cell acute lymphoblastic leukemia and myelodysplastic syndrome (29, 30). However, the effects of TCF1 and BCL11B expression on the prognosis of CLL patients remain unclear.

In this study, we first performed a variety of bioinformatic analysis of TCF1 expression and examined the effects of TCF1 on the time-to-first treatment (TTFT), overall survival (OS) and restricted mean survival time (RMST) for patients with CLL from public datasets. Furthermore, a protein-protein interaction (PPI) network of co-expressing genes was constructed using STRING, and we performed KEGG pathway and biological process analysis of significant, TCF7-related co-expressing genes using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) database. Lastly, the above findings were validated with 50 CLL patients from our clinical center Henan Cancer Hospital (HNCH), revealing that both TCF1 and BCL11B participate in the regulation of T cell immunity and further determine the prognosis of patients with CLL.



Methods


Patients and clinical data collection

Peripheral blood samples from 50 patients with CLL, including 32 newly diagnosed patients and 18 refractory/relapsed (R/R) patients, and 8 age-matched healthy individuals (HIs) were analyzed after obtaining informed consent according to the hospital Medical Ethical Committee. Peripheral blood mononuclear cells (PBMCs) were isolated using Human Mononuclear Cell Separation Medium 1.077 (Bio-Processing System, 25610) density-gradient centrifugation, and they were cryopreserved until analysis. Clinical characteristics of 50 patients with CLL in the HNCH were listed in Table S1.



Flow cytometry

Cells were washed in phosphate-buffered saline containing 2% FBS and incubated at 4°C for 30 min with combinations of the following antibodies: CD3-APC-A750 (A94680, Beckman Coulter), CD4-KrO (A96417, Beckman Coulter), CD8-APC-A700 (B49181, Beckman Coulter), and TCF1-PE (655208, Biolegend). Relevant isotype control mAbs were purchased from BD Biosciences. After two washes in phosphate-buffered saline containing 2% FBS, cells were analyzed by FACS Calibur (Becton Dickinson, San Jose, CA). Data were processed with Navios Flow Cytometer software (Beckman Coulter, Brea, CA, USA).



GEO database analysis

The gene expression profiles of CLL cells and HIs were queried in the Gene Expression Omnibus (GEO) database, and the GSE19147 (31), GSE66425 (32), and GSE50006 datasets (33) were obtained. The GSE19147 dataset included 25 CLL patients and 8 HIs. GSE66425 included 30 PBMC samples from CLL patients and 5 samples of PBMCs from HIs, and GSE50006 included 32 B cell samples from HIs and 188 CLL samples. Differences in expression between CLL patients and HIs were compared using GEO2R.



mRNA expression analysis

To verify the data from the public datasets, total RNA was prepared from CLL patients and HIs using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. cDNA was synthesized from equal amounts of total RNA (1 μg) using HiScript® III RT SuperMix for real-time quantitative PCR (qPCR) (+gDNA wiper) (Vazyme, Q711-02, China) and analyzed by ChamQ Universal SYBR qPCR Master Mix. Table S2 lists the primers used for PCR, which was performed using the ABI 7500 FAST real-time PCR system. The levels of transcripts were quantified by the 2-ΔΔCT (cycle threshold) method.



TTFT and OS analysis of CLL patients

The TTFT of CLL patients was queried in the GSE39671 dataset (34), which included 130 CLL patients and their TTFT information. In addition, we collected samples from 43 CLL patients from HNCH to confirm the TTFT results. The TTFT and OS for CLL patients is shown in Kaplan-Meier (KM) survival curves and analyzed by the log-rank Kaplan-Meier method using the “survival” package in R software (version 4.1.0). CLL prognoses were queried in the GSE22762 dataset (35), which included 107 CLL patients and OS information. CLL patients were segregated into 2 distinct categories according to TCF1 expression. The cutpoint value was calculated by the “survminer” package in R, and the RMST was obtained by the “survRM2” package in R. All cutpoint values are shown in Figure S1.



Co−expressed gene calculation and analysis

The genes differentially expressed in correlation with TCF7 in the GSE39671 and GSE22762 datasets were analyzed by the Spearman correlation coefficient. Additionally, the Venny 2.1.0 program was used to screen for common genes in the two databases (R > 0.3 and P < 0.05), and the DAVID version 6.8 (36) was used to conduct corresponding biological process and KEGG pathway enrichment analysis, and a bubble plot was drawn with the “ggplot2” package in R.



PPI network construction and cluster identification

A PPI network for co-expressing genes was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING) database (https://string-db.org/cgi/) (37), and the results were visualized using Cytoscape software (version 3.4.0) (38). The cutoff criterion for the confidence score was the default setting (> 0.7). In addition, the closely connected protein-interactive regions were obtained by the Molecular Complex Detection (MCODE) plug-in, and the correlation of hub genes in GSE39671 and GSE22762 was plotted with the Circos online tool, and the biological process results were also shown in a PPI network by the STRING database. Further, the hub genes from MCODE were filtered again using the Markov Clustering (MCL) algorithm.



Statistical analysis

Data were analyzed using GraphPad Prism 8.2.1. Results are presented as the mean ± SD. Student’s unpaired t-test was used for differential expression analysis, the log-rank test was used to indicate the statistical significance of survival or TTFT correlation between groups, and the correlation of two genes was tested by the Spearman correlation coefficient. Survival curves were analyzed by the log-rank Kaplan-Meier method. Cox regression analysis was constructed to determine the hazard ratio (HR). All statistically significant variables (P < 0.05), as found in the univariate analyses, were included in multivariate analysis based on a Cox proportional hazards model. P < 0.05 was considered statistically significant.




Results


TCF1 expression significantly decreases in CLL patients

To investigate the effects of TCF1 in CLL, we developed the research plan shown in the study flow chart (Figure 1). We first analyzed the expression of the TCF1, in PBMCs, CLL cells, T cells, and normal B cells in CLL patients from the GEO database and HNCH, respectively. The expression of TCF1 in PBMCs was mainly concentrated in T cells, it was quite low in CLL cells, and it was lower in normal B cells (Figures S2A, S2B). Moreover, TCF1 expression in PBMCs from CLL patients was lower than that in HIs in the GSE66425 dataset (P = 0.012; Figure 2A). Although there was no significant difference compared with HIs in the GSE19147 dataset, the proportion of TCF1+CD3+ T cells in CLL patients displayed a clear downward trend (P = 0.098; Figure 2B). We verified the above results in 50 patients with CLL from HNCH. Amazingly, TCF1 had low expression not only in PBMCs as determined by qPCR (P = 0.011; Figure 2C) but also in CD3+ T cells as determined by FCM (P = 0.004; Figure 2D) in CLL patients compared with HIs, which is highly consistent with the above findings from the GEO databases. Therefore, compared with HIs, TCF1 was significantly downregulated in the PBMCs of CLL patients, particularly in CD3+ T cells.




Figure 1 | Study flow chart. The expression, biological function, and effects of TCF1 and its co-expressing genes were analyzed in the GEO and STRING databases. Then, the above findings were validated in 50 CLL patients from Henan Cancer Hospital (HNCH).






Figure 2 | The expression and predictive effects of TCF1 on the TTFT and OS for patients with CLL. The expression of TCF1 in PBMCs and CD3+ T cells from CLL patients and healthy individuals (HIs) in the GSE66425 (A) and GSE19147 (B) datasets. (C) qPCR and (D) FCM verified the results of TCF1 expression in PBMCs and CD3+ T cells from CLL patients and HIs in the HNCH. (E) The TTFT (left panel) and RMST (right panel) for the high and low TCF1 expression groups in the GSE39671 dataset. (F) The OS (left panel) and RMST (right panel) for the high and low TCF1 expression groups in the GSE22762 dataset. (G) The TTFT (left panel) and RMST (right panel) for the high and low TCF1 expression groups in the HNCH. Error bars indicate SE.





Decreased TCF1 expression predicts short TTFT and OS for CLL patients

Most patients with CLL are diagnosed at the early stage of asymptomatic disease and are not treated until treatment indicators appear. TTFT is an important index that evaluates disease stability in patients with CLL like lymphocyte doubling time (39). Thus, we explored the predictive effects of TCF1 on the TTFT and OS of patients with CLL using the GSE39671 and GSE22762 datasets, respectively. The results demonstrated that CLL patients with low TCF1 expression have a shorter TTFT (5-year TTFT rate: 36% vs. 57%, P = 0.009; Figure 2E) and OS (5-year OS rate: 28% vs. 98%, P < 0.001; Figure 2F) than those with high TCF1 expression. Next, we confirmed the above findings in 43 CLL patients from HNCH and found that low TCF1 expression appeared to be correlated with short TTFT (5-year TTFT rate: 11% vs. 57%, P < 0.001; Figure 2G). Furthermore, we employed RMST to confirm the TTFT and OS data and found that patients with low TCF1 expression have a shorter RMST than those with high TCF1 expression (Figures 2E–G, right panel). Collectively, there was a clear trend where patients with low TCF1 expression have rapid disease progression and a short survival time. Thus, TCF1 can be used as a predictive biomarker of inferior prognosis for CLL patients.



Construction of a TCF7 co−expressing gene PPI network

The 114 genes commonly co-expressed with TCF7 in the GSE39671 (592 genes) and GSE22762 datasets (903 genes) (Figure 3A, left panel) were filtered by Venny and then built into a protein-protein network using the STRING database. Cytoscape (MCODE plug-in) was used to establish the most important module, which is highlighted in yellow (Figure 3A, middle panel). Based on the degree score, we selected the module with the highest score that included 14 genes: TCF7, BCL11B, RUNX3, LCK, CD3E, LAT, AKT3, PIK3R1, CD86, IL10, FLT3LG, SLAMF1, CD7, and CD244. These genes were identified as potential hub genes, and the expression levels of the 14 hub genes were plotted by the Circos webtool for the GSE22762 and GSE39671 datasets (Figure 3A, right panel).




Figure 3 | Biological process and KEGG pathway analysis of TCF7 co-expressing genes and partner gene screening in patients with CLL. (A) The 114 common co-expressing genes (R > 0.3 P < 0.05) in the GSE22762 and GSE39671 datasets were filtered by the Venny online tool (left panel). Then, the STRING online tool was used to create the PPI network, MCODE analysis (middle panel) identified the 14 hub genes (highlighted in yellow), and the correlations of the 14 hub genes in the GSE2276 and GSE39671 datasets were plotted by the Circos web tool (right panel). (B) The PPI network of the 14 hub genes and their KEGG pathway annotation. (C) The PPI network and biological processes of 5 hub genes was directly related to TCF7. (D) MCL clustering analysis demonstrated a close relationship among TCF7, BCL11B, and RUNX3 in CLL patients in the GSE22762 and GSE39671 datasets. The expression of BCL11B and RUNX3 was measured in CLL patients from the HNCH (E) and GSE19147 (F) dataset, respectively. (G) The correlation between TCF7 and BCL11B in the GSE39671 and GSE22762 datasets, respectively. R, Spearman correlation coefficient. Error bars indicate SE.





Functional and KEGG pathway analysis of the 14 hub genes in CLL

The results of KEGG pathway analysis, which was performed using the DAVID database and plotted by R, indicated that the 14 hub genes mainly participate in T cell receptor signaling and T cell differentiation (Figure 3B, right panel). Notably, we found that, of the 14 genes in the PPI network, BCL11B, RUNX3, CD3E, and LCK are directly related to TCF7 gene (highlighted in green) (Figure 3B, left panel). We next reconstructed the PPI network of these five genes using the STRING database (Figure 3C, left panel). The biological process category of each gene is displayed in different colors and mainly include regulation of T cell activation, T cell differentiation, and T cell receptor recombination (Figure 3C, right panel), which is highly consistent with the above KEGG analysis results. These data indicate that TCF7 coordinates with hub genes in regulating T cell immunity.

To determine genes closely related to TCF7, we clustered the 5 genes using the MCL method. Remarkably, the 5 genes divided into 2 clusters, cluster 1 (including TCF7, RUNX3, and BCL11B) and cluster 2 (including LCK and CD3E). It was evident that the genes in cluster 1 were closely related to TCF7 (Figure 3D). We further verified the expression of BCL11B and RUNX3 in PBMCs from CLL patients (HNCH) and HIs by qPCR. Intriguingly, BCL11B expression was significantly decreased in CLL patients compared with that in HIs (P = 0.008; Figure 3E, left panel), but there was no significant difference in RUNX3 between CLL patients and HIs (P = 0.898, Figure 3E, right panel). Likewise, we found that BCL11B expression in CD3+ T cells was significantly decreased in CLL-CD3+ T cells compared to HI-CD3+ T cells in the GSE19147 dataset (P = 0.044 Figure 3F, left panel), but RUNX3 did not demonstrate a difference between CLL and HIs (P = 0.550, Figure 3F, right panel). In addition, there was a high positive correlation between TCF7 and BCL11B expression in the GSE22762 (R = 0.71, P < 0.001) and GSE39671 (R = 0.41 P < 0.001) datasets (Figure 3G). Therefore, among the genes co-expressed with TCF7 in CLL patients, BCL11B may be the closest partner gene for TCF7 involved in T cell immune regulation.



Decreased BCL11B expression predicts short TTFT and OS for CLL patients

To investigate the effects of BCL11B alone or in combination with TCF1 on the prognosis of patients with CLL, we further analyzed the effects of BCL11B on TTFT and OS for CLL patients in the GSE39671 and GSE22762 datasets, respectively (Figures S3A, S3B). Low expression of BCL11B was significantly associated with shorter TTFT and poorer OS compared with high expression (5-year TTFT: 28% vs. 77%; 5-year OS: 33% vs. 98%) (Figures 4A, B, left panel). Similarly, patients with low BCL11B expression had shorter RMST than those with high expression (Figures 4A, B, right panel). As expected, the above findings were confirmed with 50 patients with CLL from HNCH (5-year TTFT: 0% vs. 28%) (Figure 4C). Next, we analyzed the effects of BCL11B in combination with TCF1 on prognosis, compared with those who were TCF1highBCL11Bhigh, CLL patients who were TCF1lowBCL11Blow had a poorer TTFT and OS (Figures 4D, E, left panel) as well as shorter RMST (Figures 4D, E, right panel). Specifically, the 5-year TTFT was 26% and 74%, and the 5-year OS was ≤ 17% and 100%, respectively. Similarly, those results also were validated in HNCH, the 5-year TTFT and for TCF1lowBCL11Blow and TCF1highBCL11Bhigh was 0% and 37%, respectively (Figure 4F). Therefore, BCL11B can be used as a predictive biomarker for inferior prognosis for CLL patients. More importantly, the combination of TCF1 and BCL11B expression could more accurately assess the prognosis of CLL patients compared with either alone.




Figure 4 | The predictive effects of BCL11B alone and in combination with TCF1 on the TTFT and OS of patients with CLL. (A) The TTFT (left panel) and RMST (right panel) for the high and low BCL11B expression groups in the GSE39671 dataset. (B) The OS (left panel) and RMST (right panel) for the high and low BCL11B expression groups in the GSE22762 dataset. (C) The TTFT (left panel) and RMST (right panel) for the high and low BCL11B expression groups in the HNCH. (D) The effects of TCF1 combined with BCL11B on TTFT (left panel) and RSMT (right panel) in the GSE39671 dataset. (E) The effects of TCF1 combined with BCL11B on OS (left panel) and RSMT (right panel) in the GSE22762 dataset. (F) The effects of TCF1 combined with BCL11B on TTFT (left panel) and RSMT (right panel) in the HNCH.





Correlation between TCF1 expression and clinical factors for CLL patients

To explore the correlation between TCF1 expression and the characteristics of patients with CLL, we next integrated a series of clinical characteristics, including disease state, Rai stage, β2 microglobulin (β2M) level, lactate dehydrogenase (LDH) level, gender, age, lymphocyte percentage, IGHV mutation status, cytogenetic abnormalities such as del(17p) or P53 mutation (TP53 aberration), del(11q), del(13q) and trisomy12, absolute lymphocyte count (ALC), and bulky disease (≥ 5 cm) (Figures 5A–N). Notably, decreased TCF1 expression was significantly associated with relapsed and refractory disease (P = 0.001; Figure 5A), Rai stage 3-4 (P = 0.012; Figure 5B), and β2M ≥ 3.5 (mg/L) (P = 0.009; Figure 5C), which mainly serve as clinical indexes for disease progression and adverse prognosis. In relapsed and refractory CLL patients, we found there was no significant difference in the effect of first-line treatment regimens on TCF1 expression except for a slight upward trend in the ibrutinib group, which may be related to the small number of cases in different groups (Table S1).




Figure 5 | Correlation between decreased TCF1 expression and clinical factors in CLL patients. The correlation of TCF1 expression and various clinical characteristics, such as (A) newly diagnosed (ND) and relapsed/refractory (R/R) patients, (B) Rai stage 0-2 and 3-4, (C) β2M < 3.5 or ≥ 3.5 (mg/L), (D) LDH < 245 or ≥ 245 (IU/L), (E) IGHV mutated and unmutated, (F) TP53 aberration or WT, (G) Male or female CLL patients, (H) < 65 or ≥ 65 years old, (I) Lymphocyte percentage, (J) Del(11q) or WT, (K) Del(13q) or WT, (L) Trisomy12 or WT, (M) ALC < 15 ×109/L or >15 ×109/L, and (N) Bulky or no. WT means wild type. Del means deletion. Error bars indicate SE.



Cox regression analysis demonstrated that low TCF1 and BCL11B expression are independent predictive factors for short TTFT of CLL patients (Table 1). Specifically, in univariate analysis, ≥ 65 years old, female, high β2M level, high LDH level, unmutated IGHV, TP53 aberration, del(11q), trisomy12, Rai stage 3-4, R/R, low TCF1, and low BCL11B were significant risk factors for short TTFT. Statistically significant factors for TTFT (P < 0.05) were included in the multivariate analysis, revealing that unmutated IGHV, TP53 aberration, trisomy12, Rai stage 3-4, R/R, low TCF1, and low BCL11B were independent risk factors for shortened TTFT. Thus, TCF1 is a potential clinical biomarker for predicting disease progression for CLL patients.


Table 1 | Univariate and multivariate Cox regression analysis of risk factors associated with TTFT.





Percentage of TCF1+ cells in the CD3+, CD4+, and CD8+ T cell subgroups from CLL patients

To explore the reduced expression of TCF1 in various T cell subgroups, we subsequently detected the percentage of TCF1+ cells in the CD3+, CD3+CD4+, and CD3+CD8+ T cell subgroups of 33 CLL patients and compared these with HIs. We restricted all analyses to CD3+ T cells (Figure 6A). The results demonstrated that the percentages of TCF1+ cells in the CD3+, CD3+CD4+, and CD3+CD8+ T cell populations from CLL patients were significantly lower than that in corresponding T cell subgroups from HIs (P values are 0.004, < 0.001 and < 0.001, respectively), particularly for CD3+CD8+ T cells (Figures 6B, C). We further compared the percentages of TCF1+ cells among the different T subgroups and found that TCF1+ cells had a higher percentage in CD3+CD4+ T cells irrespective of CLL patients or HIs (Figure 6C). Notably, the percentage of TCF1+ cells in the CD3+CD8+ T cell population was significantly lower than that in the CD3+CD4+ T cell population, particularly in CLL patients. It has been reported that TCF1+CD8+ T cells promote effective antitumor immunity (40). Based on previous studies and our current findings, decreased TCF1+CD8+ T cells in CLL patients indicates T cell immune dysfunction. Therefore, TCF1 has the potential to be a biomarker for T cell immune status and a therapeutic target in CLL patients.




Figure 6 | The percentage of TCF1+ cells on various T cell subgroups of CLL and HIs. (A) Flow cytometry gating strategy. (B) Representative profiles of TCF1 expression on CD3+, CD3+CD4+, and CD3+CD8+ T cells in HIs (top) and CLL patients (bottom). (C) The expression of TCF1 in CD3+, CD3+CD4+, and CD3+CD8+ T cells from CLL patients and HIs in the HNCH. Error bars indicate SE.






Discussion

Accumulating studies have illustrated that TCF1 is a key regulator for maintaining the stem-like properties of central memory CD8+ T cells and the cytotoxicity of effector CD8+ T cells (22, 41). TCF1+CD8+ T cells reportedly serve as a positive biomarker for prolonged survival and effective response to anti-PD-1 treatment in solid tumors (24, 27). However, little is known about the role of TCF1 in assessing the immune function with clinical outcome of CLL patients. In this study, TCF1 and BCL11B downregulation is a discernable event where decreased expression of these genes in CLL patients was significantly correlated with short TTFT and poor OS, particularly with the two combined. This lower expression may be due to the decrease in TCF1+CD8+ T cells, which thus impairs the differentiation of effector CD8+ T cells regulated by TCF1 and BCL11B.

In recent years, research on the role of TCF1 in evaluating efficacy and prognosis has exhibited an upward trend (21–24, 27, 41). Previous studies have claimed that infiltration of TCF1+CD8+ T cells contributes to the induction of tumor regression but not that of TCF1+CD4+ T cells (23). Herein, our findings demonstrate that the proportion of TCF1+ T cells, particularly in CD8+ T cells, is significantly decreased in CLL patients. As previously reported, TCF1 was highly expressed in naïve T cells and downregulated during effector differentiation, and low TCF1 expression was a characteristic of terminally differentiated T cells (42, 43). A recent study has also demonstrated that the terminally exhausted T cells generated in response to chronic viral infection lacked TCF1 expression and were TCF1 negative (41). Therefore, in this study, the decrease in TCF1 expression and proportion of TCF1+CD8+ T cells indicates the accumulation of terminally differentiated and exhausted T cells and T cell immunodeficiency, which is consistent with clinical findings for CLL patients (44), which in turn drives the CLL progression (3). In addition, it was reported that TCF1+CD8+ T cells contribute to broadening the diversity of the TCR repertoire (45). These decreased TCF1+CD8+ T cells suggest skewed T cell compartments and disordered T cell immunity, which explains the deficient anti-tumor effects of CD8+ T cells in CLL patients. Therefore, it is not surprising that low TCF1 expression indicates rapid progression and inferior prognosis for CLL patients.

To further explore the mechanism by which TCF1 regulates CLL prognosis and the partner molecules interacting with TCF1, functional and pathway enrichment analysis revealed that TCF1 is positively correlated with BCL11B, which is mainly involved in T cell differentiation and activation and immune regulation in CLL patients, in accordance with the literature (20, 22). Moreover, BCL11B was highly consistent with TCF1 in terms of decreased expression and the prediction of poor prognosis based on analysis of public datasets and HNCH data. Importantly, combination of the two genes could more accurately predict disease progression and prognosis for CLL patients compared with either alone. Cox regression analysis also demonstrated that both TCF1 and BCL11B downregulation could serve as an independent risk factor for rapid disease progression. Therefore, BCL11B may be a close partner for TCF1, and both may be used as indicators of T cell immunity to regulate the prognosis of CLL patients.

We additionally explored evidence that BCL11B cooperates with TCF1 to participate in immune regulation. Previous studies have reported that BCL11B plays an important role in mature T cell activation and proliferation (18, 21). In addition, BCL11B is a downstream target of TCF1 (15, 16), and TCF1 deficiency results in BCL11B downregulation (15, 16, 46). Moreover, another study demonstrated that BCL11B deficiency in virus-specific CD8+ T cells results in decreased memory precursor effector cells, and the effector cells skewed toward short-lived effector cells, resulting in a reduced ability to secrete cytotoxic granules (21). These data suggest an impairment in effector CD8+ T cell differentiation. These findings indicated that BCL11B is highly correlated with TCF1 and coordinates with this gene to maintain the stem-like properties and cytotoxicity of effector CD8+ T cells (22, 24, 41). Unfortunately, we found that TCF1 and BCL11B expression was decreased in CLL patients, and this resulted in impaired differentiation potential for effector CD8+ T cells (21, 22), which clinically manifested as the accumulation of terminally differentiated T cells (44), immune function dysfunction, and further rapid CLL progression. Although the data were not yet significant enough, this, to some extent, explains why decreased TCF1 and BCL11B expression leads to poor prognosis for patients with CLL. TCF1 and BCL11B may be promising biomarkers for T cell immune status and therapeutic targets in CLL patients.

Additionally, it is worth noting that, as an independent risk factor for rapid disease progression of CLL patients, decreased TCF1 and BCL11B expression coincided with high-risk indicators for CLL, including unmutated IGHV and TP53 aberration. Moreover, decreased TCF1 expression was significantly correlated with clinical indicators for CLL disease advancement (1), such as relapsed and refractory disease, Rai stage 3-4, and high β2M level. It has been reported that with the progression of CLL disease, T cell immune dysfunction is aggravated, which further leads to poor efficacy and treatment resistance (8, 9). Collectively, reduced TCF1 and BCL11B expression can be used as a clinical indicator for T cell immune function to assess the disease progression and prognosis of patients with CLL in the clinic.



Conclusions

This study demonstrated for the first time that reduced TCF1 and BCL11B expression is significantly correlated with the poor prognosis of patients with CLL. TCF1 co-expression analysis revealed that TCF1 is positively associated with BCL11B, which is mainly involved in regulating the activation and differentiation of T cells. Downregulation of TCF1 and BCL11B, particularly in CD8+ T cells, in CLL patients may impair the stem-like differentiation potential of memory CD8+ T cells, leading to T cell immune dysfunction, and this may provide insight into the mechanism by which TCF1 and BCL11B regulates the prognosis of CLL patients. Therefore, manipulating the effects of TCF1 and BCL11B on T cell immunity will contribute to further designing combined therapies for T cell-based immunotherapy in the future.
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Background

Consolidative allogeneic hematopoietic stem cells (allo-HSCs) after chimeric antigen receptor T cells (CAR-T) therapy is an emerging modality in hematologic malignancies. Knowledge about the success of allogeneic hematopoietic stem cell transplantation (allo-HSCT) after CAR-T therapy without a conditioning regimen is limited.



Case presentation

We report a patient with relapsed/refractory (R/R) Ph+ B-cell acute lymphoblastic leukemia (ALL) who underwent anti-CD19 CAR-T immunotherapy. After 1 month of treatment, bone marrow hyperplasia remained reduced with no hematopoietic improvements. In line with this, allogeneic hematopoietic stem cells (HSCs) were extracted from an HLA-matched sibling donor and administered to the patient on day 33 after CAR-T cell therapy to support hematopoiesis. On day 40, the level of immature bone marrow lymphocytes was at 0% and minimal residual disease-negative, and the fusion gene BCR/ABL 190 was negative. Chimerism analysis showed full donor chimerism. Three months after CAR-T cells infusion, the patient was still in complete remission with full donor chimerism. However, decreased liver function with skin pigmentation and festering, indicative of acute graft versus host disease, was noted. The treatment was halted owing to financial reasons.



Conclusion

We report the successful engraftment of allogeneic HSCs using CAR-T cell therapy as a conditioning regimen for R/R B-ALL patients.





Keywords: B-cell acute lymphoblastic leukemia, CAR-T, allogeneic hematopoietic stem cell transplantation, conditioning regimen, CD19



Introduction

Treatment with CD19 targeting chimeric antigen receptor (CAR) T cells has significantly improved the prognosis of patients with R/R B-cell acute lymphoblastic leukemia (B-ALL) (1–7). However, post-CAR-T cell therapy recurrence remains a significant obstacle. Some studies found that allogeneic hematopoietic stem cell transplantation (allo-HSCT) after anti-CD19 CAR-T therapy was associated with an improved leukemia-free survival (LFS) (8–10). Usually, after CAR-T cell therapy, patients undergo conditioning regimens such as myeloablative (cyclophosphamide and busulfan-based and total body irradiation-based) or nonmyeloablative regimens prior to allo-HSCT (11, 12). However, this treatment protocol will lead to a relatively long treatment cycle and more adverse reactions for patients. Knowledge about the successful engraftment of allogeneic hematopoietic stem cell (allo-HSC) after CAR-T therapy without a conditioning regimen is limited. We described a R/R B-ALL patient who received an allo-HSC infusion to support hematopoiesis due to CAR-T cell therapy, and the HSCs were successfully engrafted, which suggest CAR-T cell therapy not only induced disease remission but also directly as a pretreatment regimen for HSC implantation.



Case presentation

A 36-year-old man was diagnosed with Ph+ B-ALL. He received ten courses of chemotherapy and relapsed after four lines of therapy. In relation to the evaluation criteria, morphology complete remission (CR) was achieved after one course of vincristine, daunorubicin, cyclophosphamide, and prednisone (VDCP) plus imatinib. Then two courses of cyclophosphamide, cytarabine, and 6-mercaptopurine (CAM) plus imatinib were performed. The patient remained in morphology CR, but BCR-ABL 190 was positive. The patient proceeded with two courses of high-dose methotrexate (HD-MTX) plus dasatinib and one course of VDCP plus dasatinib. Morphology CR persisted, but BCR-ABL 190 did not become negative even with dasatinib. After one course of CAM plus dasatinib, the percentage of lymphoblasts and prolymphocytes in the bone marrow increased to 11%. Moreover, the fusion gene showed that BCR-ABL 190/ABL was 0.4, and flow cytometry (FCM) analysis revealed minimal residual disease (MRD) with 10.5% abnormal lymphocytes. Subsequently, one course of dexamethasone, vincristine, cytarabine, mitoxantrone, and etoposide (DOAME) plus dasatinib was conducted, and molecular CR was achieved. Unfortunately, the patient progressed to molecular relapse within 2 weeks. DOAME plus dasatinib was administered again, but BCR-ABL 190/ABL ascended to 0.29 with 20.2% lymphoblasts in the bone marrow. Subsequently, a T315I mutation was detected, and dasatinib was discontinued. Finally, the patient was administered a course of cytarabine, aclacinomycin, granulocyte colony-stimulating factor (CAG) in combination with prednisone and L-asparaginase, whereas the disease continued to progress with 68% lymphoblasts in the bone marrow (the WBC count was 1.92 × 109/L; LDH was 227 U/L; BCR-ABL 190 was not detected). During the above treatment process, the patient received nine intrathecal injections of dexamethasone, cytarabine and methotrexate and did not develop central nervous system invasion.

Owing to the presence of R/R disease, anti-CD19 CAR-T cell therapy was initiated. The anti-CD19 CAR-T cells were cultured for 8 days before infusion. The CAR transduction efficiency was 41%. The conditioning regimen was administered to the patient using a standard lymphodepleting regimen (fludarabine 30 mg/m2 and cyclophosphamide 600 mg/m2) on day –5 to –3. The CAR-T cell infusion was administered as follows: 4 × 106 cells/kg of anti-CD19 CAR-T cells were divided into three infusions on day 0 to day +2 (Figure 1A). Following the infusion, the patient experienced grade 4 cytokine release syndrome (CRS) with elevated IL-6, IL-10, IFN-γ, and ferritin levels, as well as grade 3 CAR-T cell-related encephalopathy syndrome according to Lee’s grading system (13). The levels of IL-6, IL-10, IFN-γ, and ferritin gradually returned to baseline 3 weeks after treatment with tocilizumab (monoclonal antibody against the IL-6 receptor) (8 mg/kg, qd, +3 and +5 days), dexamethasone (20 mg, qd, +6 to +8 days, +12 to +15 days, +19 to +21 days), and plasma exchange (14, 15) (2000 mL per time, +10 days, +11 days and +17 days) (Figures 1B, C). One month later, the white blood cell (WBC) and lymphocyte counts remained below 1.0×109/L, except for a brief increase on days 6 and 7 post-CAR-T cell infusion. The dynamic changes of WBC and lymphocyte counts after CAR-T cell therapy were depicted in Figure 1D. Furthermore, lentivirus copies with the polymerase chain reaction test to reflect CAR-T cell infusion increased in relation to the B lymphocyte decline, suggesting that the CAR-T cells reached peak levels after 2 weeks (Figures 1E, F). In addition, the CD4+/CD8+ T cell ratio in the peripheral blood was significantly below normal 2–3 weeks after the CAR-T cell infusion (Figure 1G).




Figure 1 | Infusion of anti-CD19 CAR-T cells and allo-HSC. (A)Anti-CD19 CAR design and the schematic clinical treatment protocol for anti-CD19 CAR-T cell therapy. The scFv region that recognizes CD19 was derived from the FMC63 monoclonal antibody. The CAR contained a 4-1BB costimulatory domain and a CD3ζ T-cell activation domain (top panel). Clinical treatment protocol (bottom panel). (B)Levels of cytokines after CAR-T cell therapy. (C)Levels of ferritin after CAR-T cell therapy.(D)Dynamic white blood cell and lymphocyte numbers after CAR-T cell therapy. (E)Copies of lentivirus-containing CAR-T cells in the peripheral blood and bone marrow after CAR-T cell therapy. (F)CAR-T cells and B-cells after CAR-T cell therapy. (G)Ratio of CD4+/CD8+ T cells in the peripheral blood after CAR-T cell therapy.



After CAR-T cell therapy, bone marrow morphology revealed 0% immature lymphocytes, and severe bone marrow suppression with no hematopoietic recovery, granulocyte colony-stimulating factor (G-CSF) was administered to promote granulocyte recovery. Antibiotics and intravenous immunogloblin (IVIG) were administered because the patient developed infections (Escherichia coli) during myelosuppression. There was no evidence of viral infection. To support hematopoietic recovery, allogeneic HSCs were harvested by apheresis from a 6/6 HLA-matched sibling donor. Furthermore, 100 mL of HLA-homologous donor peripheral HSCs (mononuclear cells [MNC] 1.8×108/kg and CD34+ cells 0.95×106/kg) (16, 17) were infused on day 34 following the CAR-T cell infusion. Before allogeneic HSCs on day 33 after the CAR-T cell infusion, the WBC count was 0.61×109/L, the neutrophil count was 0.53×109/L, lymphocyte count was 0.06×109/L, and the platelet count was 20×109/L. The engraftment time of neutrophils was +36 days, and the engraftment time of platelets was +42 days after CAR-T cells infusion (Figure 1D). On day 40, bone marrow morphology revealed 0% immature lymphocytes and negative MRD by FCM. The expression of the fusion gene BCR/ABL 190 was negative. Chimeric analysis showed full donor chimerism. Three months after CAR-T cell therapy, bone marrow morphology, and fusion gene expression level suggested molecular CR. However, decreased liver function with skin pigmentation and a festering skin rash was noted (Figure 2). The level of donor chimerism was 100%. According to the consensus criteria for acute graft versus host disease (aGVHD), grade III aGVHD was highly likely (18). Unfortunately, we did not expect allogeneic HSCs to engraft successfully for patient and did not realize that aGVHD would occur, therefore, no prophylaxis for aGVHD was administered. Treatment was halted owing to financial reasons, and the patient abandoned the treatment and eventually may be died of aGVHD combined with infection. A brief chronology of this case’s key clinical events is depicted in Table 1.




Figure 2 | Hepatic function and skin changes after CAR-T cell infusion. (A)Hepatic function after CAR-T cell infusion. Expression of total bilirubin (TBIL; normal range, 0–21 µM), direct bilirubin (DBIL; normal range, 0–5 µM), indirect bilirubin (IBIL; normal range, 0–15 µM), alanine transaminase (ALT; normal range, 5–40 U/L), aspartate transaminase (AST; normal range, 8–40 U/L), total protein (TP; normal range, 64–83 g/L), and albumin (normal range, 34–48 g/L) after CAR-T cell infusion. (B)Skin pigmentation and a festering skin rash after CAR-T cell infusion.




Table 1 | Key clinical events in this case.





Discussion

Notably, consolidative allo-HSCT after CAR-T therapy is still a controversial option for improving long-term LFS. Park et al. reported that of seventeen patients who underwent allo-HSCT after CAR-T therapy. Relapse and transplantation-associated complications were the main causes of death for those who received CAR-T therapy before allo-HSCT, and the patients seemed not to benefit from allo-HSCT after CAR-T treatment. However, some studies have shown allo-HSCT after CAR-T cell therapy can reduce the risk of relapse and improve long-term OS and LFS (8, 10, 19). Jiang et al. summarized the data of several clinical trials in which some R/R B-ALL patients received consolidative allo-HSCT after CAR-T cell therapy (19). In total, 429 R/R B-ALL patients achieved CR/CRi after CAR-T cell therapy. A total of 203 of these responding patients underwent allo-HSCT subsequently, and only 27 (13.3%) relapsed. In comparison, 116/226 (51.3%) of the patients who did not proceed with allo-HSCT relapsed finally. Generally, for patients who received consolidative allo-HSCT after CAR-T cell therapy, high-dose conditioning chemotherapy or total body irradiation are administered before allo-HSCT. The aims of pre-treatment are to (1) eliminate abnormal clonal cells from the body, (2) inhibit the immune system to prevent the rejection of foreign cells, and (3) allow the transplanted cells to settle in the bone marrow.

CAR-T cell therapy has emerged as a potential induction therapy for patients with R/R ALL, chronic lymphocytic leukemia, and non-Hodgkin’s lymphoma. Clinical studies have reported favorable outcomes (4, 20, 21). The main adverse effects of CAR-T cell therapy include CRS, B-cell aplasia, neurotoxicity, and bone marrow depression (22, 23). Moreover, myelosuppression is the most common reported adverse reaction of CAR-T cell therapy. Fried et al. analyzed the persistent severe hematologic toxicity after anti-CD19 CAR-T cell therapy in patients with R/R leukemia and lymphoma (21). Severe myelosuppression was more commonly reported in patients with high-grade CRS. Wang et al. reported the kinetics of immune reconstitution after anti-CD19 CAR-T cell therapy and found that neutrophils, platelets, lymphocytes returned to a normal level with a median time of recovery on day 28 (14-44), 28 (3-45), 42 (3-125), respectively (24). In the present case, the bone marrow suppression remained persistent with no hematopoietic recovery after 1 month of CAR-T cell therapy, consistent with the previous literature. Considering the severe myelosuppression of the patient and referring to the report by Rejeski K et al (17), HSCs were infused to support hematopoietic recovery. Fortunately, the HSCs were successfully implanted into the patient. This indicates the possibility of direct transfusion of allogeneic HSCs without any conditioning regimen, during the period of bone marrow suppression after CAR-T cell therapy. Potential reasons for the HSCs were successfully implanted into the patient were: (a) clearance of abnormal tumor cells and reduction of tumor load and (b) inhibition of the body’s systemic immunity, similar to the pre-transplant effect. Concerning the eligibility of the patients or the degree of bone marrow suppression for which HSCs may be successfully implanted, further studies are needed.

So far, there have been no previous reports of HSCs successful engraftment without a conditioning regimen. In this case, the initial purpose of apply allogeneic HSCs was to restore hematopoietic function temporarily, and we did not expect allogeneic HSCs to engraft successfully for patient. aGVHD was a common complication in the allo-HSCT setting, thus, we did not realize that aGVHD would occur, which led to no prophylaxis and treatment being initiated. Multiple laboratory parameters and careful clinical observations may be useful for the early detection the occurrence of aGVHD in the future. CAR-T cell therapy not only induced disease remission but also as a conditioning regimen enabled the successful implantation of HSCs in R/R Ph+ B-cell ALL patient is well-documented. But, how many the HSCs required for successful engraftment would be a more important discussion.

In summary, CAR-T cell therapy induced disease remission simultaneously as a pretreatment protocol enabling successful implantation of allo-HSCs in a patient with R/R Ph+ B-cell ALL, which greatly simplified treatment process and reduce the injury to patient. However, further research is required to assess the viability of CAR-T cell therapy as an allo-HSCT pre-emptive treatment. Additional data should be collected to confirm the best time of infusing allogeneic HSCs after CAR-T cell therapy.
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Adult bone marrow (BM) hematopoietic stem cells (HSCs) are maintained in a quiescent state and sustain the continuous production of all types of blood cells. HSCs reside in a specialized microenvironment the so-called HSC niche, which equally promotes HSC self-renewal and differentiation to ensure the integrity of the HSC pool throughout life and to replenish hematopoietic cells after acute injury, infection or anemia. The processes of HSC self-renewal and differentiation are tightly controlled and are in great part regulated through cellular interactions with classical (e.g. mesenchymal stromal cells) and non-classical niche cells (e.g. immune cells). In myeloid leukemia, some of these regulatory mechanisms that evolved to maintain HSCs, to protect them from exhaustion and immune destruction and to minimize the risk of malignant transformation are hijacked/disrupted by leukemia stem cells (LSCs), the malignant counterpart of HSCs, to promote disease progression as well as resistance to therapy and immune control. CD4+ regulatory T cells (Tregs) are substantially enriched in the BM compared to other secondary lymphoid organs and are crucially involved in the establishment of an immune privileged niche to maintain HSC quiescence and to protect HSC integrity. In leukemia, Tregs frequencies in the BM even increase. Studies in mice and humans identified the accumulation of Tregs as a major immune-regulatory mechanism. As cure of leukemia implies the elimination of LSCs, the understanding of these immune-regulatory processes may be of particular importance for the development of future treatments of leukemia as targeting major immune escape mechanisms which revolutionized the treatment of solid tumors such as the blockade of the inhibitory checkpoint receptor programmed cell death protein 1 (PD-1) seems less efficacious in the treatment of leukemia. This review will summarize recent findings on the mechanisms by which Tregs regulate stem cells and adaptive immune cells in the BM during homeostasis and in leukemia.
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Introduction

During the last decade a series of studies have been performed to decipher the role and contribution of non-hematopoietic (osteoblasts, stromal and endothelial cells, pericytes, Schwann cells and sympathetic neurons) as well as mature hematopoietic cells to the hematopoietic stem cell (HSC) niche in the bone marrow (BM). All these different cell types were allocated as components of the HSC niche and even as critical regulators of HSC function. Especially intensive work on cells of non-hematopoietic origin by many different groups unraveled the composition of the HSC niche and the cellular and molecular interactions exchanged between its different stromal and endothelial components and their contribution to HSC function (1). Recent work has highlighted the importance of mature immune cells as constituents of the HSC niche (1). Regulatory T cells (Tregs) have been initially identified as a specialized T cell subpopulation which suppresses immune responses to guarantee immune homeostasis and self-tolerance. Recently, however, Tregs have been shown to also control non-lymphoid processes, insulin resistance in visceral fat, muscle repair and to prevent lung damage (2). In the BM microenvironment Treg frequencies are higher than in other secondary lymphoid organs suggesting a role for Tregs in shaping an immunosuppressive BM microenvironment which may protect HSCs from elimination and damage. However, the current understanding of Tregs in the regulation of HSCs and/or the HSC niche under steady state conditions is still limited. During leukemia development, the immune microenvironment in the BM undergoes massive changes with especially immunosuppressive Tregs infiltrating or accumulating. These Tregs may be able to directly promote leukemogenesis or to protect LSCs from elimination by activated immune cells. However, like for HSCs, the actual interaction of Tregs with LSCs remains in part elusive. Therefore, in this review we discuss recent insights into the communication between Tregs, HSCs and LSCs during health and hematological disease.



The perivascular HSC niche in the BM

Under homeostatic conditions, the majority of HSCs in the BM are in a quiescent state to prevent HSC exhaustion and to maintain and protect their self-renewal capacity (1). Fundamental HSC characteristics such as self-renewal, differentiation and proliferation are crucially regulated by hematopoietic and stromal components of the HSC niche. Perivascular regions in the BM form distinct niches and have been identified to regulate HSC quiescence and the supply of lineage-committed progenitors (1). Especially NG2-expressing pericytes maintain HSCs in a quiescent state as depletion of NG2-expressing cells resulted in cycling of HSCs, loss of long-term repopulating HSCs and altered HSC localization in the BM. In contrast, cycling HSCs are found near sinusoids and more specifically to sinusoids associated with stem cell factor (SCF) - producing leptin receptor-positive (LEPR+) cells. Depletion of SCF in LEPR+ cells reduced BM HSC numbers (3). Consequently, it is postulated that once entering cell cycle quiescent HSCs translocate from a NG2+ periarteriolar to a LEPR+ perisinusoidal region of the HSC niche. In addition, the low oxygen-permeability of arteriolar blood vessels in the BM promotes HSC quiescence by reducing the accumulation of reactive oxygen species (ROS) in HSCs in contrast to highly oxygen-permeable sinusoids which confer proliferation and differentiation signals to the HSCs (4–6). Furthermore, endothelial cells have been identified together with LEPR+ cells as the main sources of SCF and CXC-chemokine ligand 12 (CXCL-12) required for HSC maintenance in normal young and adult BM  (1). Thus, HSCs reside in a hypoxic perivascular niche in which endothelial cells and stromal cells express distinct factors that promote HSC maintenance (1, 3).



The niche of hematological malignancies

The contribution of the BM microenvironment in the leukemogenesis of leukemias and other hematopoietic neoplasms has been demonstrated in recent years (7). In hematological malignancies and with age, not only hematopoietic cells accumulate genetic alterations but also the HSC niche undergoes an extensive re-organization and thereby contributes to the generation of hematopoietic disorders such as leukemia (8). Nevertheless, despite these findings generated in experimental models, direct evidence that initial lesions in cells of the HSC niche trigger the development of the disease is still lacking for human leukemia.

In contrast, evidence that leukemic cells actively create an aberrant leukemic niche has been extensively generated in parallel to the description of the normal HSC niche. Normal HSCs and LSCs compete for the same region of the endosteal HSC niche (9–12). Through their localization in the normal HSC niche, LSCs co-opt evolutionary conserved signaling cascades of the BM microenvironment to further support the growth of the leukemia (7). In addition, malignant hematopoietic cells interact specifically with stromal and endothelial elements of the HSC niche to induce remodeling. As a consequence, the re-modelled BM microenvironment becomes supportive for AML LSCs and negatively affects healthy hematopoiesis and, specifically, HSCs (8–14). For example, genes in AML MSCs are in general hypomethylated which is accompanied by an altered expression of genes related to inflammation and CXCL-12 signaling (9). Similar results on the provision of pro-inflammatory signals by MSCs to promote leukemogenesis have been described in murine AML and CML models (10). Furthermore, pro-inflammatory cytokines such as interleukin (IL)-6 and TNF produced by leukemia cells have a central role in the promotion of disease development by promoting differentiation of leukemic progenitors and by simultaneous disruption and alteration of normal HSC function (8, 13, 14). Single cell RNA-sequencing further revealed that MSCs in AML have an impaired potential to differentiate into osteoblasts and to secrete key molecules required for HSCs maintenance such as CXCL-12 and SCF (9). The accumulation of these altered osteoprogenitors/osteoblasts, also characterized by increased production of inflammatory cytokines, modulates the endosteal HSC niche in a way that leukemogenesis is supported while the capacity to support normal hematopoiesis and HSCs is lost (11, 12).

Two recently published studies also highlighted the impact of alterations in the BM vasculature in the endosteal region for the maintenance of LSCs and the loss of HSCs. Increased permeability and reduced perfusion in the endosteal region resulted in hypoxic changes, the overproduction of ROS and nitric oxid, loss of barrier function and cell death. Inhibition of nitric oxid production reduced vascular permeability and preserved normal HSC function (15). Furthermore, enhanced inflammatory signaling in leukemia cells in the endosteal niche was associated with a reduction in vessels and HSCs (13). Importantly, a recent transcriptomic analysis revealed that pathologic crosstalk exists not only between AML and different niche cells but also within niche fractions (15).

The sympathetic nervous system (SNS) also promotes AML development. However, in contrast to normal hematopoiesis (16), nerves fibers get disrupted during AML development resulting in a reduction of HSC-promoting NG2+ niche cells and instruction of Nestin+ stromal cells to generate osteoblasts (17). Furthermore, recent preclinical work indicated a role for the pro-inflammatory cytokine IL-1β in the loss of sympathetic nerve fibers in the BM during MPN development. During early stages of the disease, JAK2V617F-expressing HSCs secrete IL-1β resulting in apoptosis of sympathetic fibers which was further associated with reduced numbers of Nestin-expressing MSCs and concomitant expansion of mutant HSCs (18). Overall, these studies indicate that LSCs, like HSCs, are dependent on signals derived from the HSC niche. Additionally, LSCs actively contribute to the re-organization of the niche from a microenvironment supportive for HSCs into an HSC unfriendly, aberrant leukemic microenvironment.



Regulation of the HSC niche by immune cells in the BM

Self-renewal and maintenance of HSCs are not exclusively regulated by endothelial and stromal elements of the BM niche. As a primary and secondary lymphoid organ, the BM harbors a variety of different mature and immature cells of hematopoietic origin such as T cells, B cells monocytes/macrophages and neutrophils (7). Apart from developing and mature B cell subsets which occupy specific niches in the BM (19), most other lymphocyte subsets are widely distributed and can in general not be allocated to a specific location in the BM stroma or parenchyma (7). In addition, billions of leukocytes circulate every day through the BM. Recent studies highlighted the substantial contribution of multiple of these immune cell subsets in the regulation of the HSC niche (Table 1). Especially monocytes and macrophages but also different T cell subset have been shown to mediate the mobilization of HSCs indirectly by modulating MSCs (34–36, 39). Monocytes and macrophages comprise around 0.4% of total BM cells and are widely distributed throughout the BM.


Table 1 | Immune cell subsets present in the BM stem cell niche and their reported effect on the HSCs and HSC niche function.





Regulatory T cells in hematopoiesis

The BM microenvironment does not only provide HSCs with key signals for survival, quiescence and self-renewal (1) but it also ensures protection against harmful signals that may drive HSCs differentiation, exhaustion or destruction (7). Tregs is one cellular subset, ideally suited to protect against the negative impact for example of inflammation by shaping an immune-suppressive environment. The BM is considered as a reservoir for Tregs in healthy individuals (40). Under homeostatic conditions, Tregs locate close to sinusoids and close to HSCs located at the endosteal surface in the BM (25) and comprise around 0.5% of all BM mononuclear cells and around one third of all CD4+ T cells in the BM (41). Thereby, Tregs are significantly enriched in frequency in the BM compared to other secondary lymphoid organs such as the spleen or the lymph nodes (40, 42). In contrast to blood and skin, BM Tregs are phenotypically characterized by the expression of CD45RA, C-X-C chemokine receptor type 4 (CXCR4) and the high expression of FOXP3 and CD25 (40, 43). Functionally, BM Tregs have a superior immunosuppressive activity compared to their blood counterparts (40). The BM retains these CXCR4-expressing Tregs through CXCL-12. After adoptive transfer into NSG mice, human Tregs preferentially homed into the BM which harbored elevated levels of CXCL-12. Blockade of the CXCR4/CXCL-12 interaction via monoclonal antibody (mAb) abolished the retention of Tregs in the BM but not the spleen (40). Therefore, it is speculated that the BM may represent a niche where naive Tregs accumulate to mature, survive, and/or undergo homeostatic proliferation while maintaining their naive phenotype. Furthermore, BM-resident Tregs may contribute to the formation of the immune-privileged perivascular HSC niche and shield the stem cell compartment from elimination by immune cells, excessive inflammation as well as cell-death.

Total CD4+ T cells (T helper cells and Tregs) secret hematopoietic-related cytokines and are essential for hematopoiesis stimulation during infection and hematologic recovery after BM transplantation [reviewed in (44)]. In addition, early observations that 1) STAT-4–/– mice, which harbor predominately Th2 cells, have decreased numbers of cycling progenitors (21) and 2) that adoptive transfer of total CD4+ T cells into common gamma chain-deficient mice restored impaired myeloid differentiation indicated that CD4+ T cells regulate HSPC activity and basal hematopoiesis (20). These findings have been recently extended by Hernández-Malmierca and co-workers who demonstrated that the presentation of immunogenic antigens on MHC class II by HSPCs triggers an interaction with CD4+ T cells resulting in stem cell differentiation and depletion of immunogenic HSPCs (22).

Most of the effects observed upon transfer or depletion of total CD4+ T cells may most likely be mediated directly or indirectly by immunomodulatory Tregs. Tregs regulate IL-3 mediated differentiation of myeloid progenitors under homeostatic conditions. Depletion of Tregs in situ and co-transplantation of CD4+ FOXP3+ Tregs demonstrated that BM Tregs promote myeloid colony formation in vitro and myeloid differentiation of HSCs in vivo (28). Importantly, the cognate interaction between Tregs and HSPCs was dependent on MHC class II expression suggesting a role for antigen-specific activation of Tregs in the regulation of HSCs in steady-state. In line with these initial findings, Kim et al. demonstrated that Foxp3 mutant scurfy mice have an enhanced granulopoiesis at the expense of B cell lymphopoiesis. However, this effect of myeloid differentiation was not mediated directly via Tregs but indirectly via the production of myeloid differentiation-related cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF), TNF, and IL-6 by activated effector T cells (45). In addition, it was demonstrated that Tregs regulate the production of IL-7, a fundamental growth factor for lymphopoiesis, by intracellular adhesion molecule 1 (ICAM-1)-expressing perivascular stromal cells in the BM (27). In line with these findings, Camacho et al. recently demonstrated that BM Tregs regulate hematopoiesis indirectly through modulation of stromal cell function via secretion of IL-10 (29) (Figure 1 and Tables 1, 2). The role of Tregs in the regulation of stem cells, however, is not a unique feature for the BM and can be further extrapolated to multiple non-lymphoid tissues such as for example the skin, muscle, adipose tissue and brain (46–49). Consequently, accumulating scientific evidence supports the concept that Tregs control stem cells, their proliferation and self-renewal.




Figure 1 | A schematic illustration of Tregs in the BM and their attributed effects on the HSCs niche and HSPCs. Tregs in the BM are widely distributed and localize close to the endosteum adjacent to HSCs. Tregs regulate IL-3 mediated differentiation of myeloid progenitors (A) (28) and modulate basal hematopoietic output by restricting production of myelopoiesis-promoting cytokine production by activated CD8 T cells in the BM (B) (45). Furthermore, Tregs control indirectly lymphopoiesis by mediating the release of the lymphoid cell growth and survival factor IL-7 by ICAM-1+ stromal cells of the HSC niche (C) (27). CD150+ Tregs were recently identified as crucial regulators of HSC quiescence and engraftment of HSCs into the BM after allogeneic BM transplantation (D) (26). In addition, IL-10 secreting Tregs have been shown to modulate the function of IL-10R-expressing BM stromal cells (E) (29).




Table 2 | Treg-mediated immunomodulatory mechanisms in the BM niche at steady state.



In murine BM transplantation models, experimental data demonstrated that Tregs of the host not only suppresses graft-versus host disease but also favors hematopoietic reconstitution and HSC engraftment (50, 51). Similarly, co-transplantation of recipients alloantigen-specific Tregs together with HSC facilitated long-term hematopoietic reconstitution (52). In addition, Tregs activated ex vivo with allogeneic APCs also induced long-term tolerance and reconstitution of BM grafts in an antigen-specific manner in vivo (53). A potential role for Tregs in hematopoiesis was further demonstrated in murine allogeneic BM transplantation experiments where depletion of host Tregs resulted in loss of engraftment of stem and progenitor cells to the BM suggesting that Tregs promote hematopoiesis and protect HSCs from elimination (25). In addition, a specific BM Treg subset characterized by the expression the surface markers CD150 and CD39 was recently identified as regulator of HSC quiescence and engraftment of HSCs into the BM after allogeneic BM transplantation. These BM Tregs reside near HSCs in the BM niche and protect HSCs from oxidative stress by secretion of adenosine. In addition, co-transfer of BM Tregs but not splenic Tregs together with allogeneic HSCs prevented the rejection of the graft (26). Mechanistically, long-term hematopoietic reconstitution has been shown to crucially depend on MHC-II signaling in a canine BM transplantation model as delivery of an anti-MHC-II mAb directly after BM transplantation prevented engraftment and hematopoietic reconstitution (54). In contrast, Huss and co-worker demonstrated in various murine allogeneic BM transplantation models that immunological but not hematopoietic recovery is impaired in recipient mice lacking MHC class II expression or treated with an anti-MHC II mAb (55) (Figure 1 and Table 1).

In humans, the role of Tregs in HSC engraftment and long-term reconstitution after BM transplantation is still unclear. While depletion of total T cells from allogeneic BM resulted in rejection of grafts in a majority of the patients, the clinical benefit of Tregs in the graft still has to be demonstrated [reviewed in (50)]. Several clinical studies correlating the number of Tregs in the graft retrospectively with transplantation outcome delivered varying results and could not attribute a fundamental role of Tregs to long-term hematopoietic reconstitution. Similarly, conflicting data have been generated on the number of Tregs detected in vivo post-transplantation and transplantation outcome. Overall, these data imply a role for Tregs in the regulation of HSC function in mice while the role of Tregs on human hematopoiesis must still be validated.



The adaptive immune system in leukemia

Experimental and clinical evidence indicates that myeloid leukemias are controlled by cells of the adaptive immune system to a certain extent (56, 57). Leukemic cells in myeloid malignancies are immunogenic, express HLA class I restricted leukemia epitopes and may be recognized by activated cytotoxic CD8+ T cells (CTLs) (7, 56, 57). LSCs and bulk leukemia cells express major histocompatibility and co-stimulatory molecules suggesting that LSCs can be recognized and interact directly with T cells (7, 56).

In addition, immune responses against myeloid leukemias as well as leukemia-antigen specific CD8+ CTLs have been observed in clinical and experimental studies (7, 56). However, activated CD8+ CTLs in myeloid leukemias are dysfunctional and fail to eliminate LSCs in vivo (23, 24, 58–60). In CML, T cell exhaustion at diagnosis has been associated with an increased expression of immune inhibitory receptors and a reduced capacity to produce Th1-cytokines compared to patients in remission (59–63). Similar to CML, gene expression profiling of CD8+ CTLs from AML patients at diagnosis indicate that CTLs in intermediate and high risk AML are less functional than in favorable risk AML and exhibit an exhaustion immune signature (24). CD8+ CTL dysfunction was attributed to epigenetic silencing of activating immune checkpoint receptors rather than due to signaling by immune inhibitory immune checkpoint receptors (64). The phenomenon could in part explain the limited efficacy of antibodies that block inhibitory immune check-point inhibitors in AML. Furthermore, instead of promoting elimination, CD8+ CTL-related mechanism may also contribute to the expansion of LSCs and leukemia (23, 24). For example, secretion of the hematopoietic cytokine IL-3 has been shown to expand and maintain leukemia stem and progenitor cells in favorable risk AML patients, while AML cells in more aggressive forms of AML seem to develop largely independent of CD8+ T cell help (24). A systemic impairment/exhaustion of T cells and especially programmed cell death protein 1 (PD-1) and Eomes-expressing memory stem T cells has also been associated with relapse after allogeneic HSCT (65). Furthermore, response to chemotherapy correlated with the immune signatures indicative for the restoration of T cell function (58).

In contrast to CD8+ T cells, the role of CD4+ T cells in the control of leukemia has been studied less intensively (7). Nevertheless, even though less studied, several independent reports demonstrated that myeloid leukemia cells are competent to process and present endogenous immunogenic leukemia peptides in the context of HLA class II resulting in leukemia antigen-specific CD4+ T cell response [reviewed in (7)]. Recently, the HLA class I and class II ligandome was characterized using immunoprecipitation and mass spectrometry in CD34+ stem/progenitor cells from AML and CML patients and CD34+CD38- healthy controls (66, 67). For AML, the analysis revealed 36 AML-specific leukemia antigens. Importantly, the top-ranked HLA class II leukemia antigens were successfully validated in T cell activation assays in vitro (67). A similar analysis for CML identified 44 CML-associated HLA class II antigens (66). A clinical vaccination study which assessed the immunogenicity and anti-tumor activity of a vaccine cocktail comprising 4 b3a2-petides restricted to HLA I and one b3a2-petide restricted to HLA II in b3a2-espressing CML patients with stable measurable residual disease, demonstrated immunological activity of the vaccine as illustrated by CML-peptide specific CD4+ T cells in vitro in 13 of 14 evaluable patients (68). Furthermore, vaccination of a 63-year old woman which displayed residual CML cells after cessation of IFN-α therapy with a immunogenic b2a2 breakpoint derived peptide able to bind several HLA-DR molecules induced a complete molecular response in blood and BM (69). Overall, these data suggest that leukemia-antigen specific CD4+ T cells may potentially also contribute to anti-tumoral immunity in leukemia.



Immune escape of leukemia and LSCs

In AML, T cells appear to infiltrate the BM microenvironment, but their efficacy to control leukemia and eliminate LSCs is limited. In general, the BM microenvironment in AML may be considered as immune cold (70, 71). Analysis of an 18-gene tumor inflammation signature in solid tumor and AML samples using data from the Cancer Genome Atlas revealed that AML patients have a low expression of this signature which is associated with an immune cold microenvironment (70). Similarly, transcriptomic, and proteomic analysis of AML BM cells demonstrated that 70% of AML patients display an immune-depleted signature (71). Because LSCs reside primarily in the BM, the generation of an immunosuppressive/immune cold environment may be considered as a central mechanism how LSCs escape immune control. However, several different mechanisms may contribute to generation of an immune cold environment and the subsequent immune escape in myeloid leukemia.


Immune checkpoint ligands/receptors

One mechanism how LSCs can escape immunosurveillance is through the activation of immune checkpoint pathways. Immune checkpoint pathways play a fundamental role in the regulation of immune homeostasis (72). The balance between stimulatory and inhibitory signals determines the amplitude and quality of the antigen-specific T cell responses (72). Immune checkpoint inhibitors targeting the co-inhibitory molecules cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and PD-1 have been approved for the treatment of various solid tumors and lymphoma (72). Increased expression of the inhibitory ligands for T-cell–regulating checkpoints such as CTLA-4, PD-1, B7-H3 and T cell immunoglobulin and mucin-domain containing-3 (TIM-3) was reported in AML and was associated with T cell exhaustion and poor prognosis (62, 63, 73). This CD8+ T cell exhaustion was in part reversible by blocking the immune checkpoint molecules PD-1, CTLA-4, and TIM-3 (63) or by OX-40 co-stimulation (62). However, in patients, immune checkpoint inhibitors against CTLA-4 and PD-1 seem to be less effective in AML compared to solid tumors (74). One possible explanation for this lack of potency in AML is that BM-infiltrating T cells in AML expressing various inhibitory receptors, such as TIM-3 and lymphocyte-activation gene 3 (LAG-3). Another explanation could be the limited or restricted surface expression of PD-L1 in de novo AML (73, 75) and variable kinetic of PD-L1 expression during the progression of the disease. For example, PD-L1 expression increases on AML cells during relapse and could represent an adaptive immune escape mechanism (74). However, it also unclear whether the increased expression of immune inhibitory receptors reflects T cell exhaustion or whether it is indicative for differentiated effector T population. Currently several clinical trials with different antibodies targeting the PD-1/PD-L1 interaction are ongoing in combination with CTLA-4 inhibition, in combination with chemotherapy, or in combination with hypomethylating agents that upregulate the expression of PD-L1 on leukemia cells (76).



Tregs in myeloid leukemia

Because the efficacy of immune checkpoint inhibitor treatments in myeloid malignancies is limited, other immune-regulatory mechanisms in the BM may be in place. Studies in mice and humans identified the accumulation of Tregs as a potential major immune-regulatory mechanism in myeloid leukemia. Several clinical studies reported increased frequencies of Tregs in blood and/or BM at diagnosis, after allogeneic hematopoietic stem cell transplantation (HSCT) or during induction chemotherapy in myeloid leukemias (77, 78).


Tregs in CML

In CML, numbers and frequencies of effector Tregs in peripheral blood and BM are also increased in CML patients at diagnosis and in patients refractory to tyrosine kinase inhibitor (TKI) treatment (59–61). These effector Tregs are characterized by the expression of the immune checkpoints PD-1, TIM-3 and CTLA-4, all markers for an increased suppressive activity (61). Anatomically, Tregs in CML are widely distributed throughout the BM parenchyma in mice and humans. In human CML, the majority of Tregs were localized close to CD8+ CTLs and not close to CD34+ CML stem/progenitor cells (30). Treatment with the TKIs Imatinib, Dasatinib and Nilotinib demonstrated an inhibitory effect of these TKIs on the quantity of Tregs in CML patients. Tregs were especially reduced in patients who achieved a complete cytogenetic response (59, 79). Similarly, Imatinib-treated CML patients in complete molecular remission (CMR) displayed a selective depletion of effector Tregs which was accompanied by an increase in effector/memory CD8+ CTLs in contrast to CMR patients who did not reach a complete molecular remission (80). Furthermore, a successful maintenance of treatment-free-remission (TFR) is associated with reduced numbers of Tregs (81–83). In the frame of the JALSG-STIM213 trial, the frequency of effector Tregs in the peripheral blood has been identified as potential biomarker for TFR after Imatinib stop (84). Importantly, tyrosine kinase inhibitor (TKI) treatment responses were more potent in patients with less exhausted T cells (60). Because the state of T cell dysfunction at diagnosis is reverted in patients that reach a deep molecular response (60), one may hypothesize that off-target immune-modulatory effects of TKIs trigger already pre-existing anti-tumoral immune responses or interfere with immunosuppressive cells as Tregs. In solid tumors, tyrosine kinase inhibitor (TKI) treatment with Imatinib and Dasatinib has been shown to reduce immunosuppressive immunoindolamine-2, 3-dioxygenase (IDO) expression, a key factor in the generation of Tregs, and to increase the numbers of intratumoral CD8+ CTLs (85, 86). Future therapeutic approaches may therefore aim at an expansion and effector function of CTLs through targeting of Tregs. For example, Tregs expressing the tumor necrosis factor 4 (TNFRSF4, alias OX-40) have recently been identified as the key regulator of immune escape of CML LSCs in mice (30). Stimulation of Tnfrsf4-signaling did not deplete Tregs but reduced the capacity of Tregs to protect LSCs from granzyme-mediated CD8+ CTL- killing in a murine CML model.



Tregs in AML

Like in CML (30), Tregs in the BM of AML patients are widely distributed throughout the BM parenchyma and are occasionally located close to clusters of CD8+ T cells (Figure 2). Tregs frequencies in blood and BM are significantly elevated in adult and pediatric AML patients compared to Tregs from healthy donors and further increase at relapse (87–89). In general, increased levels of Tregs at diagnosis correlate with poor response to induction chemotherapy and relapse after allogeneic HSCT (78, 90). In contrast to baseline AML biopsies, higher numbers of Tregs early after induction therapy are associated with higher complete remission rates and better overall survival. This discrepancy may be attributed to the different cellular composition of the BM microenvironment early after chemotherapy and at an advanced stage of the disease. Furthermore, a phase IV clinical trial (NCT01347996) which assessed the efficacy of immunotherapy with histamine dihydrochloride (HDC) and low-dose IL-2 in the post-consolidation phase in AML 84 patients in first complete remission demonstrated an association of AML relapse with HDC/IL-2 treatment-induced accumulation of natural Tregs in the blood (91). Therefore, Tregs could either serve as immune-modulators and support hematopoietic recovery or induce immune escape of leukemia by limiting CTL activity. On the other hand, Tregs seem to localize close to HSCs in the niche during homeostasis and may therefore directly facilitate their homing in the BM and emergency hematopoiesis.




Figure 2 | Distribution of Tregs and CD8+ T cells in AML bone marrow (BM). Spatial localization of FOXP3+ Tregs (brown, yellow circles) in respect to CD8+ T cells (red) in the BM of AML patients.



In contrast to CD8+ T cells, Tregs from AML patients are not exhausted but rather hyper-functional as illustrated by a higher migratory and immunosuppressive potential than Tregs from blood and BM of healthy volunteers (37). However, even though, the prevalence of Tregs in the BM and blood in AML is identical (92), BM Tregs are more suppressive than Tregs derived from blood of AML patients (77). Phenotypically, BM Tregs of AML patients express the memory marker CD45RO along with CTLA-4 and CD95 and secret low levels of the immunosuppressive cytokines IL-10 and TNF. Furthermore, BM Tregs in AML have a high turnover compared to BM Tregs from healthy donors as indicated by 8-fold higher proliferation and 4-fold higher apoptosis rate (93).

Recently, several mechanisms have been identified that promote the expansion and BM retention of Tregs in AML (37, 94–96). For example, Tregs in blood and BM of patients have been shown to express elevated levels of CXCR4 on the cell surface compared to Tregs derived from healthy donors suggesting that, like in homeostasis, the BM retains CXCR4-expressing Tregs through CXCL-12 in AML (37). Similarly, the frequency of Tregs expressing inducible T-cell co-stimulator (ICOS) has been negatively associated with outcome in AML patients (97). Co-simulation of ICOS signaling through the provision of ICOS-ligand by AML cells expanded Tregs and maintained their suppressive function in a murine C1498 AML model (97) (Figure 3). Another mechanism how Tregs may be expanded and sustained in AML is through IFN-y induced secretion of IDO by mesenchymal stromal cells (94) (MSCs, Figure 3). Blockade of IFN-y production by AML cells lowered IDO1 expression resulting in reduced Treg infiltration and leukemia engraftment. Furthermore, daunorubicin-treated AML cells induce IDO1 secretion in dendritic cells (DCs) resulting in the accumulation of PD-1-expressing Tregs (98). In the BM of newly diagnosed AML patients, high IDO expression in MSCs was associated with elevated levels of Tregs. Furthermore, an IDO1-related immune gene signature has been identified as a negative predictor for overall survival in AML (99). Similarly, MSCs derived from Fanconi anaemia patients with AML secrete high levels of prostaglandins which resulted in Treg induction and subsequent inhibition of CD8+ CTLs (100). Lastly, PD-L1 expression on AML cells have been recently demonstrated to promote the conversion and expansion of PD-1+ Tregs from conventional CD4+ T cells (95).




Figure 3 | A schematic illustration of reported mechanisms leading to accumulation of Tregs in AML. (A) MSC-derived IDO (94) and (B) ICOS-ICOSL signaling (97) promotes the accumulation of Tregs in AML.



However, the experimental and clinical evidence that directly links Tregs with T-cell anergy/exhaustion in AML is still limited and mostly restricted to pre-clinical mouse models. For example, Tregs have been shown to inhibit the function of adoptively transferred AML-specific CTLs. Depletion of Tregs during adoptive transfer of CTLs improved survival of AML mice (31). Similarly, Treg depletion prior to leukemia induction has been shown to trigger an endogenous anti-leukemic CTL response resulting in prolonged survival of MLL-AF9 AML mice (32). Unpublished data from our group and a recent publication by Hasegewa and co-workers support the notion that Tregs in MLL-AF9 mice limit anti-leukemic immunity only in a situation with minimal leukemia load but not in an advanced stage of the disease (33). Similar to human AML (37), BM Tregs in MLL-AF9 mice have shown to express elevated levels of CXCR4 on the cell surface. Blockade of the CCL3/CCR1-CCR5 and CXCL-12/CXCR4 axis prevented the accumulation of Tregs in BM of MLL-AF9 AML mice (32). These data indicate that Tregs create an immunosuppressive microenvironment in the BM thereby reducing CTL function and immunosurveillance of AML cells. In addition, in vitro experiments revealed that AML cells themselves secret soluble factors that restrain T cell and NK cell function (101). Of note, Hasegawa et al. using the same AML model and RAG-knockout mice demonstrated that CTLs indeed have the capacity to eradicate leukemia at an early stage of the disease (low leukemia load), whereas antigen-specific CTLs are exhausted in animals with advanced leukemia (33).

However, Tregs in AML may not only hamper anti-leukemic T cell immunity but may also directly affect the survival and function of AML blasts LSCs. It was recently demonstrated that Treg-derived IL-10 promotes stemness of murine and human AML LSCs through activation of PI3K/AKT signaling pathway (96). Similarly, the cytokine IL-35 produced by Tregs promotes the proliferation of AML blasts (102).

Even though leukemia-antigen specificity of CD4+ T cells have been documented in several independent studies (7, 56), whether AML antigen–specific Tregs are part of this CD4+ T cell population is still unclear. In general, the evidence for functional tumor antigen–specific Tregs in cancer is very weak due to the lack of adequate MHC class II tetramers, and antigen-specific Tregs have only been documented in a few solid tumors and in B acute lymphoblastic leukemia (51, 103). Nevertheless, recent findings of a pre-clinical study suggests that antigen stimulation may play an important role in the activation and accumulation of Tregs in CML BM (30).

Overall, these studies imply that LSCs reside in an immune-privileged niche in the BM which harbors multiple immune-regulatory mechanisms. It may be assumed that the accumulation of Tregs in the BM represents one immune-regulatory mechanism in leukemia which limits immunosurveillance of LSCs and thereby contributes to disease progression and LSC maintenance. However, why Tregs accumulate in the BM, how this can be controlled, whether they are leukemia antigen-specific and whether selective targeting of Tregs in myeloid neoplasm (e.g. via an agonistic TNFRSF4 antibody) can induce immune control in humans is still unclear.




Altering the expression of major histocompatibility complex (MHC) molecules

The elimination of cancer/leukemia cells depends on tumor antigen expression on MHC class I and II. In AML, mutations and immune escape mechanisms may result in the downregulation of MHC expression on leukemia cells. However, reduced, or lost MHC expression has been primarily observed on AML cells after allogeneic HSCT. For example, in 17 out of 34 patients, AML cells displayed a reduced expression of MHC class II at relapse after allogeneic HSCT compared to diagnosis. The downregulation of MHC was triggered by epigenetic mechanisms and could be restored by administration of IFN-y (104). Similarly, another study profiling immune signatures in AML cells after allogeneic HSCT identified the downregulation of MHC class II on a transcriptional level as a major immune escape mechanism (105). Furthermore, impaired processing and loading of leukemia-associated antigen on MHC class II has been described as potential immuno-editing process in AML.




Therapeutic strategies targeting Tregs

Targeting signaling cascades that promote Treg-mediated immunosuppression in myeloid leukemia or Treg-specific surface antigens may be a viable approach to block Treg function or deplete Tregs and induce anti-leukemic immunity.


CTLA-4

The anti-CTLA-4 mAb ipilimumab has been approved for the treatment of metastatic melanoma. However, despite the increased expression of CTLA-4 on Tregs in the tumor microenvironment (TME) of cancer patients and pre-clinical evidence showing the capacity of ipilimumab to deplete Tregs via ADCC-dependent mechanisms, ipilimumab is thought to induce infiltration of intratumoral CD4+ and CD8+ effector T cells without depleting Tregs in the TME in humans (106). In addition, the specificity of CTLA-4 as a Treg restricted target is widely debated because CTLA-4 is widely expressed on activated CD4+ T helper and CD8+ effector T cells and monocyte-derived DCs (72). To ensure a controlled activity of the antibody in the TME and to decouple antitumor efficacy from immunotherapy-related toxicity, a CTLA-4 dual variable domain immunoglobulin (anti-CTLA-4 DVD) was developed where the inner anti-CTLA-4 binding domain is shielded by an outer tumor-targeting domain (106). In the TME, the presence of activated membrane type-serine protease 1 results in cleavage of the outer domain and the liberation of the CTLA-4 binding site. To enhance target specificity, currently bi-specific antibodies targeting CTLA-4 together with other surface receptors with increased expression on Tregs are designed and evaluated. OX-40 is highly expressed on Tregs in AML (60) and CML (30) and is currently studied as a treatment for patients with refractory/relapsed AML as monotherapy or in combination with azacitidine and avelumab (NCT03390296). A human CTLA-4 x OX-40 bispecific antibody (ATOR-1015) which demonstrated efficacy in Treg depletion assays in vitro and syngeneic mouse models in vivo (106) is currently under evaluation in a first-in-human phase I clinical trial (NCT03782467). Similarly, a humanized CTLA-4 x GITR bispecific antibody (ATOR-1144) was shown to deplete Tregs in vitro through ADCC-dependent mechanisms (107).

Clinical trials assessing the potential of targeting CTLA-4 in AML are limited. In a phase 1b study, ipilimumab was tested in 522 patients with hematologic malignancies relapsing after allogeneic HSCT. The complete response rate was 23%. In addition, immune-related adverse events and graft-versus-host disease were reported (108). Ipilimumab is currently evaluated in several clinical phase I trials as a treatment for relapsed/refractory AML patients (NCT03912064, NCT03600155, NCT01822509) and as maintenance therapy for AML and MDS patients alone or in combination the anti-PD-1 antibody Nivolumab and/or azacitidine after allogeneic HSCT (NCT02846376) and for its potential to induce graft-versus-malignancy effects after allogeneic HSCT (NCT00060372).



CD25

CD25 is highly expressed on activated Tregs in the TME and only marginally on effector T cells (109). Therefore, several therapeutics targeting CD25 have been recently developed and were approved for the prevention of organ transplantation rejection (anti-CD25 mAb Basiliximab) and the treatment of cutaneous T-cell lymphoma (IL-2-diphtheria toxin fusion protein denileukin diftitox). However, clinical studies have demonstrated that denileukin diftitox is ineffective in eliminating Tregs in patients (107). An open-label, multicenter Phase I clinical trial is underway investigating the safety and tolerability of the anti-CD25 depleting antibody RO7296682 in patients with advanced solid tumors (NCT04158583). In addition, the potential of basiliximab conjugated with 1,4,7,10-tetraazacyclododecane tetraacetic acid (DOTA) and radiolabeled with Yttrium-90 given together with fludarabine, melphalan, and total marrow and lymphoid irradiation (TMLI) is evaluated for the treatment of patients with high-risk acute leukemia or myelodysplastic syndrome (NCT05139004). A phase I dose-escalation clinical trial assessed safety and efficacy of Camidanlumab tesirine, an antibody-drug conjugate targeting CD25 in 34 relapsed/refractory AML patients (110). Two patients achieved complete responses with incomplete hematologic recovery. However, the trial was terminated early for reasons other than safety and efficacy.



FOXP3

FOXP3 serves as a lineage-specific transcription factor of Tregs. As FOXP3 is primarily expressed in the nucleus, FOXP3 has never been considered as a viable target to deplete Tregs in cancer. However, the potential of targeting FOXP3 directly has recently gained considerable interest. A T cell receptor mimic antibody recognizing a FOXP3-derived epitope in the context of HLA-A*02:01 was shown to selectively recognize and eliminate FOXP3-expressing Tregs in a PBMC xenograft model (111). Similar results were obtained when the TCR mimic antibody was engineered in a bispecific T-cell engager. Another strategy currently followed to selectively deplete Tregs in cancer are antisense oligonucleotide against FOXP3. The clinical candidate antisense oligonucleotide AZD8701 demonstrated encouraging efficacy in reducing FOXP3 and Treg immunosuppressive function in primary human Tregs in vitro as well as in humanized mouse models in vivo (112). The safety and tolerability of AZD8701 is currently evaluated in a phase 1a/b clinical trial with or without Durvalumab in patients with advanced solid tumors (NCT04504669). However, strategies targeting FOXP3 bear the risk for the development of autoimmune disease as FOXP3 expression is most likely not limited to tumor tissues. Clinical trials targeting FOXP3 in myeloid malignancies are pending.




Concluding remarks

The BM is a hematopoietic organ that harbors in addition to classical niche cells also a variety of different immune cells such as B and T cells. CD4+ T cells including Tregs significantly shape the cytokine milieu in the BM microenvironment and thereby promote key functions of HSC such as quiescence, self-renewal proliferation and differentiation. These mechanisms evolved to guarantee a constant generation of blood cells from all lineages and to prevent damage and exhaustion of the stem cell pool. LSCs co-opt these evolutionary conserved mechanisms of the HSC niche and at the same time re-model the HSC niche to promote leukemogenesis and LSC function and to reduce the HSC reservoir in the BM. In leukemia, Tregs regulate the expansion of LSCs and leukemia progenitors and contribute to immune evasion of leukemia cells by cell-interactions or through secretion of cytokines. Therefore, targeting Tregs seems to be an attractive therapeutic option and warrants further investigation in humans. So far, however, hardly any clinical information on the potential of targeting Tregs in myeloid leukemia is available. Only a limited number of clinical trials currently addresses this possibility mainly by targeting immune-related surface receptors such as CD25, CTLA-4 and TNFRSF4 which are expressed on Tregs. However, whether these approaches will lead to the elimination of LSCs and thereby cure of leukemia is still unknown. Similarly, our knowledge on the emergence of severe adverse events such as the induction of inflammation or auto-immune disease upon Treg manipulation and their effect on the disease is limited and must be crucially considered prior to initiating and planning clinical trials. Consequently, a better understanding of immune cells including Tregs and their function in the BM microenvironment during disease and homeostasis may contribute to the generation of novel and safe immunotherapeutic strategies aiming at elimination of leukemia at the level of the LSC and the identification of factors and interactions which may translate into the possibility to generate cells of different hematopoietic lineages ex vivo for specific applications, respectively.
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The leukemic microenvironment has a high diversity of immune cells that are phenotypically and functionally distinct. However, our understanding of the biology, immunology, and clinical implications underlying these cells remains poorly investigated. Among the resident immune cells that can infiltrate the leukemic microenvironment are myeloid cells, which correspond to a heterogeneous cell group of the innate immune system. They encompass populations of neutrophils, macrophages, and myeloid-derived suppressor cells (MDSCs). These cells can be abundant in different tissues and, in the leukemic microenvironment, are associated with the clinical outcome of the patient, acting dichotomously to contribute to leukemic progression or stimulate antitumor immune responses. In this review, we detail the current evidence and the many mechanisms that indicate that the activation of different myeloid cell populations may contribute to immunosuppression, survival, or metastatic dissemination, as well as in immunosurveillance and stimulation of specific cytotoxic responses. Furthermore, we broadly discuss the interactions of tumor-associated neutrophils and macrophages (TANs and TAMs, respectively) and MDSCs in the leukemic microenvironment. Finally, we provide new perspectives on the potential of myeloid cell subpopulations as predictive biomarkers of therapeutical response, as well as potential targets in the chemoimmunotherapy of leukemias due to their dual Yin-Yang roles in leukemia.
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Introduction

Leukemias correspond to a heterogeneous group of hematological malignancies that are characterized by a blockage in maturation and/or proliferation of hematopoietic cells of the myeloid or lymphoid lineage, which can be divided into acute or chronic forms (1). As a hallmark, acute leukemias have a deep blockage in hematopoietic differentiation, which results in overproduction of leukemic blasts, while chronic leukemias are characterized by the excess production of partially mature differentiated cells (2, 3). Collectively, leukemia affects individuals of all ages; however, in adults, the most common types of leukemia are acute myeloid (AML), chronic myeloid (CML), and chronic lymphocytic leukemia (CLL); while acute lymphoblastic leukemia (ALL) affects mainly children and represents the most frequent pediatric cancer in the world (4–7).

As in other types of cancer, one of the most important mechanisms by which leukemic cells (LCs) promote their development is the generation of an immune microenvironment that inhibits and impairs antitumor responses (8–10). The leukemic microenvironment represents a highly complex cellular compartment that comprises diverse cell populations, which include non-hematopoietic stromal cells, vascular endothelial cells, and innate and adaptive immune cells (11–13). During the process of leukemogenesis, stromal cells within the medullary compartment keep premalignant cells under control; however, as LCs develop, they initiate intense crosstalk with the full range of adjacent cells (11, 14). This dynamic crosstalk between LCs and components of the medullary compartment, in addition to contributing to the increase in the availability of growth and survival factors, also promotes the recruitment and polarization of immune cells into the leukemic niche (10, 11).

Among the immune cells that can infiltrate the leukemic microenvironment are myeloid cell populations, which correspond to a heterogeneous cell group of the innate immune system, including tumor-associated neutrophils (TANs), tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) (15). These cell populations have received great attention over the last decade because they are recruited to tumor niches on a large scale, and can act as critical components for the suppression of innate and adaptive immune responses, and also in the reduction of efficacy of immunotherapeutic approaches (16, 17). At the same time, due to their high plasticity, the subpopulations of tumor-associated neutrophils and macrophages have been shown to represent important antitumor effector cells, which can eliminate malignant cells and activating other cytotoxic effector cells. This highlights their ability to be reprogrammed into an antitumor phenotype in order to maximize tumoricidal defenses (18–22).

In this context, the advent of a “Yin-Yang” role for these innate immune cell populations in the field of leukemias remains poorly understood, despite their multiple functions and effects in solid tumors being well understood. Thus, in this review, we describe the main aspects related to myeloid cell populations, including their biological characteristics, immunological mechanisms, involvement in tumor-targeted responses, clinical implications, as well as their impact on the leukemic microenvironment. Finally, we provide a new perspective on the importance of investigating the wide diversity of these cell types in hematological malignancies and highlight their potential as prognostic biomarkers and relevant therapeutical targets, which can complement the treatment of patients with leukemia.



Tumor-associated neutrophils (TANs)

Neutrophils are the most abundant leukocytes in the blood and are considered the first line of defense during inflammatory and infectious processes, in which they release a range of inflammatory mediators (23–25). Besides their classical roles in antimicrobial responses, neutrophils can be found in tumor infiltrates, and are named tumor-associated neutrophils (TANs). They also exhibit great plasticity that allows them to perform diverse and often opposite functions (26–29). TANs can display favorable or harmful responses to the host depending on their polarization, which, in a simplified manner, can be classified into two distinct phenotypes, N1 (tumor suppressor) and N2 (tumor promoter) (30, 31).

N1 TANs are usually found in the early stages of the tumorigenic process, and act in the recruitment and activation of cytotoxic T cells and T helper (Th) cells (32–35). They emerge mainly from IFN-β–mediated stimuli, and are characterized by the high expression of immuno-activating cytokines and chemokines, such as TNF, IL-12, CCL-3, CXCL-9, and CXCL-10, in addition to the expression of ICAM-1, FAS and low levels of Arginase-1 (26, 36, 37). As for N2 TANs, they appear in later stages, inhibit effector responses and preferentially recruit regulatory T cells (32–35). They differ mainly after stimulation mediated by TGF-β and IL-35 and, unlike N1 TANs, they are characterized by the overexpression of Arginase-1, the presence of protease-enriched granules, such as neutrophil elastase (NE), cathepsin G (CG) and matrix metalloproteinases (MMPs), in addition to the production of a wide range of chemokines that include CCL-2, CCL-5, and CXCL-8 (Figure 1) (26, 34, 36, 38). Notably, TANs are usually distinguished based on their anti- or pro-tumor functions, as mentioned earlier (33). In terms of expression of intracellular and extracellular markers, the literature generally mentions CD11b, HLA-DRlo/int, CD15hi, CD16hi, and CD66, with varying expression of CD33 and Arginase-1 (16, 36, 39–41). In addition, recent studies have characterized anti- or pro-tumor TAN populations based on the presence and expression of CD54+, HLA-DR+, CD86+ and CD15hi; and CD170hi and PD-L1+ (42).




Figure 1 | Regulation of TAN responses in the leukemic microenvironment. The figure shows the pro-tumor and antitumor activities of tumor-associated neutrophils (TANs), which provide critical signals for leukemic progression. This network of interactions between TANs, leukemic cells (LCs) and other immune cells [e.g., regulatory T cells (Treg)] results in four main events: [1] recruitment and/or mobilization of neutrophils via CXCL8/CXCR2 to the leukemic microenvironment, where LCs promote the survival of TANs through the release of G-CSF and GM-CSF; [2] reprogramming of TANs to become pro-tumor (N2) or antitumor (N1) cells through stimulation of the leukemic microenvironment through the cytokines IL-10 and TGF-β; [3] immunosuppression promoted by N2 TANs that can preferentially recruit Treg cells and can suppress T cell effector responses, apparently via a PD1-PDL1-mediated pathway; [4] LC proliferation and survival in the leukemic microenvironment regulated by a range of surface molecules (e.g., BAFF and APRIL) expressed by N2 TANs, which also release NETs, which, in turn, delay LC apoptosis; [5] In another scenario, the oxidative burst triggered by N1 TANs can promote the release of reactive oxygen species (ROS) that control proliferation or mediate the killing of LCs. APRIL, A proliferation-inducing ligand; BAFF, B-cell activating factor; G-CSF, granulocyte colony-stimulating-factor; GM-CSF, Human granulocyte-macrophage colony-stimulating factor; NETs, ​​Neutrophil extracellular traps; PD1, Programmed cell death protein 1; PDL1, Programmed cell death-ligand 1; TGF-β, Transforming growth factor-β.



Traditionally, neutrophils act as key elements in the immune system, and play a fundamental role in the immune response through a range of mechanisms, which include: phagocytosis and generation of reactive oxygen species (ROS); antibody-dependent cell-mediated cytotoxicity (ADCC); degranulation and release of proteases; immune cell modulation; and release of extracellular neutrophil traps (NETs), which consists of modified chromatin decorated with bactericidal proteins from granules and cytoplasm (37, 43–46). However, in the tumor context, the effector function of these cells is usually modified to contribute to cancer cell progression through processes such as extracellular matrix remodeling, angiogenesis and lymphangiogenesis, immunosuppression, and promotion of cancer cell invasion and metastasis (47–52). Given these characteristics, besides the fact that they represent up to 70% of circulating leukocytes and are present in large numbers in the tumor microenvironment (TME), TANs are being increasingly investigated in many types of cancer (53–57).

In the context of hematological malignancies, the role of neutrophils in the TME is poorly studied. In the field of leukemias, the role of TANs has been investigated mainly in CLL, in which it was observed that in vitro stimulated neutrophils were more prone to release of NETs, which in turn, have been shown to delay apoptosis and increase the expression of activation markers on LCs (58). This increased susceptibility is driven by the CXCL-8 chemokine, which exhibited significantly elevated levels in the plasma of CLL patients and correlated with the ability to release NETs after neutrophil activation. Of note, plasma from CLL patients has been shown to increase CXCR2 expression in neutrophils, thus allowing CXCL-8-mediated activation; however, the plasma factors responsible for these upregulatory effects remain unknown (58).

Initial observations suggested the possibility that LCs could be driving the maintenance and regulation of TANs to promote leukemic progression. Nonetheless, via further investigations, it was observed that LCs promoted TANs survival through release of G-CSF/GM-CSF and induced their reprogramming through IL-10 and TGF-β cytokines in CD16high CD62Ldim subsets, which are capable of significantly suppressing the effector functions of T cells, such as proliferation and IFN-γ production (59). Moreover, it has been shown that patients with CLL exhibit increased amounts of circulating immunosuppressive neutrophils (CD16high CD62Ldim), and that, depending on the disease stage in the intermediate or advanced state, there is a strong trend toward an increase in the frequency of this TANs subset (59). Such observations reinforce the ability of LCs to induce neutrophil reprogramming to the N2 phenotype and suggest their association with a poor prognosis in CLL patients.

CLL is usually accompanied by immunosuppression and susceptibility to infections (60). Studies carried out seeking to compare the characteristics of neutrophils from patients with CLL who had infections with non-infected patients observed a decrease in chemotaxis and oxidative burst in neutrophils in infected patients (60, 61). Similar results were seen in pediatric patients with ALL, in which oxidative burst was shown to be significantly suppressed in these patients at the time of diagnosis and after remission chemotherapy (62). In addition, studies have also shown that neutrophils from CLL patients have impaired bactericidal activity (60, 63). These data are indicative that neutrophils derived from patients with CLL and ALL tend to lose their effector functions while acquiring pro-tumorigenic capabilities, thus polarizing to the N2 phenotype.

Significant differences in phenotypic characteristics of neutrophils were found in another study that evaluated the expression of receptors and adhesion molecules associated with inflammation. An increased frequency of CD54+ and CD64+ (FcγRI) neutrophils was observed, along with an increase in ROS-generating activity (64). It has been suggested that the activation phenotype of circulating neutrophils could be the result of a systemic inflammatory environment, and is reinforced by high levels of TNF, which would contribute to the survival and proliferation of LCs, while the increase in oxidative potential could be related to chronic activation of the immune system. Interestingly, despite the activation status, neutrophils from CLL patients failed to mount a standard inflammatory response, thus highlighting an unusual activation phenotype with suppressed functional features that possibly comes from stimuli from the leukemic microenvironment (64).

Indeed, stromal cells from the leukemic microenvironment have been shown to interact substantially with neutrophils (65, 66). A study realized in an Eμ-TCL1 CLL murine model indicated that stromal cells from red pulp and the marginal zone of spleens presented LCs infiltrate, overexpressed genes related to neutrophil chemotaxis, including the chemotactic factors S100A8 and S100A9 (MRP8 and MRP14, respectively), the chemokine receptor CXCR2, the pro-inflammatory cytokine IL-1β, and integrin CD11b (Itgam) (65, 66). In addition, neutrophils infiltrated in the leukemic niche were observed to secrete survival cytokines, including APRIL and BAFF, which are important for B cell proliferation. Finally, the neutrophil depletion in Eμ-TCL1 mice, with already developed CLL, demonstrated a reduction in the leukemic burden in spleens, clearly showing that neutrophils support leukemia progression in Eμ-TCL1 mice (65, 66).

Despite all the data presented, little is known about the influence of neutrophils on the development of the antileukemic immune response, especially if we consider the other types of leukemia, which practically remain unexplored. This reinforces the need for investigations into the mechanisms by which neutrophils contribute to disease pathogenesis, besides the impact of their dysfunction on effective immune defense against pathogens and their potential association with the frequent occurrence of severe infections during the period during chemotherapy treatment.



Tumor-associated macrophages (TAMs)

Macrophages are innate effector cells with high phagocytic power and exhibit high functional plasticity that is context-dependent. In other words, they appear in response to different stimuli and assume different functional, phenotypic, and morphological identities (67, 68). Overall, macrophages play a crucial role in activating innate and adaptive responses, since they are important components in defense against infections, tissue repair, antigen presentation, and subsequent initiation of T and NK cell responses in different microenvironments (68).. When detecting tissue alterations, non-activated macrophages (Mφ) assume various activation states within a broad phenotypic and functional spectrum, thus characterizing the M1-M2 macrophage polarization system, which indicates whether these innate immune cells are more pro-inflammatory or anti-inflammatory (69).

M1 or ‘classically activated’ macrophages arise after stimuli mediated by IFN-γ, TNF, GM-CSF, and bacterial LPS. They are capable of producing substantial levels of pro-inflammatory cytokines, such as IL-1β, IL-6, IL-12, IL-23, and TNF (70), and express different intracellular and extracellular markers that allow their distinction, and present cells that are positive for CD68, CD11c, CD14, CD80, CD86, HLA-DR, iNOS and signal transducer and activator of transcription (STAT)-1 (71). On the other hand, M2 or ‘alternatively activated’ macrophages appear after stimuli mediated by cytokines such as IL-4 and IL-13, and are able to produce anti-inflammatory molecules such as IL-10 and TGF-β (Figure 2) (70). Common intracellular and extracellular markers for M2 macrophages include CD68, CD14, CD163, CD204, CD206, STAT3, STAT6, Arginase-1, VEGF and cMAF (72). It is important to note that the designation M2 covers other macrophage populations (M2a, M2b, M2c, and M2d), whose phenotypic and functional diversity remains poorly understood (72).




Figure 2 | Regulation of TAM responses in the leukemic microenvironment. The figure shows the pro-tumor and antitumor activities of tumor-associated macrophages (TAMs), which are critical signs for leukemic progression. This network of interactions between TAMs, LCs and other immune cells [e.g., NK cells and Treg cells] results in five main events: [1] recruitment and/or mobilization of monocytes via CXCL8/CXCR2 and CCL2/CCR2 to the leukemic microenvironment, which differentiate into TAMs; [2] reprogramming TAMs to become pro-tumor (M2) or antitumor (M1) cells through many stimuli from the leukemic microenvironment, such as cytokines and cell-cell crosstalk (i.e., context dependent); [3] immune interactions with LCs within the leukemic microenvironment through a wide range of surface molecules that send many signals to stimulate the proliferation, survival and chemoresistance in LCs (e.g., BAFF, APRIL, CD31, Plexin-B1 and CD2); [4] establishment of a strongly tolerogenic environment, such as M2 TAMs, which produce many suppressive cytokines (e.g., IL-10 and TGF-β) and express immune checkpoints (PDL1 and/or PDL2), and which regulate the responses of T NK cells, and stimulate Treg cell activities; [5] establishment of an inflammatory environment, such as M1 TAMs, thus stimulating the cytotoxic activity of T and NK cells by the production of inflammatory cytokines (e.g., TNF and IL-12) and the expression of co-stimulatory molecules (e.g., CD80, CD86 and HLA-DR), which can promote antitumor responses and the death of the tumor. APRIL, A proliferation-inducing ligand; BAFF, B-cell activating factor; BAFF-R, BAFF receptor; BCMA, B-cell maturation antigen; CCR2, C-C motif chemokine receptor 2; CXCR4, C-X-C chemokine receptor 4; HLA-DR, Human leukocyte antigen DR; LFA-3, Lymphocyte function-associated antigen 3; NK, Natural killer; PD1, Programmed cell death protein 1.



The different subsets of macrophages are critically involved in the progression or regression of several diseases, including cancer (73). As the tumors progress, they are accompanied by an extensively dysregulated hematopoiesis, reflecting in a continuous expansion and renewal of myeloid cells in the bone marrow (BM) and in peripheral sites, which travel between different tissues and contribute to immunosuppression or immunosurveillance (74, 75). As highly heterogeneous cells, macrophages are in continuous communication with the periphery beyond the TME. Therefore, the presence of tumor-associated macrophages (TAMs) is now seen as an important signal of the regulation of tumor immunity, since (i) TAMs infiltrate the TME to regulate tumor growth and (ii) the TME shapes the activity and functional use of TAMs to promote cancer cell metastasis and survival (76).

Many signals that shape the M1/M2 polarization vary according to the type, stage, location of the tumor, and result in different highly dynamic TAM phenotypes (77). Each macrophage is not always functionally restricted to a specific role. For example, it is important to note that IL-6 and IL-1β-producing TAMs, possibly M1-like, promote tumor growth through the production of these cytokines, which shows that M1 TAMs are not always able to precisely exert their antitumor functions during cancer progression (78–80). Further strong evidence of this is that, in some tumors, TAMs that exhibit an M2 phenotype (CD163+ CD206+) perform an activity that is equivalent to M1-like TAMs, and initiate antitumor responses (81–83). Therefore, the M1/M2 classification is too simplistic for this highly heterogeneous cell type.

Generally, TAMs have a recognized role in solid tumors, but their involvement in hematologic malignancies, such as leukemia, remains unclear. There is evidence that crosstalk between TAMs and LCs occurs at different sites during leukemia progression (60, 84–90). The fact that these cells are widely distributed in tissues suggests that TAMs travel to leukemic niches and support the proliferation of LCs, which influences the clinical outcome of the disease (90–94). These early insights are supported by several clinical and preclinical findings that have demonstrated that tumor progression affects the biodistribution of TAMs in the BM and at extramedullary sites, in which M1/M2 balance is extensively dysregulated following recruitment and reprogramming of TAMs to a pro-tumor phenotype (M2) (88, 90, 95–99).

Mobilization of TAMs to leukemic niches is supported by chemokines such as CCL2, CCL3, CCL4, and CXCL12, which regulate their biodistribution (100, 101). Among these molecules, CXCL12 promotes the mobilization of CXCR4+ TAMs to the BM microenvironment and supports M2 polarization (87, 102–104). It is important to note that CCL2 also regulates the infiltration of TAMs into the TME, which, in turn, also produces CCL2 and amplifies the mobilization of more CCR2+ macrophages to the tumor niche (104–106). Leukemia patients exhibit elevated levels of CCL2 and CXCL12 in the BM and blood, which can critically influence the activation and recruitment of TAMs (104, 107–111).

Another important point is that extramedullary sites, such as the lymph nodes, the spleen and the liver, also support the growth and metastatic spread of LCs, and macrophages act as essential stromal components in these compartments (112). Therefore, the idea that local macrophage-mediated signaling pathways are decisive elements for tumor progression is well established in the context of leukemia (91, 113, 114). In line with this, several reports have shown that LCs mobilize CCR1+ or CCR4+ TAMs in lymph nodes via CCL3 and CCL4 (100, 115), which in turn preserve the survival of LCs through cell-cell interactions (116). Similar events also occur in the spleen and liver of mice, in which a high accumulation of M2 TAMs is regulated by the CCR2-CCL2 axis (95, 117). On the other hand, in some cases, M1 TAMs exhibit a curious predominance in the BM and liver of these mice (118). This is evidenced when spleen-derived macrophages are cultured with LCs and promote greater tumor growth in vitro when compared to cultured BM-derived macrophages (99, 119), thus suggesting that different subsets of TAMs may play pleiotropic roles at different sites, since liver TAMs exhibited greater production of inflammatory factors such as CCL5, TNF, and IL-12 than BM and spleen TAMs (120, 121).

By infiltrating different leukemic niches, M2 TAMs produce soluble mediators that support LC expansion and survival (84). When monocytes from healthy donors are cultured with LCs, they differentiate into M2 and increase the resistance of LCs to apoptosis via CXCL12 secretion (113). Additionally, some cytokines and chemokines may also participate in this process, since M2 TAMs also secrete IL-8, IL-10, TGF-β, CCL2, CCL4, CXCL13, and other soluble mediators that are capable of inducing tumor growth in vitro and in vivo (98, 117, 121–125). In turn, LCs can produce substantial levels of IL-4, IL-10, IL-13, NAMPT, Arginase-2, and BMP-4, which regulate the pro-tumor functions of TAMs (84, 122, 123, 126).

An emerging mechanism of cell-cell communication during tumor progression is the release of exosomes, endosomal-derived vesicles, which carry different molecular components (e.g., nucleic acids, proteins, or metabolites) and are present in several biological fluids, being secreted by many cell populations, including immune and cancer cells (127, 128). These extracellular vesicles play an important role in the crosstalk between LCs and TAMs and reprogram these leukocytes into leukemia-supportive effector cells. Previous studies have reported that LC-derived exosomes are able to polarize macrophages to an immunosuppressive phenotype with enriched expression of PD-L1 on the cell surface and overproduction of IL-10 (129, 130). The high expression of PD-L1 by TAMs allows it to suppress the activity of PD1+ T cells and NK cells (11, 117).

Other receptors act to send survival signals to LCs. Studies have shown that CD163 binds to the unknown ligand on LCs, and its expression correlates with an increased leukemia burden (90, 98). In this sense, it is worth noting that CD163 induces a strong production of IL-10 by macrophages (131), in which this cytokine is a potent stimulator of malignant B cells (132, 133). In addition, M2 TAMs upregulate the expression of BAFF and APRIL, which bind to BAFF-R and BCMA expressed in LCs, respectively (134, 135). These ligands may be related to the resistance of LCs to chemotherapy and apoptosis, as previously reported (134, 136, 137). Finally, the expression of CD31 and plexin-B1 by these cells leads to an increased potential for LC survival (101, 138). This is because LCs express CD38 and CD100, which are receptors for CD31 and plexin-B1, respectively (138, 139). The CD2–LFA-3 axis was also shown to be critical in the crosstalk between M2 TAMs and LCs, as it also acts on the sending of stimulatory signals to LCs (116).

Although the functions of TAMs are often related to leukemic progression, it is still difficult to establish their precise prognostic value in leukemia. While several reports highlight their strong pro-tumor interactions through the production of soluble mediators and surface receptors, some evidence suggests that M1 TAMs can be mobilized to the BM or extramedullary sites (99, 118–121). Whether they are playing a protective role is still an open question, but strong evidence of this is that when M2 TAMs are treated with IFN-γ, they polarize to an M1 profile, inhibit their regulatory activity, and increase HLA-DR expression, CD86, and CD64, and exhibit a high antileukemic response in vitro (140). However, the antitumor activity of TAMs in leukemia remains poorly investigated; although, it is evident that M1 TAMs produce inflammatory factors in the TME (120, 121). The fact is that the presence of M2 TAMs is generally associated with an increased leukemic burden and, subsequently, an unfavorable prognosis (90, 118, 141). Therefore, future investigations should focus on the different macrophage subsets and their functional and prognostic relevance in different leukemia subtypes.



Myeloid-derived suppressor cells (MDSCs)

Myeloid-derived suppressor cells (MDSCs) correspond to a phenotypically heterogeneous cell population that is derived from immature myeloid precursors of the granulocytic or monocytic lineage (16). The ontogeny process of MDSCs involves blocking differentiation in normal hematopoiesis, thus preventing their terminal differentiation, and promoting their expansion. This feature highlights their distinction from terminally differentiated, mature myeloid cells; although their distinction from neutrophils is usually a controversial topic (16, 142). However, studies have shown that these cells can also differentiate from a monocyte-like precursor of granulocytes (143). In humans, there is still a recently discovered subpopulation known as “early MDSCs”, which represent less than 5% of the MDSC population; however, little is known about their role (144). In general, as evidenced by their name, pathologically activated MDSCs exhibit strong immunosuppressive capabilities, and act as crucial drivers of an immunosuppressive microenvironment (16).

MDSCs are subdivided into two groups: polymorphonuclear MDSCs (PMN-MDSCs), which are morphologically similar to neutrophils; and monocytic MDSCs (M-MDSCs), which are morphologically similar to monocytes (142, 145). In humans, they are identified from specific cell markers; however, these are far from uniform. PMN-MDSCs are defined as CD11b+ CD14-CD15+/CD66+ cells (146–148). In turn, M-MDSCs are defined as CD14+ CD15-/CD66- HLA-DRlo/- (144). CD14 is a characteristic surface marker of monocytes, while HLA-DRlo/- helps distinguish M-MDSCs from mature monocytes and CD15- distinguishes M-MDSCs from PMN-MDSCs (149). As PMN-MDSCs are morphologically and phenotypically like classical neutrophils, the main way to differentiate them is functionally, i.e., based on their ability to suppress other immune cells, since normal neutrophils are not immunosuppressive cells (150–152). On the other hand, there is still an intense debate on the distinction between N2 TANs and PMN-MDSCs, due to shared origin, phenotypic and functional characteristics. However, despite the high similarity between these cell populations, it has recently been shown that lectin-like oxidized LDL receptor-1 (LOX-1), which is highly expressed in human PMN-MDSCs, may represent a specific marker to distinguish these cells from mature neutrophils in peripheral blood and tumor tissues (153).

PMN-MDSCs and M-MDSCs are activated by prolonged stimulation that is mediated by growth factors and pro-inflammatory cytokines (GM-CSF, CSF1, IL-6, and 1L-1β), as seen in conditions such as cancer, chronic infections, and autoimmune diseases (144). The stimuli that lead to their activation occur in two stages, and these are referred to as Phase 1, which is characterized by the expansion of MDSCs, and Phase 2, which is characterized by differentiation into a granulocytic or monocytic lineage (154). The expansion and activation of these cells are both dependent on transcription factors such as STAT1, STAT3, STAT6, and NF-κB, which result in the upregulation of the cytokines IL-10, TGF-β, and, in some conditions, IFN-γ; of immunosuppressive factors such as arginase 1 (ARG1), inducible nitric oxide synthase (iNOS) and reactive oxygen species (ROS); in addition to immunological checkpoint inhibitors such as Programmed death-ligand 1 (PDL1) and V-domain Ig suppressor of T cell activation (VISTA) (Figure 3). Together, these mediators promote anergy of cytotoxic T cells and tumor-specific T helper (Th); expansion of regulatory T cells (Treg); reprogramming of TANs and TAMs in N2 and M2, respectively; and decrease in L-arginine and L-cysteine, which are amino acids necessary for the activation and proliferation of T cells, thus collaborating in the remodeling of an immunosuppressive microenvironment that is susceptible to neoplastic progression (155–162).




Figure 3 | Regulation of MDSC responses in the leukemic microenvironment. The figure shows the origin and pro-tumor activities of myeloid-derived suppressor cells (MDSCs), which provide critical signals for leukemic progression. This network of interactions between MDSCs, LCs, and other immune cells [e.g., T cells, NK cells, and Treg cells] results in four main events: [1] emergence of MDSCs in bone marrow from common myeloid progenitor cells that differentiate into PMN-MDSC and M-MDSC after persistent inflammatory signals, thus characterizing a process known as “emergency myelopoiesis”; [2] activation and recruitment of Treg cells through the release of regulatory cytokines (e.g., IL-10, TGF-β), which contribute to immunosuppression of the leukemic microenvironment;[3] exhaustion of T and NK cells from different inflammatory (e.g., IL-6, TNF and IL-1β) and/or anti-inflammatory (e.g., IL-10, TGF-β, Arg1, IDO and iNOS) mediators and surface molecules (PDL1 or VISTA) expressed by MDSCs, which regulate antitumor responses;[4] LC proliferation and survival, which are a consequence of suppression of T cell and NK cell effector responses and activation of Treg cells in the leukemic microenvironment. Arg1, Arginase 1; IDO, Indoleamine; iNOS, nitric oxide synthase; M-MDSC, monocytic-MDSC; NK, Natural killer; PDL1, Programmed death-ligand 1; PMN-MDSC, polymorphic mononuclear-MDSC; TGF-β, Transforming growth factor beta; TNF, Necrosis factor tumoral; Treg, Regulatory T cells; VISTA, V-domain Ig suppressor of T cell activation.



In addition, MDSCs may harbor tumor-promoting functions that are independent of immune suppression, such as promoting metastasis and angiogenesis through the production of vascular endothelial growth factor (VEGF), fibroblast growth factor β (FGF-β) and matrix metalloproteinase-9 (MMP9). Furthermore, studies have described that these cells can be mobilized from the BM through G-CSF, GM-CSF, or hypoxia to metastatic environments, in which pro-inflammatory mediators, such as IL-6, TNF-α, and prostaglandin E2 (PGE2), can increase their immunosuppressive functions (16, 75, 163, 164). Thus, once activated, MDSCs become crucial factors in TME and have a significant role in the development of several solid and hematological neoplasms, in addition to being frequently associated with different stages of cancer (165–169).

In the field of acute leukemias, studies performed in pediatric patients with B-cell ALL showed a significant increase in the frequency of PMN-MDSCs, along with T reg cells in the circulation and BM compartment, which exhibited a positive association with the presence of measurable residual disease (MRD) (170). In addition, it was observed that the number of PMN-MDSCs decreased markedly in patients who went into remission, and was comparable to the control group (171). Similarly, in adult AML patients, MDSCs (CD33+ CD11b+ HLA-DRlow/neg) were significantly increased in BM and were associated with extramedullary infiltration and increased serum D-dimer concentration in plasma; however, after induction chemotherapy, there was a decrease in the frequency of these cells (172). In addition, the frequency of M-MDSCs also showed a significant increase, both in circulation and in the percentage of peripheral blood mononuclear cells (PBMCs), which was associated with a low rate of remission, high rate of relapse, and low long-term survival (173).

Regarding chronic leukemias, it was reported that patients with high-risk CML showed an increase in the frequency of PMN-MDSCs, as well as in the expression of Arg-1, which is known to inhibit T cells. In addition, PMN-MDSCs exhibited a positive upregulation for PD-L1, in conjunction with the PD-1 receptor on T cells (174). Studies also observed that the frequency of PMN-MDSCs was elevated at the time of diagnosis, and decreased to normal percentages after imatinib therapy (175). Finally, studies performed on patients with CML and CLL also observed a significant increase in the frequency of M-MDSCs at diagnosis, together with increased expression of IL-10 and TGF-β, which in vitro have been shown to induce T cell suppression and activation of Treg cells (174, 176, 177). In general, high frequencies of PMN-MDSCs and M-MDSCs can directly influence the clinical course of acute and chronic leukemias, thus highlighting their role as potential prognostic biomarkers and therapeutic targets in these patients (178–182).



Concluding remarks and future perspectives

The ‘Hallmarks of Cancer’ were proposed as a set of functional capabilities acquired by human cells as they progress from normality to neoplastic growth states (183). In the most recent elaboration of this concept, after little more than a decade of incessant research into the immunobiology of cancer, the role of immune cells in the neoplastic progression is well recognized. Today, inflammation and immune evasion are considered hallmarks of cancer progression, highlighting the direct involvement of immune cells, including myeloid lineage cell populations (184). Supporting this fact, TANs, TAMs, and MDSCs represent one of the main immune infiltrates in tumor niches, and are usually associated with suppressive mechanisms that attenuate immune surveillance, cytotoxic response, and, in many cases, the success of T cell-based immunotherapies (16).

Similarly, eosinophils and basophils also infiltrate multiple tumors and are activated to regulate tumor progression, either by directly interacting with cancer cells or indirectly by modulating the TME (185–188). Platelets, small anucleate structures derived from BM megakaryocytes, have also been shown to play a broad role in tumor progression, and favor proliferation from the release of growth factors and drug resistance (189–191). In addition, they act in the formation of secondary niches through a mechanism called “cloaking”, in which platelets produce physical protection in cancer cells, thus assisting in vascular migration and extravasation to the tissues to form metastases (192–194). It is noteworthy that, although promising, these myeloid cell populations and products still present themselves as poorly recognized targets and therefore require further investigation.

In this review, we seek to elucidate the role, mechanisms, and clinical implications of TANs, TAMs, and MDSCs in the leukemic microenvironment (Figure 4), as well as in the prognosis of patients with leukemia (Table 1). Based on the body of evidence, it is possible to suggest that the high frequency of tumor-associated neutrophils and macrophages, leaning towards an anti-inflammatory phenotype (N2 and M2, respectively), along with PMN-MDSCs and M-MDSCs could contribute to the identification of patients that are characterized by high-risk of disease at diagnosis and during treatment. In addition, several studies have highlighted the role of these cell populations as critical determinants of resistance to chemoimmunotherapy and targeted therapy, acting as a “Yin” role (5–10).




Figure 4 | Yin-Yang with the dual role (pro and antitumor) of myeloid cells in the leukemic microenvironment. In leukemia, the different subsets of myeloid cells (TANs, TAMs and MDSCs) can exert dichotomous functions dictated by the polarization status of each cell. The pro-tumor phenotype is highlighted by the presence of N2 TANs, M2 TAMs and MDSCs, which show strong immunosuppressive activity through the production of anti-inflammatory mediators and formation of leukemic niches that contribute to the increase in tumor burden. In contrast, the antitumor phenotype involves the presence of N1 TANs and M1 TAMs that can exert protective functions through the release of cytotoxic mediators, tumor antigen presentation, death or phagocytosis of leukemic cells.




Table 1 | Association of frequency of myeloid cell populations with the clinical implications of leukemia patients.



On the other hand, we also cannot rule out the potential “Yang” role of myeloid cells in stimulating the immune response. Recent technological advances have helped the generation of genetically modified myeloid cells to enhance their antitumor properties. In summary, through genetic engineering, these cells increase the expression of cell surface receptors and antigens, as well as cytokines capable of modulating TME contributing to a pro-inflammatory environment, thus increasing the activation of cytotoxic immune cells (195). In in vivo studies, genetically modified myeloid cells have been shown to be able to migrate to primary tumor niches, which increases antigen presentation and IFN-γ production, promotes T cell activation, and reduces tumor burden (196, 197).

Collectively, these data indicate that the reprogramming or repolarization of myeloid cells presents itself as a promising and effective strategy, which should be explored in the context of immunotherapeutic approaches aimed at leukemias, especially considering the large cellular repertoire of the leukemic microenvironment, in addition to the intense and dynamic crosstalk between LCs and surrounding cells. Finally, it is important to highlight the scarcity of data on the dual role (Yin-Yang) of myeloid cell populations in different types of leukemia, since the characterization of the immune microenvironment of the medullary compartment can indicate relevant therapeutic targets and follow-up biomarkers of patients, in addition to providing promising immunotherapies, which would aid in controlling the disease in the long term and improving quality of life for patients.
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Cell Type

Total CD4"
T cells

CD8" T cells

Tregs

Neutrophils

Monocytes/
macrophages

Frequency Location
among in BM
total BM
cells

Widely
distributed
throughout
the BM

~0.5-1% Widely
distributed
throughout
the BM
Widely
distributed
but closely
associated to
the
endosteum
Widely
distributed
throughout
the BM

~0.5%

~35%

~0.4% Widely
distributed
throughout

the BM

Eftect on HSC niche and/or HSCs

Antigen-activated CD4" T cells modulate basal hematopoiesis
(20). T helper cells actively regulate hematopoietic progenitor cell
homeostasis (21).

The interaction of HSPCs expressing immunogenic antigens with
CD4" T cells results in stem cell differentiation and depletion of
immunogenic HSPCs (22).

Protect HSCs from immune destruction (25). Promote HSC
maintenance through adenosine generation (26). Modulate
lymphopoiesis via IL-7 derived ICAM-1" stromal cells (27).
Tregs regulate regulate myelopoiesis (28). Tregs regulate stromal
cell function (29).

Indirect via macrophages.

Clearance of aged BM neutrophils by macrophages by promotes
HSPC mobilization through reduction of CXCL-12 and CAR
cells levels (34).

Regulate retention of HSCs and HSPCs indirectly by modulating
MSCs and CXCL-12 expression in the BM (16, 35, 36).

Promote the expansion of myeloid progenitors in response to
microbial products (37).

Eftect on LSCs and leukemia niche

CD8" CTLs are dysfunctional, fail to eliminate CML
LSCs in vivo and rather promote their expansion
(23, 24).

Protect LSCs from elimination by endogenous CD8"
CTLs and adoptively transferred CD8" CTLs in
CML (30) and AML (31), respectively.

Treg depletion in a prophylactic setting (32), and in
a minimal residual disease setting (33) promotes
anti-leukemic immunity in a murine AML model.

Myeloid cells derived IL-6 and IL-1b modulate the
niche in leukemia (18, 38). IL-6 induces myeloid
differentiation of MPPs in CML (38). IL-1b induces
apoptosis in sympathetic nerve fibers resulting in a
loss of MSCs and expansion of HSCs in MPD (18).
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Reference Target cell Impact

Fujisaki (25) Hematopoietic stem  Tregs co-localize with HSPCs, generate an immune-privileged niche and support persistence of allogeneic HSCs.
and progenitor cell

Urbieta (28) Myeloid progenitor  Tregs inhibit IL-3/SCE-mediated differentiation of myeloid progenitor through MHC-class II and TGE-B dependent mechanisms.

cells
Kim (45) T cell Tregs indirectly regulate B cell lymphopoiesis by reducing the production the hematopoietic cytokines GM-CSF, TNF, and IL-6
by effector T cells.
Pierini (27) ~ Perivascular stromal Tregs control normal B-cell lymphopoiesis by regulating the production of IL-7 by ICAM1" perivascular stromal cells.
cell
Camacho Mesenchymal stromal ~ BM Tregs regulate hematopoiesis indirectly through modulation of MSCs via secretion of IL-10.
(29) cell
Hirata (26) ~ Hematopoietic stem Treg-derived adenosine protects HSCs from oxidative stress and maintains their quiescence. In addition, CD150" Tregs, crucially

cell contribute to the engraftment of HSCs into the BM after allogeneic BM transplantation.
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Mechanism Features Tumor types References
Malignant cell selection Low effectiveness to eliminate mutated cells ALL, breast, bladder, colorectal, CML, esophageal, endometrial, HN, (62-67)
Gain of DNA and epigenetic mutations that hepatocellular, gastric, glioblastoma, lung, lymphoma, melanoma,
increase the proliferation ability pancreatic, prostate, ovarian
Resistance to immunity-induced apoptosis (by
abnormal function of IFNy receptor or tyrosine
kinases association)
Altered expression of HLA Reduced of HLA-I antigen expression ALL, CLL, AML, CML, breast, cenvical, colorectal, gastric, (55, 60, 68,
antigens and co-stimulatory ~ Abnormal expression of co-stimulatory molecules hepatocellular, lymphoma, lung, melanoma 69)
molecules (CD80 or CD86)
Poor stimulation of T cells
Reduced CTL response
Chronic PD-L1 expression  Prolongated immunosuppressive state in the ALL, CML, breast, colorectal, esophageal, gastric, HN, lung, (55, 57, 58,
by host cells tumor microenvironment melanoma, ovarian, sarcoma 70, 71)
Repressed T-cell function
T cell dysfunction Reduced T-cell response ALL, CLL, breast, glioblastoma, lung, hepatocellular, melanoma, (55, 62,
Cytokine production impairment ovarian, sarcoma 72-76)

T-cell "anergy” and autophagy

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphoblastic leukemia; CML, chronic myeloid leukemia; CTLs, cytotoxic T lymphocytes; HN, head and
neck; TAM, tumor-associated macrophages; APCs, antigen-presenting cells.
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AML
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CML

Clinical implications

Tendency to increase the frequency of circulating immunosuppressive neutrophils (CD16™#"CD62L%™) according to
intermediate or advanced stage of the disease.

Increased frequency of M2 TAMs in BM¥ and extramedullary sites as an independent factor for an unfavorable
prognosis.

High infiltration and mobilization of M2 TAMs in BM associated with a worse prognosis.

Increased frequency of M2 TAMs in lymph nodes correlated with a high proliferation of LCs.

High frequency of M2 TAMs in BM during transition from chronic to blast phase correlated with disease progression.

Increased frequency of PMN-MDSCs in BM and blood indicative of positive MRD.

Decreased frequency of circulating PMN-MDSCs correlated with a better prognosis.

High infiltration of MDSCs in the BM associated with positive MRD.

High frequency of circulating M-MDSCs correlated with low rate of remission, disease relapse, and poor survival.

Increased frequency of MDSCs correlated with greater immunosuppression and increased leukemic burden in
untreated patients.

Frequency of circulating PMN-MDSCs at diagnosis and at the end of treatment correlated with high-risk disease and
poor response to chemotherapy.

References

(59)
(88, 96, 98)

(88, 92, 95)
(90)
(97,141)

(170)
(171)
(172)
(173)
(176, 177)

(174, 175)

*TANS, tumor-associated neutrophils; TAMs, tumor-associated macrophages; MDSCs, myeloid-derived suppressor cells; “CLL, chronic lymphocytic leukemia; ALL, acute lymphoblastic
leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; "BM, bone marrow; LCs, leukemic cells; PMN-MDSCs, polymorphonuclear MDSCs; MRD, Measurable residual
disease; M-MDSCs, monocytic myeloid-derived suppressor cells.
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Clinical parameter

n

Gender (male/female)

Age (years)

ALP U/L (40-150)

ALT U/L (<55)

AST UJ/L (5-34)

Cholesterol mg/dl (<200)
Triglycerides mg/dl (<150)
HDL mg/dl (>40)

LDL mg/dl (<100)
Non-HDL chol. mg/dl (<130)
Serum C3 mg/dl (82-185)
Serum C4 mg/dl (15-53)
WBC x10e*/l (4-10)
Lymph. abs x10e*/ul (1.5-8)
Lymph. % (19-48)

Platelets x 10e’/pl (130-400)
RBC x 10e°/ul (4-5.5)

Hb g/dl (13-18)

CLL patients

65
41/24
67.6 + 1.3*
87.6 + 6.7
20.0 + 1.4*
23310
161.5 + 6.3*
151.0 +10.7
351+ 1.9*
96.4 + 6.1*
1257 £ 6.5*
127.8 £ 6.1
26.5 £ 1.6
49.5 + 8.8*
44.9 £ 9.6
69.0 + 2.5
1592 :+:92%
4.3 +0.1*
129 + 0.3

Normal controls

30
19/11
59.6 1.9
742 3.6
279 £2.1
24408
196.9 + 8.4
147.8 £17.9
473 28
1208 £7.9
149.6 £ 8.3
119.5 + 3.6
315+ 15
6.9+0.3
2201
309 +12
2434 +93
4.8 +0.1
141+03

p-value

0.001
0.105
0.002
0.502
0.001
0.932
<0.001
0.016
0.023
0.320
0.052
0.002
0.001
<0.001
<0.001
0.003
0.006

The results of subjects’ characteristics are shown as mean + SEM. ALP, alkaline phosphatase; AST, aspartate transaminase; ALT, alanine transaminase; HDL, high density lipoprotein; LDL,
low-density lipoprotein; non-HDL Chol., Non-HDL Cholesterol; C3, complement component 3; C4, complement component 4 WBC, white blood cells; Lymph. abs., absolute lymphocytes

count; Lymph.%, lymphocytes percentage; RBC, red blood cells; Hb, hemoglobin. * indicates significant p value (p<0.05) as indicated by t-test.
Significant p values (<0.05) are indicated by bold text.
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Clinical parameters R value p value

WBC 0.29 0.02
Lymph. abs. 0.42 0.004
Lymph. % 0.09 0.056 (ns)
Platelets -0.48 0.0001
RBC -0.42 0.0045
Hb -0.44 0.0004
CD38+ % 0.56 0.024

The results of linear correlation analysis between serum A2M levels and hematological
parameters are shown. WBC, white blood cells; Lymph. abs., absolute lymphocytes count;
Lymph%., lymphocytes percentage; RBC, red blood cells; Hb, hemoglobin; % CD38+,
percentage of CD38 positive B-lymphocytes; ns, non-significant p value. P value <0.05
was considered significant.

Significant p values (<0.05) are indicated by bold text.
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Clinical parameters

ALP

AST

ALT

Glucose

HDL

Non-HDL Chol.
LDL

Cholesterol
Triglycerides
b2M

R value

0.53
0.43
-0.22
0.47
-0.47
0.083
0.007
-0.104
0.21
0.62

p value

0.0007
0.0074
0.180 (ns)
0.0026
0.0018
0.63 (ns)
099 (ns)
0.52 (ns)
0.186 (ns)
0.0033

The results of linear correlation analysis between A2M levels and biochemical parameters
are shown. ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine
transaminase; HDL, high density lipoprotein; LDL, low-density lipoprotein; non-HDL
Chol., Non-HDL Cholesterol; B2M, beta-2-microglobulin; ns, non-significant p value.

P value <0.05 was considered significant.

Significant p values (<0.05) are indicated by bold text.
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therapy CAR-T cell therapy

-290 days
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-26 days
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-5 to -3 days
0 to +2 days
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Date of
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T315I mutation was
detected, withdraw
Dasatinib
CAG+Pred+L-Asp
Standard lymphodepleting
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Anti-CD19 CAR-T cells

infusion

HSCs infusion

Symptomatic and
supportive treatment

The patient abandoned the
treatment

Date of BM  Blasts

aspiration
2016/4/7
2016/5/9

2016/6/9

2016/7/18
2016/8/18

2016/9/21
2016/10/14

2016/10/25
2012/11/23

2016/11/28

2016/12/7

2017/1/22
2017/2/4
2017/3/27

2017/4/15

in BM

0.0%

0.0%

0.0%

0.8%

0.0%

11.0%
0.6%

2.6%
12.0%

33.0%

68.0%
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Negative
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10.50%

2.70%

20.20%

BCR-ABL 190
(copies/mL)

6.70x10°
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Negative
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Negative
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Response

Morphology
CR

Morphology
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Molecular
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Morphology
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Morphology
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Relapse

Molecular
CR

Molecular
relapse

Relapse

Progression

Progression

Molecular
CR

Molecular
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Molecular
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BM, bone marrow; MRD, minimal residual disease; CR, complete response; VDCP, vincristine, daunorubicin, cyclophosphamide, and prednisone; CAM, cyclophosphamide, cytarabine,
and 6-mercaptopurine; HD-MTX, high-dose methotrexate; DOAME, dexamethasone, vincristine, cytarabine, mitoxantrone, and etoposide; CAG+Pred+L-Asp, cytarabine, aclacinomycin,

granulocyte colony-stimulating factor, prednisone, and l-asparaginase; HSCs, hematopoietic stem cells; -: not available.
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VARIABLES

Age

(< 65 vs. 2 65)
Gender

(Male vs. Female)
B2M

(< 3.5vs. > 3.5)
LDH

(< 245 vs. > 245)
IGHV

(Unmut vs. Mut)
TP53 aberration
(No vs. Yes)
Lymphocyte
Percentage

(< 90% vs. = 90%)
Del(13q)

(No vs. Yes)
Del(11q)

(No vs. Yes)
Trisomy 12

(No vs. Yes)

Rai stage

(0-2 vs. 3-4)
Disease status
(ND vs. R/R)
ALC

(< 15 x 10°/L vs. > 15 x10°/L)
Bulky Disease
(Yes or No)
TCF1

(Low vs. High)
BCL11B

(Low vs. High)

CI, confidence interval; HR, hazard ratio.

UNIVARIATE COX
HR (95% CI)

037
(0.17 - 0.83)
0.24
(0.10 - 0.58)
0.36
(0.15 - 0.85)
0.49
(0.22 - 1.07)
329
(1.03 - 10.56)
047
(0.20 - 1.12)
114
(0.58 - 2.23)

1.63
(0.74 - 3.59)
048
(0.18 - 1.24)
035
(0.11 - 1.08)
0.36
(0.17 - 0.75)
037
(0.17 - 0.83)
0.61
(0.31 - 1.20)
112
(0.57 - 2.19)
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(1.8 - 9.85)
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(1.06 - 5.27)

P value

0.001

0.001

0.002

0.041

0.004

0.030

0.703

0.178

0.040

0.006

< 0.001

0.001

0.141

0.737

< 0.001

0.007

MULTIVARIATE COX

HR (95% CI)

0.90
(0.72 - 1.14)
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(0.09 - 23.08)
0.01
(0.00 - 1.02)
0.07
(0.00 - 8.10)
0.00
(0.00 - 0.28)

0.00
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1.57
(0.01 - > 50)
45.99
(1.69 - > 50)
30.81
(2.59 - > 50)

> 50
(5.85 - > 50)

0.00
(0.00 - 0.13)
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Pre-infusion tumor burden

MRD >5% or with EMD 43 (81.1)
MRD <5% 10 (18.9)
CAR structure

CD28 38(71.7)
CD28/4-1BB 15 (28.3)
Pre-transplant BM-MRD

MRD negative CR 22 (88.0)
MRD positive CR 3(12.0
Transplant-related complications

aGVHD 11 (44.0)
cGVHD 1(4.0)
PES 19 (76.0)
TRM 4(16.0)

Data are presented as the median (range) or count (percentage).

UCBT, unrelated cord blood transplantation; EMD, extramedullary disease; MRD, minimal
residual disease; CAR, chimeric antigen receptor; BM, bone marrow; CR, complete
remission; aGVHD, acute graft-versus-host disease; cGVHD, chronic graft-versus-host
disease; PES, pre-engraftment syndrome; TRM, transplantation-related mortalty.
*Include: Complex karyotype, BCR-ABL1, MLL-AF4, TP53, E2A-PBX1.





OPS/images/fimmu.2022.879030/table2.jpg
ltems

Univariate analysis
Bridging to UCBT

No

Yes

CAR structure

CD28

CD28/4-1BB

Age (years)

<25

>25

Poor prognostic markers*
No

Yes

Number of relapses
<2

>2 or NR

Tumor burden

MRD >5%/EMD

MRD <5%
Multivariate analysis
ltems

Bridging to UCBT
Age (years)

Poor prognostic markers

EFS RFS os
Median/mean  Log-rank x* P Median/mean  Log-rank x? P Median/mean  Log-rank x? P

6.2 4.456 0.035" 2 3.990 0.046* 15.3 2.522 0.112
123 22.3 30.8

10.0 0.084 0.772 12.3 0.113 0.737 16.6 0.165 0.694
9.8 123 30.8

18.3 3.362 0.067 22.3 1.198 0.274 33.2 3.090 0.079
2 10.1 16.3
223 2.985 0.084 6.5 1.946 0.163 38.0 3.610 0.057
8.2 27 19.3

14.5 0.817 0.366 18.3 0.788 0.375 22.2 0.531 0.466
8.3 1.3 16.5

8.8 0.001 0.979 6.1 0.514 0.474 16.5 0.099 0.754
10.8 41 16.6

HR (95% Cl) P HR (95% CI) P HR (95% Cl) P

0.562 (0.232-1.370) 0.205 0.456 (0.210-0.992) 0.048* 0.737 (0.276-1.964) 0.541
1.2983 (0.521-3.205) 0.580 1.865 (0.788-4.413) 0.156 1.679 (0.612-4.601) 0.314
2.033 (0.945-4.375) 0.069 & & 2.411 (1.022-5.688) 0.045”

EFS, event-free survival; RFS, relapse-free survival; OS, overall survival; UCBT, unrelated cord blood transplantation; CAR, chimeric antigen receptor; NR, non-remission; MRD, minimal

residual disease; EMD, extramedullary disease; HR, hazard ratio; Cl, confidence interval.
*Include: Complex karyotype, BCR-ABL1, MLL-AF4, TP53, E2A-PBX1.





OPS/images/fimmu.2022.879030/table3.jpg
Characteristics

Non-UCBT group (N = 27)

UCBT group (N = 29)

P value (Non-UCBT vs. UCBT)

Age (years)

<25

225

Gender

Men

Women

Number of relapses

<2

>2 or NR

Poor prognostic markers*
No

Yes

Pre-infusion tumor burden
MRD <5%

MRD =5% or with EMD
CAR structure

CD28

CD28/4-1BB

Data are presented as count (percentage).
"P < 0.05 (bilateral); **P < 0.01 (bilateral).

4(14.3)
24 (85.7)

8(28.6)
20 (71.4)

12 (42.9)
16 (57.1)

9(32.1)
19 (67.9)

5(17.9)
23 (82.1)

21 (75.0)
7(25.0)

19 (76.0)
6 (24.0)

8(32.0)
17 (68.0)

5(20.0)
20 (80.0)

17 (68.0)
8(32.0)

<0.001*

0.145

0.833

0.991

0.842

0.572

UCBT, unrelated cord blood transplantation; NR, non-remission; MRD, minimal residual disease; EMD, extramedullary disease; CAR, chimeric antigen receptor.
*Include: Complex karyotype, BCR-ABL1, MLL-AF4, TP53, E2A-PBX1.
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Characteristics

Number of patients

Median age (range), years

Male sex, n (%)

Median level of pre-HSCT MRD (range), %
Median time from diagnosis to allo-HSCT (range), months
Donor-recipient sex match grafts, n (%)
Male-male

Male-female

Female-male

Female-female

Donor-recipient relationship, n (%)

Father-child

Mother-child

Brother-brother

Sister-brother

ABO matched grafts, n (%)

Matched

Major mismatch

Minor mismatch

Bidirectional mismatch

Cell compositions in grafts, mean (range)

Infused nuclear cells, 10%/kg, mean (range)
infused CD34*cells, 10%kg, mean (range)
Median time of neutrophil engraftment (range), days
Median time of platelet engraftment (range), days
Grade II-V aGVHD, %

Chronic GVHD, %

Moderate to severe cGVHD, %

3-years probability of LFS, %

3-years probability of OS, %

CAR-T Bridge to Allo-HSCT

35
8.4 (1-17)
17(48.6)
0.04 (0.00-0.77)
8.2 (3-14)

17 (48.5)
11(31.4)

95 (7.0-14.0)
3.4 (1.2-9.8)
13.4 (10-18)
15.6 (9-46)
22
43
19
75.0
856

Chemotherapy Bridge to Allo-HSCT

20
9.3 (1-17)
11 (65.0
0.06 (0.00-1.5)
7.5 (4-20)

12 (60)
7(35.0)
0(0.0)
1(5.0)

18(90.0)
1(5.0)
00.0)
1(5.0)

12 (60.0)
3(16.0)
4(20.0)
1(5.0)

9.5 (6.6-13.91)
2.8(0.9-4.7)
13.9 (10-19)
20.3 (10-43)

21

40

21
68.7
733

P value

0.546
0.781
0.754
0.348

0575
0.786
0.182
0.429

0.165
0.627
0.182
0.627

0.575
0.943
0.364
0911

0.792
0.543
0.965
0.687
0.758
0.810
0.897
0.586
0.920

CAR-T, chimeric antigen receptor T cells; GVHD, graft-versus-host disease; HSCT, allogeneic hematopoietic stem cell transplantation; LFS, leukemia-free survival; MRD, minimal residual

disease: OS, overall survival.
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Patient Cyto/mol abn MRD Before Total CAR- Time of Time of B Cell Treatment After CAR-T Outcome
Lymphodepletion (%) T cells/kg Persistence Recovery Disappeared After CAR-T
infused of CAR-T Cell (months)
(months)
1 No 0.08 3.4x10° 4 25 6-MP; MTX CCR for 29
months
2 hypodiploid 0.02 5.0x10° 25 15 6-MP; MTX CD19+relapse
3 No 0.03 3.0x10° 25 6 6-MP; MTX CCR for 21
months
4 TEL/AML1 0.3 5.3x10° 4 4 6-MP; MTX CCR for 12
months
5 hyperdiploid 0.98 0.45x10° 12 7.5 6-MP; MTX CCR for 14
months
6 IKZF1 0.56 5.0x10° 8 without B cell ~ 6-MP; MTX CCR for 23
recovery months
7 TEL/AMLA1 0.06 4.6x10° 2 2 CD22-CAR-T CCR for 14
months
8 IKZF1; complex 0.28 5.0x10° 5 without B cell  Chinese medicine CD19-relapse
chromosome recovery

CAR-T, chimeric antigen receptor T cells; Cyto/mol abn, cytogenetic/molecular abnormalities; CCR, continuous complete remission; 6-MP, mercaptopurine; MRD, minimal residual

disease; MTX, methotrexate.
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Characteristics CAR-T Group Non-CAR-T Group P value
Number of patients 43 34

Mediian age (range), years 8.3 (1-17) 8.2 (1-17) 0.978
Male sex, n (%) 23 (53.5) 22 (64.7) 0.359
Cytogenetic risk group

Low-risk, n (%) 29 (67.4) 19 (55.8) 0.348
High-risk, n (%) 14 (32.6) 15 (44.2) 0.348
Fusion genes, n (%)

MLL-AF4 2(4.6) 4(11.7) 0.251
E2A-PBX1 2(4.6) 2(5.8) 0.810
TEL-AML1 6(13.9) 2(5.8) 0.252
E2A-HLF 123 129 0.867
High hyperdiploid 6(13.9) 3(88) 0.489
High risk gene mutation, n (%) 14 (32.5) 13 (38.2) 0.604
IKZF1 6(13.9) 8(23.4)

JAK2 3(6.9 4(11.7)

CRLF2 3(6.9) 129

PDGFRB 2(4.6) 0(0.0)

Extramedullary infiltration, n (%) 5(11.6) 4(11.7) 0.628
Persistent positive MRD, n (%) 17 (39.5) 16 (47.0) 0.259
Recurrent positive MRD, n (%) 26 (60.5) 18 (63.0) 0.488
MRD > 0.1% at any checking points, n (%) 29 (67.4) 27 (79.4) 0.307
MRD > 1% at any checking points, n (%) 15 (34.8) 9 (26.4) 0.467
Levels of recurrent MRD (%) 0.52 (0.01-5.09) 0.58 (0.004-3.3) 0.843
Follow-up time (range), months 37.4 (7.0-70.0) 45.0 (7.0-70.0) 0.518

CAR-T, chimeric antigen receptor T cells; MRD, minimal residual disease.
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LFS os

Variable HR (95%Cl) P HR (95%Cl) P
Overall patients

Cytogenetic risk group (high-risk vs. non-high-risk) 1.326 (0.753-2.335) 0.328 1.781 (0.894-3.631) 0.112
Level of MRD (21% vs.<1%) 3.659 (1.642-8.155) 0.002 2.424 (0.947-6.203) 0.065
CAR-T therapy (no vs. yes) 2.409 (0.999-5.812) 0.049 2.112 (0.733-6.086) 0.166
HSCT (no vs. yes) 2,075 (0.890-4.838) 0.091 2.249 (0.832-6.077) 0.110
Recurrent MRD group

Cytogenetic risk group 0.783 (0.160-3.831) 0.763 2.546 (0.613-10.572) 0.198
(high-risk vs. non-high-risk)

Median time of MRD recurred 1.001 (1.095-1.718) 0.430 2.714 (0.537-8.323) 0.044
(<18 months vs. =18 months)

Level of recurred MRD (21% vs.<1%) 1.605 (1.895-2.981) 0.000 0.428 (0.069-2.641) 0.361
CAR-T therapy (no vs. yes) 9.456 (2.087-42.848) 0.004 4.736 (0.872-25.718) 0.072
HSCT (no vs. yes) 6.642 (1.116-39.519) 0.037 23.503 (2.633-209.791) 0.005
Persistence positive MRD

Cytogenetic risk group 1.994 (0.547-7.268) 0.295 2.669 (0.669-10.785) 0.168
(high-risk vs. non-high-risk)

Level of MRD (21% vs.<1%) 2.907 (0.804-10.503) 0.104 1.239 (0.296-5.188) 0.769
CAR-T therapy (no vs. yes) 1.674 (0.407-6.892) 0.476 0.671 (0.154-2.934) 0.596
HSCT (no vs. yes) 3.160 (0.720-13.808) 0.127 1.899 (0.331-10.902) 0.472
CAR-T therapy group

Cytogenetic risk group 1.384 (0.305-6.281) 0.674 12.413 (1.275-120.851) 0.030
(high-risk vs. non-high-risk)

Level of MRD (21% vs.<1%) 2.291 (0.560-9.377) 0.249 1.787 (0.304-10.510) 0.521
MRD after CAR-T 1.236 (0.206-7.436) 0.817 3.677 (0.497-27.193) 0.202
(positive vs. negative)

Bridge to HSCT (no vs. yes) 0.633 (0.069-5.816) 0.686 2.528 (0.189-33.717) 0.483
Allo-HSCT group

Cytogenetic risk group 0.647 (0.193-2.164) 0.479 1.649 (0.359-7.570) 0.520
(high-risk vs. non-high-risk)

Level of MRD (21% vs.<1%) 5.848 (1.753-19.514) 0.004 5.054 (1.127-22.669) 0.034
Pre-HSCT MRD (negative vs. positive) 0.651 (0.168-2.521) 0.534 0.838 (0.512-4.630) 0.840
CAR-T pre-HSCT (no vs. yes) 3.010 (0.860-10.466) 0.083 3.425 (0.732-16.022) 0.118
cGVHD (no vs. yes) 6.506 (1.518-27.884) 0.012 1.908 (0.401-9.080) 0.417
Chemotherapy group

Cytogenetic risk group 1.290 (0.310-5.366) 0.726 1.870 (0.389-8.992) 0.435
(high-risk vs. non-high-risk)

Level of MRD (21% vs.<1%) 4.014 (0.860-18.673) 0.076 9.881 (0.312-11.355) 0.491
Recurrent MRD (yes vs. no) 2.771(0.616-12.474) 0.184 7.875 (0.820-75.640) 0.074

CAR-T, chimeric antigen receptor T cells; Cl, confidence interval; GVHD, graft-versus-host disease; HR, hazard ratio; HSCT, allogeneic hematopoietic stem cell transplantation; LFS,
leukemia-free survival: MRD, minimal residual disease: OS, overall survival.
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Characteristics 4-1BB CAR-T CD28 CAR-T P value

Number of patients 34 9

Mediian age (range), years 8.0 (2-16) 9.0 (1-17) 0613
Male sex, n (%) 19 (65.8) 2(22.2) 0.076
Cytogenetic risk group

Low-risk, n (%) 23 (67.6) 6(66.7)

High-risk, n (%) 1(32.4) 3(33.3) 0.956
MRD negativity after one month of CAR-T infusion, n (%) 33 97.0) 6(66.7) 0.006
Bridge to allo-HSCT, n (%) 26 (76.5) 9(100) 0111
3-years probability of LFS, % 80.7 66.7 0.426
3-years probability of OS, % 911 66.7 0.138
CRS of any grade, n (%) 21(61.7) 2(22.2) 0.037
Severe CRS (grade 3 and 4), n(%) 6(17.6) 0(0) 0.179

CAR-T, chimeric antigen receptor T cells; CRS, cytokine release syndrome; HSCT, allogeneic hematopoietic stem cell transplantation; LFS, leukemia-free survival; MRD, minimal residual
disease; OS, overall survival.





